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Foreword 

Mechanically  assisted  circulation  has  rapidly  evolved  over  the  past  decades. 

From  the  earliest  days  in  which  devices  were  large,  complex,  and  intended 

only  to  bridge  patients  for  hours  to  days  until  recovery  of  native  heart  function 

or  a  suitable  donor  organ  could  be  secured,  the  unwavering  vision  has  been 

development  and  clinical  application  of  durable  devices  for  uni- or 

biventricular  support  intended  for  long-term  support.  In  1965,  Dr.  Michael 

Debakey,  one  of  the  earliest  advocates  for  the  artificial  heart,  was  famously 

quoted  as  saying  that  more  than  100,000  Americans  would  live  with  a  func-

tional  artificial  heart  within  15  years.  His  prediction  proved  to  be  prescient  but 

premature.  It  has  taken  additional  decades,  innovative  engineering  advance-

ments, countless hours of preclinical testing, well-performed  clinical trials, and 

the  commitment  of  brave  patients  and  investigative  teams  to  realize 

Dr.  Debakey’s  vision  for  the  future  of  advanced  heart  failure  care  with 

mechanical  blood  pumps. 

Arguably,  one  of  the  most  powerful  observations  in  mechanical  circulatory 

support  was  that  pulsatile  blood  flow  is  not  required  to  maintain  normal 

physiological  homeostasis.  As  a  result,  continuous  flow  devices  have  domi-

nated  more  recent  device  development  facilitating  miniaturization,  valveless 

design,  and  advanced  engineering  to  reduce  failure  modes  using  magnetic-

levitation  technology.  In  addition,  substantial  progress  has  been  made  to 

improve  the  blood-device  interface  to  mitigate  hemocompatibility-related 

adverse  events,  including  bleeding  and  thrombosis. 

Unmet  patient  needs  commonly  drive  the  rapid  evolution  of  medical 

advances.  It  has  long  been  appreciated  that  cardiac  transplantation  would 

never  fulfill  the  epidemiological  needs  of  the  vulnerable  population  with 

advanced  heart  failure  and  that  alternative  solutions  were  required.  The  dra-

matic  improvement  in  assisted  circulation  represents the  very  best  of  the  global 

biomedical  infrastructure.  Deep  collaborative  relationships,  bidirectional 

industry-academia  knowledge  exchange,  a  growing  coalition  of  talented 

clinician-investigators,  well-designed  preclinical  and  clinical  research,  and 

an  activated  patient  base  have  been  vital  in  the  current  success  of  the  therapy. 

In  the  1950s,  when  work  on  artificial  hearts  began  in  earnest,  medical 

knowledge  doubled  every  50  years.  In  2020,  medical  knowledge  doubled 

every  73  days.  Even  for  those  who  have  committed  their  careers  to  shaping 

this  field,  maintaining  current  knowledge  has  been  challenging.  This  textbook 

offers  those  interested  in  the  diverse,  multidisciplinary,  and  rapidly  evolving
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Foreword

field  of  assisted  circulation  a  contemporary  and  authoritative  review  of  topics 

ranging  from  device  design  to  patient-reported  outcomes.  It  is  my  most  sincere 

hope  that  readers  will  be  impressed  by  the  current  state  of  the  field,  but  more 

importantly,  will  have  clarity  about  persistent  knowledge  gaps  and  problems 

that  remain.  May  this  text  inspire  the  next  generation  of  engineers,  clinicians, 

researchers,  and  industry  partners  to  continue  the  quest  to  make  mechanically 

assisted  circulation  a  therapeutic  mainstay  that  fulfills  the  needs  and  desires  of 

the  patients  we  serve. 

Houston,  USA

Joseph  G.  Rogers,  MD 

May  2025

Willerson-O’Quinn  Endowed  Chair 

Director,  The  Texas  Heart  Institute  at  Baylor 

College  of  Medicine

Preface 

The  medical  literature  on  mechanical  circulatory  support  (MCS)  spans  a  broad 

range  of  topics,  from  device  design  and  in  vitro  studies  to  clinical  case  reports 

and  patient  series.  The  emergence  of  this  field  was  predicated  on  profound 

advancements  in  our  understanding  of  fluid  dynamics  and  blood  circulation 

within  biological  systems.  Foundational  contributions  by  visionaries  like 

Leonardo  da  Vinci  and  William  Harvey  laid  the  groundwork  for 

comprehending  human  hemodynamics.  Later,  Vladimir  Demikhov’s  innova-

tive  experiments  represented  some  of  the  earliest  attempts  at  integrating 

artificial  circulation  into  living  systems. 

Two  major  scientific  endeavors  captured  global  attention  by  the  late  1950s 

and  early  1960s.  The  first  was  NASA’s  Apollo  Program,  culminating  in  the 

historic  1969  moon  landing.  The  second,  less  heralded  but  equally  significant, 

was  the  development  of  MCS  technologies  to  aid  patients  with  end-stage  heart 

failure.  Initial  efforts  focused  on  extracorporeal  devices  tested  in  animal 

models  to  support  or  entirely  replace  circulatory  function.  Over  time,  the 

necessity  for  fully  implantable  (intracorporeal)  systems  became  apparent, 

prompting  the  development  of  two  distinct  technological  branches:  ventricular 

assist  devices  (VADs),  which augment  native  cardiac  output, and  total  artificial 

hearts,  which  supplant  it  entirely.  The  pursuit  of  the  ideal  mechanical  heart 

continues  to  this  day. 

Despite  decades  of  progress,  several  persistent  challenges  remain.  Unlike 

the  rapid  advances  seen  in  space  exploration,  innovation  in  MCS  has  pro-

gressed  more  gradually.  However,  meaningful  strides  have  been  made.  Nota-

bly,  device  miniaturization  has  enabled  the  shift  from  extracorporeal  to 

intracorporeal  systems.  Nevertheless,  the  driveline—essential  for  power  deliv-

ery  and  data  transmission—remains  a  key  vulnerability,  often  leading  to  one  of 

the  most  serious  complications:  infection. 

The  textbook  brings  together  a  global  panel  of  experts,  each  contributing 

unique  insights  to  MCS’s  multidisciplinary  domain.  Their  collaborative  efforts 

have  greatly  enriched  my  understanding  and  improved  my  ability  to  commu-

nicate  key  concepts.  I  am  sincerely  grateful  for  their  dedication,  patience,  and 

perseverance  during  the  preparation  of  this  work. 

The  textbook  is  intended  for  a  broad  audience,  including  newcomers  to  the 

field,  healthcare  professionals,  and  those  with  a  deep  interest  in  the  evolving
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landscape  of  MCS.  It  is  an  introductory  primer  and  a  practical  reference  for 

launching  or  enhancing  MCS  programs.  The  book  is  organized  into  six 

comprehensive  parts,  each  led  by  an  expert  editor. 

1.  Types  of  Support 

Covers  percutaneous  devices,  ECMO,  VADs,  and  total  artificial  heart 

systems. 

2.  MCS  Program 

Addresses  program infrastructure, including  the roles  of MCS coordinators, 

social  services,  quality  assurance,  registries,  rehabilitation,  ethics,  and  the 

influence  of  religious  beliefs  on  patient  care. 

3.  Patient  Selection 

Explores  decision-making  criteria,  nutritional  and  comorbid  status,  and 

unique  considerations  for  special  populations,  including  pediatric  and 

female  patients,  groups  historically  underrepresented  in  MCS  research. 

4.  Techniques  and  Supportive  Services 

Details  anesthesia  protocols,  cardiac  imaging,  ICU  management,  and  the 

crucial  roles  of  perfusionists  and  biomedical  engineers. 

5.  Management  and  Complications 

Focuses  on  clinical  management  strategies  and  organ-specific  complica-

tions,  with  dedicated  chapters  on  anticoagulation,  infection  prevention,  and 

treatment. 

6.  Special  Considerations 

Discusses  life  post-MCS,  debates  on  pulsatile  vs.  non-pulsatile  flow,  and 

emerging  technologies. 

Following  medical  therapy,  heart  transplantation  remains  the  gold  standard 

for  patients  with  end-stage  heart  failure.  Yet,  organ shortages  persist.  Although 

xenotransplantation holds  great  promise, it  requires  further  development. Until 

then,  heart  allotransplantation  remains  a  precious  and  limited  resource. 

The  original  impetus  for  MCS  was  to  improve  the  quality  of  life  through 

artificial  support.  Once  transplantation  became  standard  practice,  MCS  was 

often  relegated  to  a  bridge-to-transplant  role.  However,  destination  therapy— 

permanent  support  using  left  ventricular  assist  devices—has  proven  highly 

effective.  Still,  opportunities  remain  for  improvement.  The  goal  is  to  develop  a 

fully  implantable  system  that  surpasses  transplantation  outcomes:  an 

intracorporeal  device  with  long-term  power,  no  need  for  anticoagulation,  no 

driveline,  no  defibrillator,  and  no  reliance  on  heart  failure  medications.  This 

will  remain  the  objective,  at  least  until  we  discover  a  proper  cure  for  heart 

failure. 

Recent  advances  in  design  engineering  and  energy  systems  have  made  percu-

taneous  device  placement  feasible.  Power  sources  have  evolved from  mechanical 

and  pneumatic  systems  to electromechanical,  atomic  (explored  in the 1970s),  and 

electromagnetic  technologies.  Despite  these  innovations,  hemocompatibility— 

the  interaction  between  device  materials  (e.g.,  polyurethane,  carbon,  titanium)
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and blood elements (e.g., red cells, platelets)—continues to challenge researchers. 

Shear  stress  and  stasis  can  trigger  platelet  activation,  thrombosis,  and  hemolysis. 

The  quest  for  an  ideal  device  is  ongoing,  but  meaningful  progress  continues. 

Phoenix,  USA

Francisco  A.  Arabía 

August  2025

Quotes 

Start  by  doing  what’s  necessary; 

then  do  what’s  possible; 

and  suddenly  you  are  doing  the  impossible. 

Francis  of  Assisi 

To  raise  new  questions,  new  possibilities,  to  regard  old  problems  from  a  new 

angle,  requires  creative  imagination  and  marks  real  advance  in  science 

Albert  Einstein 

If  I  have  seen  further  than  others,  it  is  by  standing  upon  the  shoulders  of  giants. 

Isaac  Newton

xiii

Acknowledgments 

To  Ramona  Robles-Manjarrez,  my  assistant  and  partner,  who  ensured  that 

communication  flowed  smoothly  across  continents,  bringing  this  project 

to  life. 

Special  thanks  to  the  section  editors:

• Jaime  Moriguchi

• James  Kirklin

• Vivek  Rao

• Mani  Daneshmand

• Ulrich  Jorde

• Shelley  Hall 

And  to  the  Springer  Nature  staff—for  their  patience,  hundreds  of  emails, 

after-hours  telephone  calls,  and  tireless  support. 

xv

Contents 

Part  I 

Types  of  Support 

.  .  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . 

1

1 

The  Evolution  of  Mechanical  Assistance  for  the 

Failing  Heart 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . 

3  

O.  H.  Frazier 

2 

Extracorporeal  Membrane  Oxygenation:  Indications 

and  Use  .  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

33  

Jarrod  M.  Mosier  and  Joshua  Malo 

3 

Short-Term  Support 

.  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . 

47  

Danny  Ramzy 

4 

LVAD  Physiology  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . 

59  

Maria  Rocchi,  Venkat  Keshav  Chivukula, 

Lucrezia  Palmieri,  Libera  Fresiello,  and 

Cristiano  Amarelli 

5 

Past  Experience  and  Future  Developments  in 

the  Field  of  Mechanical  Circulatory  Support 

.  .  .  .  .  . . . . . . . 

85  

Daniel  Lewin,  Gaik  Nersesian, 

Friedrich  Kaufmann,  and  Evgenij  Potapov 

6 

HeartMate  3  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

95  

Miroslav  P.  Peev  and  Christopher  T.  Salerno 

7 

Why  an  Artificial  Heart?  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . 113  

Radha  Gopalan  and  Sowjanya  Yenigalla 

8 

Syncardia  Total  Artificial  Heart  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . 123  

Rachel  Kim,  Matthew  C.  Henn,  and 

Nahush  A.  Mokadam 

9 

The  Aeson  Bioprosthetic  Total  Artificial  Heart  .  .  .  .  . . . . . . . 133  

Yuriy  Pya  and  Piet  Jansen 

10 

BiVACOR  Total  Artificial  Heart  and  Future  Concepts  .  . . . . 143  

Matthias  Kleinheyer,  Nicholas  Greatrex, 

Frank  Nestler,  and  Daniel  L.  Timms

xvii

xviii

Contents

Part  II 

MCS  Programs  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . 161

11 

The  MCS  Coordinator’s  Role  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . 163  

Amanda  Bolton,  Amy  Kamin,  Connor  McLaughlin,  and 

Tatiana  Widmaier 

12 

The  MCS  Team  Concept:  What  You  Need 

.  .  .  .  .  .  .  . . . . . . . 181  

Tonya  Elliott 

13 

Mechanical  Circulatory  Support  Device  Registries: 

Intermacs  and  IMACS 

.  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . 201  

Pierre  Emmanuel  Noly  and  Francis  D.  Pagani 

14 

Ethical  Considerations  and  Palliative  Care  in  MCS  .  .  .  . . . . 

223  

Domingo  L.  MaynesIII  and  Melissa  R.  Maynes 

15 

Physical  Rehabilitation  Before  and  After  Mechanical 

Circulatory  Support 

.  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . 243  

Anantharam  V.  Kalya 

16 

Health-Related  Quality  of  Life  in  Patients  with 

Advanced  Heart  Failure 

.  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . 255  

Alexis  Okoh,  Kathleen  Grady,  Arman  Kilic,  and 

Josef  Stehlik 

17 

Patient,  Religion,  and  the  Provider  .  .  .  .  .  .  .  . . . . . . . . . . . . . . 

265  

Amy  Heims,  Quinton  Britt,  Asa  Holly, 

Wesley  Capps,  Angela  Cotta,  and  Rabbi  Zari  Sussman 

18 

The  Social  Worker  and  Preimplantation  Assessment  .  .  . . . . 

283  

Heather  Donovan  and  Kathleen  Pickrel 

Part  III 

Patient  Selection 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . 309

19 

Univentricular  Versus  Biventricular  Failure: 

The  Decision  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

311  

Richa  Agarwal  and  Carmelo  A.  Milano 

20 

Choosing  Short- Versus  Long-Term  Mechanical 

Support  and  When  to  Transition 

.  .  .  .  .  .  .  .  . . . . . . . . . . . . . . 323  

Muath  Bishawi  and  Jacob  Schroder 

21 

LVADs,  BiVADs,  and  TAHs 

.  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . 333  

Andre  Simon 

22 

The  Roles  of  Nutrition,  Frailty,  and  Age 

.  .  .  .  .  . . . . . . . . . . . 349  

Geetha  Bhat  and  Gardner  Yost 

23 

Comorbid  Conditions  Influencing  MCS  .  .  .  .  .  .  . . . . . . . . . . . 361  

Gaik  Nersesian,  Daniel  Lewin,  Luca  Botta, 

Evgenji  Potapov,  and  Antonio  Loforte 

24 

Women  and  Mechanical  Circulatory  Support  .  .  .  .  .  . . . . . . . 

373  

Lingling  Wu  and  Salpy  V.  Pamboukian

Contents

xix

25 

MCS  in  the  Pediatric  Population:  Selection, 

Devices,  and  Outcomes 

.  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . 385  

Tanya  Perry  and  Angela  Lorts 

Part  IV 

Techniques  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . 403

26 

Techniques  for  Short-Term  Percutaneous  Access 

.  .  . . . . . . . 405  

Antonio  Lewis  and  David  Baran 

27 

Sternotomy  Versus  Thoracotomy  LVAD  Implantation  .  . . . . 

431  

Igor  Gosev,  Katherine  L.  Wood,  and  Scott  Silvestry 

28 

The  Anesthetic  Management  of  Patients  on  Mechanical 

Circulatory  Support 

.  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . 447  

Theresa  A.  Gelzinis,  Adam  J.  Milam, 

Sudhakar  Subramani,  and  Harish  Ramakrishna 

29 

A  Comprehensive  Review  of  Cardiac  Imaging 

In  Mechanical  Cardiac  Support  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . 

483  

Farouk  Mookadam,  Hyun  Suk  Yang, 

Marysia  Tweet,  and  Krishnaswamy  Chandrasekaran 

30 

The  Role  of  Perfusionists/Engineers  in  Mechanical 

Circulatory  Support 

.  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . 501  

Richard  G.  Smith  and  Edward  Betterton 

31 

ICU  Care  in  the  Care  of  the  MCS  Patient  .  .  .  .  . . . . . . . . . . . 

515  

Mircea  R.  Mihu  and  Aly  El  Banayosy 

Part  V 

Management  and  Complications  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . 529

32 

The  Role  of  Protocols  for  the  Management  of 

Complications  in  MCS 

.  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . 531  

Song  Li  and  Claudius  Mahr 

33 

Anticoagulation 

.  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . 537  

Oksana  Volod  and  Ryan  Stradleigh 

34 

Neurologic  Complications  Following  MCS 

.  .  .  .  .  .  .  . . . . . . . 559  

McKenna  Schimmel  and  John  M.  Stulak 

35 

Pulmonary  Complications  Following  MCS 

.  .  .  .  .  .  .  . . . . . . . 573  

Karl  Bounader,  Guillaume  Lebreton,  and  Pascal  Leprince 

36 

Right  Ventricular  Failure  After  LVAD  Placement  .  .  . . . . . . . 

581  

Jennifer  A.  Cowger  and  Kyle  G.  Miletic 

37 

Intractable,  Life-Threatening  Cardiac  Arrhythmias 

Following  MCS 

.  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . 601  

Jake  Martinez,  Rong  Bai,  Caijie  Shen,  and  Wilber  Su 

38 

Aortic  Valve-Acquired  Disorders  and  Management  .  .  .  . . . . 

641  

Andrew  Fagan,  Jonathan  Hourmozdi,  and 

Duc  Thinh  Pham

xx

Contents

39 

Other  Valvular  Conditions 

.  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . 651  

Ho  Jin  Kim  and  Duc  Thinh  Pham 

40 

Hepatic  Dysfunction  Post  MCS 

.  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . 663  

Aarshi  Vipani  and  Alexander  Kuo 

41 

Implantable  Mechanical  Circulatory  Support 

and  Renal  Function  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . 

671  

Tanya  Sharma  and  Keyur  B.  Shah 

42 

Infectious  Complications  Following  MCS 

.  .  .  .  . . . . . . . . . . . 685  

Paolo  Antonio  Grossi,  Maddalena  Peghin, 

Ami  B.  Patel,  and  Shimon  Kusne 

43 

Immunologic  Responses  Post  Mechanical  Circulatory 

Support  Device  Implantation 

.  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . 707  

Xiaohai  Zhang  and  Nancy  L.  Reinsmoen 

44 

Gastrointestinal  Bleeding  Following  MCS  .  .  .  .  . . . . . . . . . . . 

715  

Gal  Rubinstein,  Gabriel  Sayer,  and  Nir  Uriel 

45 

Pump  Thrombosis  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . 

737  

Michael  A.  Catalano  and  Pavan  Atluri 

Part  VI 

Special  Considerations 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . 755

46 

Left  Ventricular  Assist  Devices  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . 

757  

Amit  Alam,  Stephanie  Golob,  Bhavya  Varma,  and 

Susan  M.  Joseph 

47 

The  Role  of  the  Neuropsychologist  in  MCS  Patient 

Care  and  Support 

.  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . 769  

Maryellen  Romero 

48 

Outpatient  Management  of  the  Mechanical  Circulatory 

Support  Patients 

.  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . 787  

Gregory  Gibson,  J.  Eduardo  Rame,  and  Indranee  Rajapreyar 

49 

Recovery,  Transplantation,  Destination,  or  Anything 

Following  MCS? 

.  .  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . . . . . . . . . . . 805  

Gaurang  Nandkishor  Vaidya  and  Emma  J  Birks 

50 

To  Pulse  or  Not  to  Pulse:  That  Is  the  Question 

.  .  .  .  . . . . . . . 823  

Walter  Dembitsky,  Karl  Limmer,  Craig  Larson,  Robert 

Adamson,  and  Francisco  A.  Arabia 

51 

Pulsation  and  Counterpulsation  .  .  .  .  .  .  .  .  .  . . . . . . . . . . . . . . 

861  

Ahmed  E.  Hozain  and  Valluvan  Jeevanandam 

52 

Future  Innovations  Designed  to  Reduce  Mortality 

and  Morbidity  of  Mechanical  Circulatory  Support 

.  .  .  . . . . 873  

R.  Hasan,  A.  Abou  El  Ala,  A.  Chang,  and  Monica  Colvin 

Index  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   885

[image: Image 1]

About  the  Editor 

Francisco 

A. 

Arabía  MD, 

MBA, 

FACS, 

FACC—Professor  of  Surgery  and  Medicine; 

Physician  Executive,  Center  for  Advanced 

Heart  Failure,  Banner-University  Medical  Cen-

ter,  Phoenix,  AZ. 

Dr.  Arabía  received  his  medical  degree  from 

the  University  of  Pennsylvania,  a  degree  in  bio-

engineering  from  Tulane  University,  and  a  mas-

ter’s  in  business  administration  from  the 

University  of  Arizona.  He  was  a  Clinical  Asso-

ciate  at  NHLBI  in  Bethesda,  MD.  His  disciplin-

ary  focus  is  Cardiac  Surgery,  Heart  Failure  and 

Heart/Lung  Transplantation.  His  area  of  exper-

tise  includes  Heart  Transplantation,  Artificial 

Heart,  and  Mechanical  Circulatory  Support. 

He  established  the  Heart  Transplant  and 

Mechanical  Circulatory  Support  (MCS)  Pro-

grams  at  Mayo  Clinic,  Scottsdale,  AZ.  He  served 

as  Director  for  Advanced  MCS  Center  at  Cedars-

Sinai  Medical  Center,  Los  Angeles,  CA,  and 

currently  serves  as  Physician  Executive  for 

Advanced  Heart  Programs  at  Banner–University 

Medical  Center  in  Phoenix. 

He  has  one  of  the  largest  implantation  experi-

ences  in  the  world  with  Total  Artificial  Heart.  He 

has  been  a  consultant  and  visiting  professor  at 

many  academic  medical  centers  in  North  Amer-

ica,  Europe,  and  Asia.  He  has  over  100  publica-

tions  on  the  topic  of  mechanical  circulatory 

support. 

xxi

[image: Image 2]

[image: Image 3]

Section  Editors 

Section:  Types  of  Support 

Jaime  Moriguchi 

Cedars-Sinai  Medical  Center 

Beverly  Hills,  CA,  USA 

Section:  Types  of  Support 

James  Kirklin 

Kirklin  Solutions,  Inc. 

Birmingham,  USA

xxiii

[image: Image 4]

[image: Image 5]

[image: Image 6]

xxiv

Section Editors

Section:  Patient  Selection 

Vivek  Rao 

Ajmera  Transplant  Centre, 

University  Health  Network 

Toronto,  ON,  Canada 

Section:  Techniques 

Mani  Daneshmand 

Department  of  Surgery,  Division  of 

Cardiothoracic  Surgery  Emory  University 

Atlanta,  GA,  USA 

Section:  Management  and  Complications 

Ulrich  Jorde 

Montefiore  Health  System 

New  York,  NY,  USA

[image: Image 7]

Section Editors

xxv

Section:  Special  Considerations 

Shelley  Hall 

Baylor  University  Medical  Center 

Dallas,  TX,  USA

Contributors 

A.  Abou  El  Ala  University  of  Michigan,  Ann  Arbor,  MI,  USA 

Robert  Adamson  Department  of  Cardiothoracic  Surgery,  Sharp  Healthcare, 

San  Diego,  CA,  USA 

Richa  Agarwal  Division  of  Cardiology,  Section  of  Advanced  Heart  Failure, 

Duke  University  School  of  Medicine,  Durham,  NC,  USA 

Amit  Alam  Leon  H.  Charney  Division  of  Cardiology,  New  York  University 

Grossman  School  of  Medicine,  New  York  University  Langone  Health,  New 

York,  NY,  USA 

Cristiano  Amarelli  Cardiac  Surgery  and  Transplants,  Monaldi  Hospital, 

Azienda  dei  Colli,  Naples,  Italy 

Francisco  A.  Arabía  Advanced  Heart  Programs,  Banner  Health  –  University 

of  Arizona,  Phoenix,  AZ,  USA 

Pavan  Atluri  Division  of  Cardiovascular  Surgery,  Department  of  Surgery, 

Hospital  of  the  University  of  Pennsylvania,  Philadelphia,  PA,  USA 

Rong  Bai  Banner  University  Medical  Center  Phoenix,  The  University  of 

Arizona  College  of  Medicine-Phoenix,  Phoenix,  AZ,  USA 

David  Baran  Section  Head,  Heart  failure,  Transplant  and  Mechanical  Circu-

latory  Support,  Cleveland  Clinic  Florida,  Weston,  FL,  USA 

Edward  Betterton  Banner  University  of  Arizona  Medical  Center-Tucson, 

Tucson,  AZ,  USA 

Geetha  Bhat  The  Christ  Hospital,  Cincinnati,  OH,  USA 

Emma  J  Birks  Department  of  Cardiology,  University  of  Kentucky,  Lexing-

ton,  KY,  USA 

Muath  Bishawi  Division  of  Cardiothoracic  Surgery,  Department  of  Surgery, 

Duke  University,  Durham,  NC,  USA 

Department  of  Biomedical  Engineering,  Duke  University,  Durham,  NC,  USA 

Amanda  Bolton  Banner  University  Medical  Center  –  Phoenix,  Phoenix, 

AZ,  USA

xxvii

xxviii

Contributors

Luca  Botta  Department  of  Surgical  Sciences,  Cardiac  Surgery  University 

Division,  University  of  Turin,  City  of  Health  and  Science  University  Hospital, 

Turin,  Italy 

Karl  Bounader  Department  of  Cardiac  Surgery,  Sorbonne  University, 

La  Pitié  Sâlpétrière  Hospital,  Paris,  France 

Quinton  Britt  Spiritual Care Department, Banner University Medical Center – 

Phoenix,  Phoenix,  AZ,  USA 

Wesley  Capps  Spiritual Care Department, Banner University Medical Center  – 

Phoenix,  Phoenix,  AZ,  USA 

Michael  A.  Catalano  Division  of  Cardiovascular  Surgery,  Department  of 

Surgery,  Hospital  of  the  University  of  Pennsylvania,  Philadelphia,  PA,  USA 

Krishnaswamy  Chandrasekaran  Division  of  Cardiology,  Mayo  School  of 

Medicine,  Rochester,  MN,  USA 

A.  Chang  University  of  Michigan,  Ann  Arbor,  MI,  USA 

Venkat  Keshav  Chivukula  Biomedical  Engineering  and  Science,  Florida 

Institute  of  Technology,  Melbourne,  FL,  USA 

Monica  Colvin  University  of  Michigan,  Ann  Arbor,  MI,  USA 

Angela  Cotta  Spiritual  Care  Department,  Banner  Thunderbird  Medical 

Center,  Glendale,  AZ,  USA 

Jennifer  A.  Cowger  Cardiovascular  Medicine,  Henry  Ford  Health  System, 

Detroit,  MI,  USA 

Walter Dembitsky  Department of Cardiothoracic Surgery, Sharp Healthcare, 

San  Diego,  CA,  USA 

Heather 

Donovan  Pre-Heart 

Transplant,  University  Medical  Center 

Phoenix,  Phoenix,  AZ,  USA 

Aly  El  Banayosy  Department  of  Medicine/Cardiology,  Oklahoma  State 

University  Health  Science  Center,  Tulsa,  OK,  USA 

Heart  and  Vascular  Institute,  St  Francis  Hospital,  Tulsa,  OK,  USA 

Tonya  Elliott  MedStar  Washington  Hospital  Center,  Washington,  DC,  USA 

Andrew  Fagan  Northwestern  University  Feinberg  School  of  Medicine, 

Chicago,  IL,  USA 

O.  H.  Frazier  Cullen  Cardiovascular  Research  Laboratory,  The  Texas  Heart 

Institute,  Houston,  TX,  USA 

Libera  Fresiello  Cardiovascular  and  Respiratory  Physiology,  Science  and 

Technology,  University  of  Twente,  Enschede,  The  Netherlands 

Theresa  A.  Gelzinis  Department  of  Anesthesiology  and  Perioperative 

Medicine,  University  of  Pittsburgh,  Pittsburgh,  PA,  USA

Contributors

xxix

Gregory  Gibson  Division  of  Cardiology,  Jefferson  Heart  Institute,  Thomas 

Jefferson  University  Hospital,  Philadelphia,  PA,  USA 

Stephanie  Golob  Leon  H.  Charney  Division  of  Cardiology,  New  York  Uni-

versity  Grossman  School  of  Medicine,  New  York  University  Langone  Health, 

New  York,  NY,  USA 

Radha  Gopalan  University  of  Arizona  College  of  Medicine,  Phoenix, 

AZ,  USA 

Igor  Gosev  University  of  Rochester  Medical  Center,  Rochester,  NY,  USA 

Kathleen  Grady  Northwestern  University,  Chicago,  IL,  USA 

Nicholas  Greatrex  BiVACOR  Inc,  Huntington  Beach,  CA,  USA 

Paolo  Antonio  Grossi  Infectious  and  Tropical  Diseases  Unit,  Department  of 

Medicine  and  Surgery, University  of  Insubria-ASST- Sette  Laghi,  Varese,  Italy 

R.  Hasan  University  of  Michigan,  Ann  Arbor,  MI,  USA 

Amy  Heims  Spiritual  Care  Department,  Banner  University  Medical  Center  – 

Phoenix,  Phoenix,  AZ,  USA 

Matthew  C.  Henn  Division  of  Cardiac  Surgery,  Department  of  Surgery, 

The  Ohio  State  University  Wexner  Medical  Center,  Columbus,  OH,  USA 

Asa  Holly  Spiritual  Care  Department,  Banner  University  Medical  Center  – 

Phoenix,  Phoenix,  AZ,  USA 

Jonathan  Hourmozdi  Northwestern  University  Feinberg  School  of  Medi-

cine,  Chicago,  IL,  USA 

Ahmed  E.  Hozain  Section  of  Thoracic  Surgery,  Department  of  Surgery, 

University  of  Chicago  Medicine,  Chicago,  IL,  USA 

Section  of  Cardiac  Surgery,  Department  of  Surgery,  University  of  Chicago 

Medicine,  Chicago,  IL,  USA 

Piet  Jansen  Carmat  SA,  Vélizy,  France 

Valluvan  Jeevanandam  Section  of  Cardiac  Surgery,  Department  of  Surgery, 

University  of  Chicago  Medicine,  Chicago,  IL,  USA 

Susan  M.  Joseph  Thomas  Jefferson  University,  Philadelphia,  PA,  USA 

Anantharam  V.  Kalya  Cardiac  Rehabilitation,  Banner  University  Medical 

Center,  Phoenix,  AZ,  USA 

Amy  Kamin  Banner  University  Medical  Center  –  Phoenix,  Phoenix, 

AZ,  USA 

Friedrich  Kaufmann  Department  of  Cardiothoracic  and  Vascular  Surgery, 

German  Heart  Center  Berlin,  Berlin,  Germany 

Arman  Kilic  Medical  University  of  South  Carolina,  Charleston,  SC,  USA

xxx

Contributors

Ho  Jin  Kim  Northwestern  University  Feinberg  School  of  Medicine, 

Chicago,  IL,  USA 

Rachel  Kim  Division  of  Cardiac  Surgery,  Department  of  Surgery,  The  Ohio 

State  University  Wexner  Medical  Center,  Columbus,  OH,  USA 

Matthias  Kleinheyer  BiVACOR  Inc,  Huntington  Beach,  CA,  USA 

Alexander  Kuo  Karsh  Division  of  Gastroenterology  and  Hepatology, 

Comprehensive  Transplant  Center,  Cedars  Sinai  Medical  Center,  Los  Angeles, 

CA,  USA 

Shimon  Kusne  Department  of  Medicine,  Division  of  Infectious  Disease  and 

the  Emeriti  Association,  Mayo  Clinic  in  Arizona,  Phoenix,  AZ,  USA 

Craig  Larson  Department  of  Cardiothoracic  Surgery,  Sharp  Healthcare,  San 

Diego,  CA,  USA 

Guillaume  Lebreton  Department  of  Cardiac  Surgery,  Sorbonne  University, 

La  Pitié  Sâlpétrière  Hospital,  Paris,  France 

Pascal  Leprince  Department  of  Cardiac  Surgery,  Sorbonne  University, 

La  Pitié  Sâlpétrière  Hospital,  Paris,  France 

Daniel  Lewin  Department  of  Cardiothoracic  and  Vascular  Surgery,  German 

Heart  Center  Berlin,  Berlin,  Germany 

Antonio  Lewis  Clinical  Cardiology,  Cleveland  Clinic  Florida,  Weston,  FL, 

USA 

Song  Li  Medical  City  Healthcare,  Institute  for  Advanced  Cardiac  Care, 

Dallas,  TX,  USA 

Karl  Limmer  Department  of  Cardiothoracic  Surgery,  Sharp  Healthcare,  San 

Diego,  CA,  USA 

Antonio  Loforte  Department  of  Surgical  Sciences,  Cardiac  Surgery  Univer-

sity  Division,  University  of  Turin,  City  of  Health  and  Science  University 

Hospital,  Turin,  Italy 

Angela  Lorts  Department  of  Pediatrics,  The  Heart  Institute,  Cincinnati 

Children’s  Surgery  and  Intensive  Care,  University  of  Cincinnati,  Cincinnati, 

OH,  USA 

Claudius  Mahr  Medical  City  Healthcare,  Institute  for  Advanced  Cardiac 

Care,  Dallas,  TX,  USA 

Joshua  Malo  Department  of  Medicine,  Division  of  Pulmonary,  Allergy, 

Critical  Care,  and  Sleep  Medicine,  University  of  Arizona  College  of  Medicine 

Tucson,  Banner  University  Medical  Center  Tucson  Lung  Transplant  Program, 

Tucson,  AZ,  USA 

Jake  Martinez  Banner  University  Medical  Center  Phoenix,  The  University 

of  Arizona  College  of  Medicine-Phoenix,  Phoenix,  AZ,  USA

Contributors

xxxi

Domingo  L.  Maynes  III  Creighton  SOM  and  University  of  Arizona  SOM, 

Omaha,  NE,  USA 

Melissa  R.  Maynes  CommonSpirit  Health,  Omaha,  NE,  USA 

Connor  McLaughlin  Banner  University  Medical  Center  –  Phoenix, 

Phoenix,  AZ,  USA 

Mircea  R.  Mihu  Specialty  Critical  Care  and  Acute  Circulatory  Support, 

Nazih  Zuhdi  Transplant  Institute,  Integris  Baptist  Medical  Center,  Oklahoma 

City,  OK,  USA 

Department  of  Medicine/Cardiology,  Oklahoma  State  University  Health 

Science  Center,  Tulsa,  OK,  USA 

Adam  J.  Milam  Department  of  Anesthesiology  and  Perioperative  Medicine, 

Mayo  Clinic  Arizona,  Phoenix,  AZ,  USA 

Carmelo  A.  Milano  Department  of  Surgery,  Duke  University,  Durham, 

NC,  USA 

Kyle  G.  Miletic  Cardiac  Surgery,  Henry  Ford  Health  System,  Detroit, 

MI,  USA 

Nahush  A.  Mokadam  Division  of  Cardiac  Surgery,  Department  of  Surgery, 

The  Ohio  State  University  Wexner  Medical  Center,  Columbus,  OH,  USA 

Farouk  Mookadam  Cardiovascular  Diseases,  College  of  Medicine,  Univer-

sity  of  Arizona,  Phoenix,  AZ,  USA 

Jarrod  M.  Mosier  Department  of  Emergency  Medicine,  Department  of 

Medicine,  Division  of  Pulmonary,  Allergy,  Critical  Care,  and  Sleep,  Univer-

sity  of  Arizona  College  of  Medicine  Tucson,  Banner  University  Medical 

Center  Tucson,  Tucson,  AZ,  USA 

Gaik  Nersesian  Department  of  Cardiothoracic  and  Vascular  Surgery, 

German  Heart  Center  Berlin,  Berlin,  Germany 

DZHK  (German  Centre  for  Cardiovascular  Research),  Partner  Site  Berlin, 

Berlin,  Germany 

Frank  Nestler  BiVACOR  Inc,  Huntington  Beach,  CA,  USA 

Pierre  Emmanuel  Noly  Montreal  Heart  Institute,  QC,  Canada 

Alexis  Okoh  Emory  University,  Atlanta,  GA,  USA 

Francis  D.  Pagani  University  of  Michigan,  Ann  Arbor,  MI,  USA 

Lucrezia  Palmieri  Translational  Medical  Sciences,  University  of  Campania 

“Luigi  Vanvitelli,”  Monaldi  Hospital,  Naples,  Italy 

Salpy  V.  Pamboukian  Division  of  Cardiology,  University  of  Washington, 

Seattle,  WA,  USA 

Ami  B.  Patel  Department  of  Pediatrics  and  Division  of  Pediatric  Infectious 

Disease,  Ann  &  Robert  H.  Lurie  Children’s  Hospital  of  Chicago  and  North-

western  University  Feinberg  School  of  Medicine,  Chicago,  IL,  USA

xxxii

Contributors

Miroslav  P.  Peev  Section  of  Cardiac  Surgery,  Department  of  Surgery,  The 

University  of  Chicago  Medical  Center,  Chicago,  IL,  USA 

Maddalena  Peghin  Infectious  and  Tropical  Diseases  Unit,  Department  of 

Medicine  and  Surgery, University  of  Insubria-ASST- Sette  Laghi,  Varese,  Italy 

Tanya  Perry  Division  of  Pediatric  Critical  Care  Medicine,  Department  of 

Pediatrics,  Cohen  Children’s  Medical  Center,  Zucker  School  of  Medicine  at 

Hofstra/Northwell,  New  Hyde  Park,  NY,  USA 

Duc  Thinh  Pham  Northwestern  University  Feinberg  School  of  Medicine, 

Chicago,  IL,  USA 

Kathleen  Pickrel  Banner  University  Tucson,  Tucson,  AZ,  USA 

Evgenij  Potapov  Department  of  Cardiothoracic  and  Vascular  Surgery, 

German  Heart  Center  Berlin,  Berlin,  Germany 

DZHK  (German  Centre  for  Cardiovascular  Research),  Partner  Site  Berlin, 

Berlin,  Germany 

Yuriy  Pya  National  Research  Cardiac  Surgery  Center,  Astana,  Kazakhstan 

Indranee  Rajapreyar  Division  of  Cardiology,  Jefferson  Heart  Institute, 

Thomas  Jefferson  University  Hospital,  Philadelphia,  PA,  USA 

Harish  Ramakrishna  Mayo  Clinic  Rochester,  Rochester,  MN,  USA 

J.  Eduardo  Rame  Division  of  Cardiology,  Jefferson  Heart  Institute,  Thomas 

Jefferson  University  Hospital,  Philadelphia,  PA,  USA 

Danny  Ramzy  Department  of  Cardiothoracic  and  Vascular  Surgery,  McGov-

ern  Medical  Scholl  at  UTHealth,  Houston,  TX,  USA 

Memorial  Hermann  Heart  &  Vascular  Institute,  Houston,  TX,  USA 

Nancy  L.  Reinsmoen  Cedars-Sinai  Medical  Center,  Los  Angeles,  CA,  USA 

Maria  Rocchi  Department  of  Cardiovascular  Sciences,  KU  Leuven,  Leuven, 

Belgium 

Maryellen  Romero  Rehab  Without  Walls,  Phoenix,  USA 

Gal  Rubinstein  Division  of  Cardiology,  Department  of  Medicine,  Columbia 

University  Irving  Medical  Center,  New  York,  NY,  USA 

Christopher  T.  Salerno  Section  of  Cardiac  Surgery,  Department  of  Surgery, 

The  University  of  Chicago  Medical  Center,  Chicago,  IL,  USA 

Gabriel  Sayer  Division  of  Cardiology,  Department  of  Medicine,  Columbia 

University  Irving  Medical  Center,  New  York,  NY,  USA 

McKenna  Schimmel  Department  of  Cardiovascular  Surgery,  Mayo  Clinic 

Foundation,  Rochester,  MN,  USA 

Jacob  Schroder  Division  of  Cardiothoracic  Surgery,  Department  of  Surgery, 

Duke  University,  Durham,  NC,  USA

Contributors

xxxiii

Keyur  B.  Shah  The  Pauley  Heart  Center,  Virginia  Commonwealth  Univer-

sity  Health,  Richmond,  VA,  USA 

Tanya  Sharma  Department  of  Cardiology,  Westchester  Medical  Center/ 

New  York  Medical  College,  Valhalla,  NY,  USA 

Caijie  Shen  The  First  Affiliated  Hospital  of  Ningbo  University,  Ningbo, 

China 

Scott  Silvestry  Advent  Health,  Orlando,  FL,  USA 

Andre  Simon  Royal  Brompton  Hospital,  London,  UK 

Richard  G.  Smith  SynCardia  Systems  LLC,  Tucson,  AZ,  USA 

Josef  Stehlik  University  of  Utah  School  of  Medicine,  Salt  Lake  City, 

UT,  USA 

Ryan  Stradleigh  Cedars  Sinai  Medical  Center,  Los  Angeles,  CA,  USA 

John  M.  Stulak  Department  of  Cardiovascular  Surgery,  Mayo  Clinic 

Foundation,  Rochester,  MN,  USA 

Wilber  Su  Banner  University  Medical  Center  Phoenix,  The  University  of 

Arizona  College  of  Medicine-Phoenix,  Phoenix,  AZ,  USA 

Sudhakar  Subramani  Department  of  Anesthesiology,  University  of  Iowa 

Hospitals  &  Clinics,  Iowa  City,  IA,  USA 

Daniel  L.  Timms  BiVACOR  Inc,  Huntington  Beach,  CA,  USA 

Marysia  Tweet  Division  of  Cardiology,  Mayo  School  of  Medicine, 

Rochester,  MN,  USA 

Nir  Uriel  Division  of  Cardiology,  Department  of  Medicine,  Columbia  Uni-

versity  Irving  Medical  Center,  New  York,  NY,  USA 

Heart  Transplant  &  Mechanical  Circulatory  Support  Programs,  Columbia 

University  Irving  Medical  Center,  Weill  Cornell  Medicine,  New  York,  NY, 

USA 

Gaurang  Nandkishor  Vaidya  Department  of  Cardiology,  University  of 

Kentucky,  Lexington,  KY,  USA 

Bhavya  Varma  Leon  H.  Charney  Division  of  Cardiology,  New  York  Uni-

versity  Grossman  School  of  Medicine,  New  York  University  Langone  Health, 

New  York,  NY,  USA 

Aarshi  Vipani  Karsh  Division  of  Gastroenterology  and  Hepatology,  Com-

prehensive  Transplant  Center,  Cedars  Sinai  Medical  Center,  Los  Angeles,  CA, 

USA 

Oksana  Volod  Department  of  Pathology  and  Laboratory  Medicine,  Cedars 

Sinai  Medical  Center,  Los  Angeles,  CA,  USA 

Tatiana  Widmaier  Banner  University  Medical  Center  –  Phoenix,  Phoenix, 

AZ,  USA

xxxiv

Contributors

Katherine  L.  Wood  University  of  Rochester  Medical  Center,  Rochester,  NY, 

USA 

Lingling  Wu  Division  of  Cardiovascular  Disease,  University  of  Alabama  at 

Birmingham,  Birmingham,  AL,  USA 

Hyun  Suk  Yang  Department  of  Cardiology,  Konkuk  University  Medical 

Centre,  Seoul,  South  Korea 

Sowjanya  Yenigalla  Banner  University  Medical  Center,  University  of 

Arizona  College  of  Medicine  –  Phoenix,  Phoenix,  AZ,  USA 

Gardner  Yost  University  of  Michigan,  Ann  Arbor,  MI,  USA 

Rabbi  Zari  Sussman  Spiritual  Care  Department,  Jackson  Memorial 

Hospital,  Miami,  FL,  USA 

Xiaohai  Zhang  Cedars-Sinai  Medical  Center,  Los  Angeles,  CA,  USA

Part  I 

Types  of  Support

The  Evolution  of  Mechanical  Assistance 

1 

for  the  Failing  Heart

O.  H.  Frazier 

Contents 

Early  Research  in  Mechanical  Circulatory  Support  (1958–1967)  . . . . . . . . . . . . . . . . . . . 

4  

Cardiac  Transplant  and  the  Artificial  Heart  (1967–1971)  . . . . . . . . . . . . . . . . . . . . . . . . . . .   10  

Renewal  of  NIH  Support  for  the  Development  of  Mechanical  Circulatory 

Support  Devices  (1972–1982)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   14  

Introduction  of  Cyclosporine  Revives  Heart  Transplantation,  Inspires 

Clinical  Use  of  Pulsatile  LVADs  as  Bridge  to  Transplant  (1982–2000)  . . . . . . . . . . . . .   19  

Continuous-Flow  LVADs  (2000–Present)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   22  

Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   29  

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   30  

Abstract 

as  a  bridge  to  transplant  in  1969.  This  era 

The  history  of  the  clinical  use  of  mechanical 

ended  because  problems  with  immunosuppres-

circulatory  assistance  can  be  considered  to 

sion  made  cardiac  transplantation  non-viable  as 

encompass  five  different  but  overlapping  eras. 

a routine treatment for heart failure and confined 

The  first  era  began  with  the  first  experimental 

its  use  to  Stanford  and  other  research  centers.  In 

total  heart  replacement  by  Kolff  and  Akutsu  in 

the  third  era  (1972–1982),  the  National  Insti-

1958,  continued  with  the  initiation  of  post-

tutes  of  Health  funded  the  research  and  devel-

cardiotomy  support  of  the  failing  heart  by 

opment  of  pulsatile  left  ventricular  replacement 

DeBakey  in  1962,  and  ended  with  the  first 

devices  as  destination  therapy  for  heart  failure. 

heart  transplant by Barnard in 1967.  The  second 

The  fourth  era  (1982–2000)  began  with  the 

era  (1967–1971)  involved  the  initial  work  with 

revitalization  of  heart  transplantation  due  to 

heart  transplantation,  including  the  first  total 

the introduction of cyclosporine as a more effec-

artificial  heart  (TAH)  replacement  by  Cooley 

tive  immunosuppressant  for  transplant  recipi-

ents.  This  ultimately  led  to  the  successful  use 

of  pulsatile  left  ventricular  assist  devices 

(LVADs)  both  as  a  bridge  to  transplant  and  as 

O.  H.  Frazier  (✉) 

destination therapy. The fifth era (2000–present) 
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is  that  of  the  development  and  general
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application  of  effective  and  durable  (>15 years) 

with  their  TAH  for  90  min.  This  work  was  contin-

continuous-flow  LVADs  and  improved  TAHs. 

ued  experimentally  by  Kolff  at  the  University  of 

Utah  and  by  Akutsu  at  The  Texas  Heart  Institute 

in  Houston. 

Keywords 

Dr.  John  Gibbon  in  Philadelphia  developed  the 

Heart  failure  ·  Heart  transplantation  ·  Left 

first  heart-lung  machine  in  the  1930s.  He  began 

ventricular  assist  device  ·  Mechanical 

this  work  when  he  lost  a  patient  after  an  unevent-

circulatory  support  ·  Total  artificial  heart 

ful  routine  cholecystectomy.  The  patient  died  of  a 

pulmonary  embolism,  and  Gibbon  felt  that  if  they 

The  history  of  the  clinical  use  of  mechanical  cir-

could  have  temporarily  stopped  the  patient’s  cir-

culatory  assistance  can  be  considered  to  encom-

culation  with  a  device,  they  could  have  removed 

pass  five  overlapping  general  eras: 

the  embolus  and  saved  the  patient.  He  and  his 

wife,  nurse  Mary  Gibbon,  devoted  themselves  to 

I.  The  years  from  the  first  experimental  total 

this  effort  for  roughly  two  decades. 

heart  replacement  (by  Kolff  and  Akutsu  in 

In  1953,  Gibbon  performed  the  first  successful 

1958)  to  the  initiation  of  experimental  post-

open-heart  operation  in  which  a  heart-lung 

cardiotomy  mechanical  circulatory  support  of 

machine  was  used  for  cardiopulmonary  bypass 

the  failing  heart  (by  DeBakey  in  1962)  to  the 

(CPB).  The  operation  was  for  closure  of  an  atrial 

first  heart  transplant  (by  Barnard  in  1967). 

septal  defect.  The  young  patient  survived  the 

II.  The  short-lived  initial  era  of  heart  transplan-

operation  and  had  a  normal  lifespan.  But  four 

tation  (1967–1971),  including  the  first  total 

other  children  with  congenital  heart  defects  – 

artificial  heart  (TAH)  replacement  by  Cooley 

who  had  been  ambulatory  and  conversant  before 

at  The  Texas  Heart  Institute  as  a  bridge  to 

surgery  –  died  after  undergoing  the  same  proce-

transplant  (1969). 

dure.  These  deaths  were  the  reason  why  Gibbon 

III.  The  funding  by  the  NIH  (1972–1982)  for  the 

abandoned  further  research  in  developing  the 

(ultimately  successful)  development  of  left 

heart-lung  machine.  He  was  not  going  to  even 

ventricular  replacement  devices  as  destina-

report  his  one  successful  case  until  Dr.  Walter 

tion  therapy  after  the  general  clinical  failure 

Lillehei  at  the  University  of  Minnesota  convinced 

of  the  first  era  of  heart  transplantation. 

him  to  do  so  (Lillehei,  personal  communication). 

IV.  The  introduction  of  cyclosporine  as  an  immu-

Although  this  was  the  first  successful  open-heart 

nosuppressant,  which  led  to  the  renewal  of 

operation  with  the  use  of  the  heart-lung  machine 

heart  transplantation  and  the  successful  use 

and  was  of  great  historical  importance,  it  was  little 

of  pulsatile  left  ventricular  assist  devices 

noted  at  the  time,  and  it  was  reported  only  in  the 

(LVADs)  both  as  a  bridge  to  transplant  and 

Minnesota  State  Medical  Journal  rather  than  a 

as  destination  therapy  (1982–2000). 

journal  with  a  larger  readership  (Gibbon  Jr. 1954). 

V.  Introduction  and  general  application  of  effec-

After  this  initial  success,  the  clinical  application 

tive  and  durable  (>15  years)  continuous-flow 

of  cardiac  surgery  using  the  heart-lung  machine 

LVADs  and  improved  TAHs  (2000–present). 

expanded,  but  the  rate  of  early  post-cardiotomy 

mortality  remained  high.  Lillehei  stated  that  the 

next  26  patients  treated  after  Gibbon’s  success  

Early  Research  in  Mechanical 

died  after  undergoing  surgery  with  CPB . 

Circulatory  Support  (1958–1967) 

In  an  effort  to  reduce  this  high  mortality  rate, 

Lillehei  began  using  cross-circulation  to  provide 

The  first  reported  experimental  total  heart  replace-

CPB  during  open-heart  procedures.  In  cross-

ment  was  performed  by  Drs.  Willem  Kolff  and 

circulation  (Fig. 1), a  volunteer  –  often,  in  pediatric 

Tetsuzo  Akutsu  at  the  Cleveland  Clinic  in  1958 

patients,  the  child’s  parent  –  was  used  as  a  surro-

(Akutsu  and  Kolff  1958).  They  demonstrated  the 

gate  heart-lung  machine.  The  DeBakey  roller 

feasibility  (but  not  the  practicality)  of  the  total 

pump,  which  had  been  developed  to  facilitate 

artificial  heart  (TAH)  by  replacing  a  dog’s  heart 

blood  transfusion  (Kilduffe  and  DeBakey  1942), 

[image: Image 8]
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Fig.  1  Diagram  of  cross-circulation.  An  adult’s  heart  and  lungs  provide  oxygenation  and  circulation  while  a  pediatric patient  undergoes  cardiac  surgery.  (From  Lillehei  1982.  Used  with  permission.) 

was  used  to  transfer  blood  from  the  donor  to  the 

physiologic rate (5 L/min). This flow rate increased 

patient;  this  pump  later  became  an  essential  com-

blood  return  to  the  arrested  heart,  and  the  excess 

ponent  of  the  CPB  circuit  and  is  still  in  use  today. 

blood  sometimes  flooded  the  surgical  field,  which 

Cross-circulation  allowed  the  repair  of  a  variety 

made  intracardiac  visualization  difficult  and  even 

of  cardiac  defects,  even  the  more  complex  ones,  in 

resulted  in  erroneous  diagnoses  being  made  and 

children (Lillehei 1955;  Lillehei et al. 1986). Open-

incorrect  procedures  being  performed  (DeWall 

heart  operations  involving  cross-circulation  (which 

2011). To  address  this  problem,  Lillehei  and  col-

critics  pointed  out  was  the  only  type  of  operation 

leagues  showed  that  anesthetized  dogs  on  CPB 

that  had  the  potential  for  a  200%  mortality  rate) 

could  survive  for  more  than  30  min  with  azygos 

were  not  reported  (or,  presumably,  performed)  by 

vein  flow  as  the  only  blood  return  to  the  heart 

anyone  other  than  Lillehei.  Nonetheless,  it  was  an 

(Cohen  and  Lillehei  1954).  This  research  showed 

important  step  in  the  progress  of  open-heart  sur-

that  lower  flows  with  the  heart-lung  machine  were 

gery.  Largely  as  a  result  of  Lillehei’s  pioneering   well  tolerated.  The  lower  flow  rates  allowed  better 

efforts,  the  University  of  Minnesota  became  the 

intracardiac  visualization  and  thereby  increased  the 

world  leader  in  the  challenging,  emerging  field  of 

success  rate  of  open-heart  surgery.  Lillehei  consid-

open-heart  surgery . 

ered  his  experimental  and  clinical  work  with  azy-

At  the  time  when  surgeons  began  using  CPB, 

gos  flow  to  be  his  single  most  important 

the  bypass  flows  were  delivered  at  the  normal 

contribution  to  cardiac  surgery  (Lillehei  1982). 

[image: Image 9]
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At  that  time,  Dr.  Denton  A.  Cooley,  who  had 

After  air  bubbles  released  at  the  bottom  of  the 

trained  with  Dr.  Alfred  Blalock  at  Johns  Hopkins, 

device  floated  up  through  the  blood  inside  it,  the 

was  the  only  cardiac  surgeon  at  Texas  Children’s 

oxygenated  blood  was  filtered  through  steel  wool 

Hospital  in  Houston  and  one  of  the  few  pediatric 

to remove any excess air. After the patient survived 

cardiac  surgeons  outside  of  Minnesota.  His  surgi-

this  challenging  operation,  Cooley  performed 

cal procedures were confined to closed-heart oper-

94  more  open-heart  cases  with  bubble  oxygenator 

ations  such  as  the  Blalock-Taussig  operation  for 

support  by  the  end  of  1956  (Cooley  et  al. 1957); 

cyanotic  children. 

his  results  were  the  best  in  the  world  at  the  time. 

Wanting  to  perform  open-heart  surgery  for 

Cooley’s  skills  and  superior  outcomes  rapidly 

repair  of  more  complicated,  intracardiac  defects, 

resulted  in  his  becoming  the  world’s  most  active 

Cooley  visited  Lillehei  at  the  University  of  Min-

and  prolific  heart  surgeon.  A  review  of  operative 

nesota  in  June  1955.  While  there,  Cooley  saw  an 

records  available  from  that  time  showed  that  the 

open-heart  operation  for  the  first  time,  performed 

pump  times  of  Cooley’s  operations  were  always 

by  Lillehei  using  cross-circulation. 

recorded  in  minutes  and  seconds,  and  they  never 

Cooley  also  saw  the  work  with  the  heart-lung 

exceeded  20  min  (Fig. 2).  His  superior  results  led 

machine  utilizing  a  bubble  oxygenator  developed 

to  The  Texas  Heart  Institute  and  St.  Luke’s  Hos-

by  Lillehei  and  DeWall  (DeWall  2011). 

pital  in  Houston  becoming  the  world’s  leading 

In  Houston  in  April  1956,  Cooley  performed 

cardiac  surgery  center  until  1994  (Figs. 3  and  4), 

his  first  open-heart  operation,  the  repair  of  a  post-

when  it  was  surpassed  by  the  Cleveland  Clinic. 

infarction  ventricular  septal  defect  (Cooley  1994). 

Dr.  George  Burch,  a  Tulane  cardiologist,  found 

A  bubble  oxygenator,  built  by  Cooley  and  col-

that  some  patients  with  chronic  heart  failure 

leagues  with  equipment  purchased  from  a  restau-

improved  with  prolonged  bed  rest  (McDonald 

rant  supply  house,  was  used  for  this  procedure. 

et  al. 1972).  Dr.  Michael  DeBakey  was  a  leading

Fig.  2  Record  from  one  of  Dr.  Cooley’s  operations,  with 

unparalleled  success  in  open-heart  surgery  and  made 

the  pump  time  measured  in  minutes  and  seconds. 

Houston  the  leading  center  for  cardiovascular  surgery 

Dr.  Cooley’s  short  operative  times  contributed  to  his 

[image: Image 10]
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Fig.  3  Surgery  schedule  showing  the  large  number  of  procedures  performed  in  a  single  day  at  The  Texas  Heart  Institute, which  was  the  leading  center  for  cardiovascular  surgery  for  40  years.  (From  Frazier  2023a.  Reproduced  with  permission) academic  surgeon  and  had  been  at  Tulane  with 

DeBakey  hired  Cooley  to  join  the  Baylor  faculty  in 

Burch  before  accepting  the  position  of  chairman 

1951.  Encouraged by Cooley’s  efforts, DeBakey in 

of  surgery  at  Baylor  College  of  Medicine  in  1949. 

1960  also  began  performing  open-heart  surgery. 

[image: Image 11]

[image: Image 12]
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All  open-heart  surgery  in  this  era  carried  with 

experience  with  heart  rest)  would  recover 

it  a  high  mortality  risk.  DeBakey  observed,  how-

enough  heart  function  to  be  eventually  removed 

ever,  that  some  patients  who  received  prolonged 

successfully  from  CPB  (Fig. 5). It  seemed  that  a 

heart  rest  with  CPB  (similar  to  Burch’s 

device  that  could  provide  more  prolonged  resting

Fig.  4  Normally,  only  three  visitors  were  allowed  in  the  operating  room  to  observe  Dr.  Cooley’s  procedures.  However, during  a  meeting  of  the  AATS  in  Houston  in  1965,  a  much  larger  group  of  observers  were  present  at  this  procedure Fig.  5  Effect  of  use  of  heart-lung  machine  for  circulatory 

resumed  at  a  flow  of  3000  ml/min.  Left  atrial  pressure 

assistance  after  aortic  valvular  replacement.  When  an 

rose  once  more  on  a  third  attempt  to  discontinue  the 

attempt  was  made  at  the  end  of  the  operation  to  discontinue 

bypass;  this  time  bypass  was  resumed  at  3000  ml/min, 

use  of  extracorporeal  circulation,  left  atrial  pressure  rose, 

and  this  rate  was  gradually  decreased  for  the  next  90  min 

but  when  partial  cardiopulmonary  bypass  was  resumed,  it 

with  no  rise  in  left  atrial  pressure.  It  was  then  possible  to 

fell  to  10  mm  Hg.  When  another  attempt  was  made  15  min 

discontinue  cardiopulmonary  bypass  completely.  (From 

later  to  discontinue  the  bypass,  left  atrial  pressure  rose  to 

DeBakey  1971.  Used  with  permission)

55  mm  Hg,  but  promptly  fell  again  when  bypass  was 

[image: Image 13]
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of  the  heart  might  be  of  value  in  promoting 

DeBakey  during  his  first  year  of  medical  school 

recovery  after  high-risk  open  cardiac  surgery,  as 

in  1963.  This  research  was  directed  toward 

Burch  had  noted. 

mechanical  cardiac  assistance  and  total  heart 

In  1964,  DeBakey  secured  the  first  grant  (for 

replacement.  This  became  his  main  area  of  clini-

$500,000)  from  the  National  Institutes  of  Health 

cal  investigative  research  for  the  next  50  years. 

(NIH)  for  the  development  of  both  a  long-term 

In  the  lab  at  Baylor  at  that  time,  Liotta  was 

TAH  and  temporary  cardiac  assist  devices  that 

charged  with  the  day-to-day  research  in  both  the 

could potentially allow postoperative cardiac recov-

TAH  and  the  mechanical  ventricular  assist  devices. 

ery  for  patients  who  were  not  weanable  from  CPB. 

Even  the  best  experimental  animals  available  at  that 

He  was  supported  in  this  effort  by  fellow  Texan 

time  –  4- to  6-month-old  calves  –  had  limited  sur-

President  Lyndon  B.  Johnson  (Fig. 6). 

vival in the total heart replacement studies. This was 

This  funding  enabled  DeBakey  to  hire  experi-

not  due  to  failure  of  the  TAH  developed  by  Liotta, 

enced 

basic 

research 

personnel, 

including 

which worked well for the short periods (40+ hours) 

Dr.  Domingo  Liotta  (Fig. 7). Liotta  had  begun 

for  which  the  calves  survived.  Rather,  it  was  the 

his  research  in  Argentina  and  developed  an  exper-

trauma  of  surgery  and  the  prolonged  heart-lung 

imental  TAH  while  there  (Liotta  et  al. 1961).  With 

machine support  with  a  bubble  oxygenator  required 

his  leadership,  this  active,  well-funded  laboratory 

for  TAH  implantation  that  led  to  their  death s. 

at  Baylor  became  instrumental  in  the  early  devel-

These  poor  results  with  total  heart  replacement 

opment  of  cardiac  support  devices  (Fig. 8). 

caused  DeBakey  to  direct  Liotta  to  focus  his  pri-

Liotta’s  work  began  in  the  Baylor  research 

mary  laboratory  efforts  on  temporary  post-

laboratories  in  1962.  The  author’s  first  research 

cardiotomy  support  with  a  left  ventricular  assist 

project  (which  was  required  of  all  Baylor  medical 

device  (LVAD)  as  a  bridge  to  recovery.  DeBakey 

students  at  that  time)  began  with  Liotta  and 

became  the  first  to  use  one  of  these  LVADs

Fig.  6  Dr.  Michael 

DeBakey  (left)  and 

President  Lyndon  Johnson 

[image: Image 14]
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Fig.  7  Dr.  Domingo  Liotta  (left)  and  his  TAH  (right).  (From  Frazier  2017. Used  with  permission) successfully  to allow rest  and recovery of the heart 

South  Africa  (Barnard  1967).  In  later  years,  the 

after  cardiac  surgery  (in  September  1966).  The 

author  became  personally  well  acquainted  with 

patient,  a  young  woman,  could  not  be  weaned 

Barnard  and  asked  him  how  he  had  been  able  to 

from  the  heart-lung  machine  after  a  high-risk  dou-

initiate  this  important  work  in  South  Africa,  with-

ble  valve  replacement.  The  patient  was  supported 

out  the  substantial  support  and  infrastructure 

for  10  days  by  this  temporary,  externally  placed 

available  in  the  United  States.  He  replied  simply 

LVAD,  and  she  became  the  first  long-term  survi-

that  the  concept  of  brain  death  was  still  being 

vor  of  the  initial  LVAD  experience  (Fig. 9).  After 

debated  in  America,  where  the  conventional 

the  LVAD  was  removed,  she  returned  to  normal 

legal  definition  of  death  was  the  loss  of  a  pulse 

activity  (DeBakey  1971). 

(i.e.,  heart  function).  In  South  Africa,  however, 

At  that  time,  this  pump  acted  as  a  true  assist 

death  –  including  brain  death  –  was  primarily 

device,  as  it  could  produce  no  more  than  3  L/min 

determined  by  the  patient’s  medical  team.1 

of  flow.  Yet  this  partial  assistance,  working  in 

After  Barnard’s  procedure,  the  concept  of  brain 

parallel  with  the  native  heart,  was  enough  to 

death  became  more  acceptable,  allowing  cardiac 

allow  successful  weaning  to  recovery. 

transplantation  to  begin  in  the  United  States. 

In  Houston,  in  April  1968,  Cooley  performed 

the  first  heart  transplant  in  the  United  States  in 

Cardiac  Transplant  and  the  Artificial 

which  the  patient  survived  to  hospital  discharge. 

Heart  (1967–1971) 

Cooley  quickly  became  the  world’s  most  active

In  December  1967,  the  field  of  cardiovascular 

surgery  was  transformed  by  the  first  human  heart 

1  Dr.  Barnard  said  something  to  the  effect  of,  “In 

transplantation.  This  procedure  was  performed  by 

South  Africa  at  that  time,  you  were  dead  when  your  doctor 

Dr. 

Christiaan 

Barnard 

in 

Cape 

Town, 

said  you  were  dead” 

[image: Image 15]
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Fig.  8  Dr.  DeBakey’s  research  on  the  artificial  heart  began  in  the  early  1960s 

heart  transplant  surgeon,  and  with  DeBakey 

ever  use  clinically  the  TAH  that  he  had  developed 

also  involved,  Houston  became  the  world’s 

after  many  years  of  research.  In  addition,  as  noted, 

leading  heart  transplant  center.  The  initial  results 

the TAH  always functioned well; the experimental 

of  heart  transplantation  were  promising,  and  the 

animals  died  because  of  the  long  pump  time 

procedure  soon  expanded  to  virtually  worldwide 

required  to  implant  the  device. 

application. 

Liotta  was  aware  of  Cooley’s  unique  surgical 

Having  had  little  success  with  total  heart 

abilities  and  the  active  heart  transplant  program  at 

replacement  in  animals,  DeBakey  had  largely 

The 

Texas 

Heart 

Institute. 

He 

therefore 

abandoned  TAH  research  in  favor  of  LVADs. 

approached  Cooley  about  the  possibility  of  using 

Thus,  Liotta  came  to  doubt  that  DeBakey  would 

his  TAH  as  a  bridge  to  transplant  in  post-

[image: Image 16]
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Fig.  9  Dr.  DeBakey  with 

the  recipient  of  the  first 

successful  implant  of  a  left 

ventricular  assist  device 

(1966).  (From  Copeland 

2012) 

cardiotomy  patients  who  could  not  be  weaned 

the  patient  underwent  a  successful  heart  trans-

from  the  heart-lung  machine.  There  was  sound 

plant.  However,  he  died  32  h  after  the  transplant 

evidence  that  short-term  support  by  Liotta’s 

(Cooley  et  al. 1969). 

TAH  could  at  least  bridge  such  patients  to  a  suc-

This first use of the TAH drew worldwide media 

cessful heart  transplant. Cooley agreed to consider 

attention.  For  a  brief  time,  the  TAH  had  totally  and 

using  Liotta’s  TAH  as  a  bridge  to  transplant  in 

successfully replaced native heart function. In addi-

such  patients  as  a  lifesaving  measure. 

tion,  the  patient  had  normal  neurological  and 

A  suitable  patient  was  identified  in  April  1969. 

end-organ  function  after  implantation. 

After  undergoing  resection  of  a  left  ventricular 

However,  the  subsequent  heart  transplant 

aneurysm,  the  patient  could  not  be  weaned  from 

failed  to  extend  the  recipient’s  life  meaningfully. 

prolonged  CPB.  Cooley  implanted  the  TAH  in 

At  that  time,  the  immunosuppression  regimen  for 

this  patient  (in  34  min),  after  which  the  patient 

transplant  patients  consisted  of  a  high  dose  of 

was  successfully  separated  from  the  heart-lung 

azathioprine  (Imuran),  a  potent  panimmunosup-

machine  (Figs. 10  and  11). 

pressant,  given  before  transplant  to  prevent  organ 

The  patient  was  extubated  shortly  after 

rejection.  But  the  drug  often  worked  too  well.  In 

implantation  and  spoke  to  his  doctors  and  his 

the  case  of  this  first  TAH  patient,  his  white  blood 

wife.  Such  a  quick  recovery  is  unusual  even  in 

cell  count  had  fallen  to  2,000  by  the  time  of 

today’s  TAH  recipients.  The  TAH  provided  good 

transplant,  resulting  in  his  death  from  overwhelm-

hemodynamic  support  for  64  h,  at  which  point 

ing  sepsis. 

[image: Image 17]
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Fig.  10  Life  Australia  magazine  cover  showing  Dr.  Cooley  performing  a  heart  transplant.  He  performed  the  first  heart transplant  in  the  United  States  in  which  the  patient  survived  to  be  discharged  from  the  hospital 

This  experience  proved  to  be  an  important  step 

surgical  device  research  program  at  The  Texas 

in  the  development  of  mechanical  circulatory  sup-

Heart  Institute.  Numerous  advances  resulted 

port.  Cooley  and  Liotta  left  the  staff  of  Baylor 

from  the  transfer  of  this  research  activity  to  an 

College  of  Medicine  and  started  their  own 

institution  dedicated  solely  to  the  study  and

[image: Image 18]
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Fig.  11  Recipient  of  the 

first  successful  implant  of  a 

total  artificial  heart  (1969). 

(O.H.  Frazier,  MD) 

treatment  of  cardiovascular  disease,  thereby 

destination-therapy  LVAD  (Fig. 13). The  initial 

avoiding  the  necessary  but  sometimes  cumber-

goal  set  by  the  NIH  was  a  device  that  could 

some  and  time-consuming  bureaucracy  of  Amer-

support  a  patient  for  at  least  2  years.  This  was  a 

ican  medical  schools  (Fig. 12). 

significant  challenge:  In  an  adult  at  rest,  the  nor-

The  initial  era  of  clinical  cardiac  transplantation 

mal heart  contracts more  than 100,000 times  every 

(1967–1971) could be termed a success in the sense 

24  h  and  36  million  times  in  a  year.  Researchers 

that it demonstrated the feasibility of the procedure. 

would  have  to  develop  a  synthetic  membrane 

However,  the  overall  poor  clinical  outcomes 

durable  enough  to  duplicate  that  level  of  perfor-

(Table  1)  led  to  the  termination  of  widespread 

mance  for  2  years  or  longer. 

cardiac  transplantation.  For  the  next  decade,  clini-

In  addition  to  the  goal  of  2  years  of  support,  the 

cal  and  experimental  efforts  in  cardiac  transplanta-

NIH  had  several  other  requirements  for  the  pro-

tion  were  largely  confined  to  Stanford  Medical 

posed  permanent  LVAD.  For  example,  the  device 

School,  under  the  direction  of  the  leading  contrib-

had  to  have  a  maximum  flow  rate  of  at  least 

utor  to  this  field,  Dr.  Norman  Shumway. 

12  L/min,  require  minimal  or  no  anticoagulation, 

and  have  a  Starling-like  response  to  increases  in 

response  to  the  patient’s  physical  activity  level.  In 

Renewal  of  NIH  Support 

addition,  the  power  source  had  to  be  portable, 

for  the  Development  of  Mechanical 

such  that  the  patient  could  be  discharged  from 

Circulatory  Support  Devices 

the  hospital  and  allowed  to  return  to  activities  of 

(1972–1982) 

daily  life.  Even  more  challenging  than  these 

requirements  was  that  the  device  had  to  operate 

The  clinical  failure  of  this  first  widespread  experi-

without  breaking  the  skin  at  any  point;  this  would 

ence in cardiac transplant led to the renewal  of NIH 

require  either  fully  implantable  batteries,  which 

research  funding  specifically  aimed  at  the  develop-

would  have  to  be  nuclear  to  last  as  long  as  needed, 

ment  of  a  long-term  (i.e.,  permanent)  mechanical 

or  transcutaneous  power  transfer,  which  could 

heart-replacement  device.  In  1972,  the  NIH  initi-

allow  external  device  placement.  Using  nuclear 

ated  a  well-funded  program  directed  toward  devel-

batteries,  which  had  originally  been  developed  for 

oping  implantable,  tether-free  mechanical  cardiac 

implantable  pacemakers,  was  feasible  but  expen-

support  and  replacement  devices. 

sive;  a  thumb-sized  plutonium-238–powered  bat-

In  January  1977,  the  NIH  issued  a  Request  for 

tery  (Fig. 14)  could  power  a  50-watt  TAH  for 

Proposals  (RFP)  centered  on  developing  a 

86  years  and  was  used  without  complication  in

[image: Image 19]
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Fig.  12  On  the  cover  of  Life  magazine,  the  feud  between 

heart,  helped  shape  the  Texas  Medical  Center.  (Photograph 

Denton  A.  Cooley  and  Michael  E.  DeBakey  is  publicized 

taken  by  Ralph  Morse  for  Life  Magazine/Time  &  Life 

in  1970.  What  would  become  a  nearly  40-year  dispute, 

Pictures.  Used  with  permission  of  Getty  Images) 

which  stemmed  from  Dr.  Cooley’s  use  of  the  artificial 

experimental  animals  (baboons)  in  The  Texas 

venting  necessary  to  the  operation  of  a  pulsatile 

Heart  Institute  laboratories.  However,  this  impres-

pump.  Such  venting  would  necessitate  including  a 

sive  battery  life  seemed  wasted  on  a  pump  if  it 

compliance  chamber  with  the  device  (Fig. 15). 

could  last  only  2  years. 

Extensive  but  unsuccessful  efforts  were  made  to 

Avoiding  penetrating  the  skin  proved  to  be  the 

develop  a  chamber  that  could  endure  for  2  years 

main  barrier  to  achieving  the  goals  set  in  the  initial 

and  that  could  adjust  to  any  changes  in  atmo-

RFP,  which  failed  to  consider  the  problem  of 

spheric  pressure  that  a  patient  might  encounter. 

[image: Image 20]
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The  author  proposed  that  the  only  way  to  address 

Ultimately,  investigators 

were  unable  to 

these  problems  was  to  vent  the  device  outside  the 

develop  a  device  that  met  the  requirements  of 

patient’s  body,  which  would  eliminate  the  need 

the  RFP.  Nonetheless,  these  NIH-supported 

for  a  compliance  chamber.  But  penetrating  the 

efforts  in  the  1970s  were  important  in  advancing 

skin,  while  effective  (and  also  allowing  patients 

mechanical  cardiac  support  technology.  Funding 

to  survive  at  different  altitudes),  violated  that  con-

the years of research  required to reach the goal of a 

dition  of  the  RFP  (Table  2). 

long-term,  implantable,  untethered  pump  would 

have  been  unlikely  without  the  support  of  the 

NIH,  which  ultimately  provided  more  than 

Table  1  Summary  of  all  heart  transplants  performed  as  of 

300  million  dollars  of  funding.  A  similar  amount 

March  1,  1971 

was  contributed  by  the  research  companies 

Total  No.  of  Transplants:

170 

involved. 

U.S.:

108 

Now  that  it  was  clear  that  the  only  way  to 

Foreign:

62 

achieve  2  years  of  function  was  to  vent  the  device 

Total  no.  of  recipients:

167 

percutaneously,  researchers  saw  no  point  in  not 

Total  no.  of  deaths:

143 

Number  of  survivors:

24 

simply  powering  it  percutaneously,  as  well.  This 

U.S.:

18 

was  more  practical  and  less  expensive  than  using 

Foreign:

6 

nuclear  batteries  or  transcutaneous  power. 

Total  number  of  countries:

20 

The  clinical  use  of  the  first  NIH-funded  device 

Total  number  of  surgical  teams:

65 

began  in  1975.  This  was  an  abdominally  placed 

U.S.:

29 

LVAD  developed  by  Dr.  Jack  Norman  (Fig. 16). 

Foreign:

36 

The  device  was  supported  extracorporeally  by 

Adapted  from  Thompson  (1971) 

a  pneumatic  drive  system  and  was  used  in

Fig.  13  Diagram  of  the  strategy  and  timeline  for  devel-

Heart  Lung,  and  Blood  Institute).  These  implantable  sys-

oping  an  implantable  circulatory  support  system,  created 

tems  were  meant  to  be  available  for  clinical  use  by  1985. 

by  the  National  Heart  and  Lung  Institute  (later  the  National 

(From  Frazier  2018) 

[image: Image 21]
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Fig.  14  Photograph  of  batteries  with  plutonium-238  as  an 

years.  (From  Harmison  LT.  Totally  Implantable  Nuclear 

energy  source.  This  could  have  been  used  to  power  a 

Heart  Assist  and  Artificial  Heart:  A  Report:  National  Heart 

totally  implantable  artificial  heart  for  as  long  as  86.5 

and  Lung  Institute;  1972) 

Fig.  15  Diagram  of  an  implantable  pulsatile  pump  with  a 

so  would  violate  the  conditions  of  the  RFP.  Continuous-

compliance  chamber.  This design  was  problematic  because 

flow  pumps  do  not  have  this  limitation.  (From  Harmison 

a  fully  implanted  compliance  chamber  would  stiffen  over 

LT.  Totally  Implantable  Nuclear  Heart  Assist  and  Artificial 

time.  Venting  the  device  externally  would  eliminate  the 

Heart:  A  Report:  National  Heart  and  Lung  Institute;  1972.)

need  for  a  compliance  chamber,  but  breaking  the  skin  to  do 

patients  who  could  not  otherwise  be  weaned 

none  of  the  22  patients  supported  by  this  device  at 

from  CPB  after  open-heart  surgery.  This  device 

The  Texas  Heart  Institute  lived  longer  than 

seemed  to  work  well  for  short-term  support,  but 

6  months. 

[image: Image 23]
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During  that  same  period,  work  was  also  under-

tially  mortal  illness  will  reach  a  point  of  irretriev-

way  on  the  intra-aortic  balloon  pump  (IABP),  a 

ability  despite  potentially  effective  therapy. 

temporary cardiac support  device. The clinical  use 

In  December  1982,  a  TAH  was  implanted  by 

of  the  balloon  pump  at  The  Texas  Heart  Institute 

Drs.  William  DeVries  and  Lyle  Joyce  at  the  Uni-

began  in  1974.  The  first  34  patients  supported  by 

versity  of  Utah  (DeVries  1988). This  pump  was 

the  IABP  also  died. 

another  pneumatically  powered  heart  designed  by 

The  author  began  his  practical  involvement 

Kolff  and  Dr.  Robert  Jarvik,  but  it  was  the  first 

with  mechanical  circulatory  support  by  working 

TAH  to  be  intended  as  a  permanent  heart  substi-

with  Dr.  Norman.  He  was  an  important  innovator 

tute.  This  device  was  subsequently  implanted  in 

and  by  far  the  most  knowledgeable  person  the 

additional  long-term  patients  at  the  Humana  Heart 

author  ever  encountered  in  this  field. 

Institute  International  in  Louisville.  One  of  these 

Even  though  both  the  intra-abdominal  LVAD 

patients  survived  620  days  (DeVries  1988).  The 

and  the  IABP  worked  well  technically,  there  were 

pneumatically  powered  pump  continued  to  be 

initially  no  long-term  survivors;  the  patients  were 

developed,  chiefly  as  a  bridge  to  transplant,  by 

too  ill  to  survive  even  with  device  support.  This 

Dr.  Jack  Copeland  at  the  University  of  Arizona 

illustrates  the  axiom  that  any  patient  with  a  poten-

Health  Sciences  Center  in  Tucson.  Currently,  this 

program  is  directed  by  Dr.  Francisco  Arabia. 

More  than  1700  of  these  pumps,  now  called  the 

Table  2  Compliance  chamber  limitations 

Syncardia,  have  been  implanted.  It  has  proved  life-

Minimal  volume  of  150  mL 

saving  and  reliable,  and  some  patients  (including 

Gas  permeation:  Requires  weekly  equilibration 

one  of  the  author’s  patients)  have  survived  as  long 

Accommodation  of  altitude  changes 

as  4  years  with  the  device,  but  its  durability  is 

Increased  filling  resistance  caused  by  tissue  encapsulation 

typically  18–24  months.  This  problem,  as  well  as 

Moisture  transmission 

the  Syncardia’s  large  size,  has  largely  limited  its 

Position:  Pleural  space  only 

clinical application to bridging patients to transplant. 

Fig. 16  Dr.  John  “Jack”  Norman  (left),  a  leader  in  the  development  of  the  intra-abdominal  pump  (right,  shown  with  a  left ventricular  to  intra-abdominal  aorta  connection)  and  other  early  LVADs 
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Introduction  of  Cyclosporine  Revives 

funding  programs  had  been  initiated  before  the 

Heart  Transplantation,  Inspires 

revival  of  heart  transplantation,  they  were 

Clinical  Use  of  Pulsatile  LVADs 

intended  to  support  the  development  of  LVADs 

as  Bridge  to  Transplant  (1982–2000) 

as  destination  therapy  but  not  as  bridges  to 

transplant. 

In  1982,  cyclosporine  was  introduced  as  an  immu-

In  1984  at  The  Texas  Heart  Institute,  a  compat-

nosuppressant  in  clinical  heart  transplantation. 

ible  donor  heart  happened  to  become  available  for 

Although  cyclosporine  was  more  forgiving  to 

a  young  woman  who  at  the  time  was  septic,  with 

patients’  immune  function  than  azathioprine,  it 

positive  blood  cultures  for  both  fungal  (Candida) 

was  still  widely  believed  that  the  dangers  of  sepsis 

and bacterial  infections (Staphylococcus and  Strep-

in  a  patient  potentially  contaminated  with  a  foreign 

tococcus)  –  which  today  would  be  considered  con-

body  such  as  an  LVAD  would  prohibit  the  LVAD’s 

traindications  to  transplant  –  as  well  as  a  bilirubin 

use as a bridge to transplant. Before the introduction 

level  of  more  than  30  mg/dL.  This  young  woman 

of  cyclosporine,  three  patients  at  The  Texas  Heart 

was  facing  a  fatal  outcome.  Nonetheless,  a  donor 

Institute  who  received  mechanical  circulatory  sup-

became  available,  and  the  author  performed  the 

port  as  a  bridge  to  transplant  had  died  of  over-

transplant.  Despite  the  trepidations  of  all  the  con-

whelming  sepsis  after  heart  transplantation  and 

sultants,  she  survived  with  minimal  cyclosporine 

immunosuppression  with  azathioprine  (Table  3). 

support  and  was  ultimately  a  long-term  survivor 

Two  of  these  patients  were  supported  with  a  TAH. 

after  her  transplant  (Frazier  et  al. 1986). This  case 

The first was the Liotta TAH; the second, implanted 

demonstrated  that  when  the  more  forgiving  cyclo-

13  years  later,  was  a  TAH  designed  by  Akutsu 

sporine  was  used  for  immunosuppression,  it  was 

while  at  The  Texas  Heart  Institute  and  was  only 

possible  for  a  patient  with  bacterial  and  fungal 

the  second  TAH  to  be  used  clinically  (Cooley  et  al. 

sepsis  to  receive  a  heart  transplant  and  survive. 

1981)  (Fig  . 17).  The  third  patient  was  a  young  man 

The  case  was  presented  at  a  national  meeting. 

whose  heart  became  asystolic  after  emergency 

Subsequently,  in  the  fall  of  1984,  Dr.  Philip  Oyer, 

valve  replacement  (Norman  et  al. 1978). The 

who  was  leading  the  mechanical  circulatory  sup-

intra-abdominal  LVAD  was  the  only  device  avail-

port  device  program  at  Stanford,  became  the  first 

able at that time but acted as a total heart, effectively 

surgeon  to  successfully  bridge  a  patient  to  trans-

supporting  the  patient  for  5  days  despite  his  lack  of 

plant  with  an  LVAD.  The  patient  was  supported 

meaningful  right  ventricular  function.  This  patient 

by  the  LVAD  for  4  days,  then  received  a  heart 

also  ultimately  received  the  world’s  first  heart-

transplant  and  became  a  long-term  survivor 

kidney  transplant. 

(Starnes  et  al. 1988). 

At  this  time,  the  NIH  continued  funding  per-

The  experience  with  the  bridge-to-transplant 

manent  LVAD  development,  but  only  at  Stanford 

devices  allowed  us  to  test  the  long-term  (2-year) 

and  The  Texas  Heart  Institute.  Because  the 

functionality  of  the  pulsatile  LVADs.  The

Table  3  Two-stage  cardiac  replacement:  The  Texas  Heart  Institute 

Patient

Diagnosis

Date

Procedure

Duration 

47-year-old  man

CAOD,  LVA

4/04/69

TAH

64  hr 

4/07/69

OHTx

32  hr 

21-year-old  man

SBE,  MR,  AR,  stone  heart

2/09/78

LVAD

5  days 

2/14/78

OHTx

14  days 

36-year-old  man

CAOD

7/23/81

TAH

54  hr 

7/25/81

OHTx

7  days 

AR  aortic  regurgitation;  CAOD  coronary  artery  occlusive  disease;  LVA  left  ventricular  aneurysm;  LVAD  left  ventricular assist  device;  MR  mitral  regurgitation;  OHTx  orthotopic  heart  transplantation;  SBE  subacute  bacterial  endocarditis;  TAH 

total  artificial  heart 

Reproduced  from  Frazier  et  al.  (1996).  Used  with  permission 
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Fig.  17  A  total  artificial  heart,  featured  on  the  cover  of  Life  magazine  in  September  1981 

pneumatic  ThermoCardio  Systems,  Inc  (TCI) 

discharged  on  the  support  of  the  electrically 

pump  was  developed  clinically  at  The  Texas 

powered,  untethered  version  of  the  TCI  (Fig. 18). 

Heart  Institute,  where  it  was  first  implanted  in 

These  electrically  powered  pulsatile  LVADs  – 

April  1986.  In  1994,  this  pump  became  the  first 

the  Novacor  and  the  TCI  –  were  approved  by  the 

implantable LVAD to be approved by the US Food 

FDA  as  both  bridge-to-transplant  and  destination 

and  Drug  Administration  (FDA)  as  a  bridge  to 

therapy  devices  in  1998.  Yet  the  2-year  limit  (usu-

cardiac  transplantation  (Frazier  1994).  This  work 

ally)  of  the  durability  of  pulsatile  pump  designs 

with  the  bridge-to-transplant  patient  population 

still  seemed  a  limitation  to  destination  therapy. 

demonstrated  not  only  the  pump’s  potential  to 

Replacing  this  bulky  device  every  2  years  was 

function  for  up  to  2  years  but  also,  in  a  case  the 

difficult  and  impractical,  so  the  device  was  clini-

author  performed  in  1991,  that  a  patient  could  be 

cally  meaningful  only  as  a  bridge  to  transplant. 

[image: Image 25]
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Fig.  18  The  first  patient  to 

leave  the  hospital  supported 

with  a  battery-powered, 

untethered  left  ventricular 

assist  device  (the  TCI 

HeartMate  XVE). 

(Courtesy  of  The  Texas 

Heart  Institute) 

The  limitations  of  durability  applied  to  the 

Nonetheless,  pulsatile  pumps  were  a  lifesaving 

NIH-funded  TAHs  as  well  as  the  LVADs.  While  a 

innovative  technology.  The  Randomized  Evalua-

member  of  the  NHLBI  Advisory  Council,  the 

tion  of  Mechanical  Assistance  for  the  Treatment  of 

author  recommended  in  1985  that  the  NIH  pursue 

Congestive  Heart  Failure  (REMATCH)  trial,  led 

the development of a TAH that was  totally implant-

by  Dr.  Eric  Rose  at  Columbia  University,  showed 

able  and  that  could  be  powered  without  breaking 

the  2-year  effectiveness  of  pulsatile  LVADs  as 

the  skin.  This  led  to  the  development  of  the 

destination  therapy  (Rose  et  al. 2001).  The 

Abiocor  (Fig. 19),  a  transcutaneously  powered, 

REMATCH  trial  was  a  randomized  study  of 

pulsatile  TAH  that  was  implanted  as  destination 

LVAD  support  versus  conventional  medical  ther-

therapy  from  July  2001  to  2003. 

apy  in  patients  who  were  not  transplant  candidates. 

Clinical  leadership  was  mainly  with  Dr.  Rob 

This  study  showed  that  although  all  of  these  mor-

Dowling. 

Although 

the 

device 

technically 

tally  ill  heart  failure  patients  had  a  high  mortality 

performed  well  in  both  in  vitro  and  in  vivo  studies,   rate  (Fig. 20),  LVAD  support  had  a  greater  statisti-no  patient  survived  longer  than  17  months.  This 

cal  survival  benefit  than  medical  therapy. 

problem, plus the Abiocor’s substantial manufactur-

However,  as  noted  previously,  the  pump’s  dura-

ing  cost,  led  to  the  termination  of  the  pr oject

bility  was  an  important  limitation  of  this  technology. 

(Nascimbene et al. 2016). 

Pulsatile  LVADs  were  lifesaving  in  the  short  term, 

[image: Image 26]
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Fig.  19  The  Abiocor  total 

artificial  heart.  (Creator: 

Rachel  Anderson;  Credit: 

National  Museum  of 

American  History, 

Smithsonian  Institute) 

Fig. 20  Kaplan-Meier  analysis  from  the  REMATCH  trial, 

LVADs  were  associated  with  a  considerable  survival  advan-

comparing  survival  between  the  group  that  received  left 

tage  at  1  year,  this  advantage  largely  disappeared  after 

ventricular  (LV)  assist  devices  and  the  group  that  received 

2  years.  (From  Rose  et  al. 2001.  Used  with  permission) 

optimal  medical  therapy.  The  graph  shows  that  whereas 

but  the  patients’  only  long-term  alternative  was  a 

and too few donor hearts. The author came to refer to 

heart  transplant.  In  1985,  during  a  meeting  of  the 

this  scenario  as  “Shumway’s  nightmare.” 

Commonwealth  Club  of  California,  Dr.  Shumway 

was  asked  for  his  opinion  about  the  Jarvik-7,  a 

pulsatile  TAH  developed  by  Jarvik.  Shumway 

Continuous-Flow  LVADs 

replied  that  a  TAH  or  LVAD  that  could  only  support 

(2000–Present) 

a  patient  for  2  years  might  be  lifesaving  for  the 

patient  in  the  short  term  but  was  of  little  epidemio-

Continuous-flow  implantable  LVADs  are  now  the 

logic  value  because  it  simply  added  more  patients  to 

main  mechanical  assist  devices  for  support  of  the 

the already overlong transplant waiting list; as it was, 

heart. They  were  largely developed  in  the  research 

there  were  already  too  many  heart  failure  patients 

laboratory  of  The  Texas  Heart  Institute.  The  main

[image: Image 28]
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reasons  for  the  author’s  efforts  in  this  area  were 

ventricle,  distal  to  the  aortic  valve.  This  pump, 

the  pulsatile  pumps’  limited  durability  and  their 

which  spun  at  up  to  30,000  RPM,  could  produce 

large  size,  which  made  them  unusable  in  children 

5  L/min  of  flow  under  experimental  conditions. 

and  smaller  adults.  Continuous-flow  pumps,  in 

However, there was concern that the shear resulting 

contrast,  had  the  potential  advantages  of  greater 

from  the  high  rotational  speed  would  cause  hemo-

durability  and  smaller  size.  Therefore,  in  the  early 

lysis  (the  “Waring  blender”  effe ct). 

1980s,  the  laboratory  began  research  on  the  feasi-

Wampler’s  device  was  approximately  the  size 

bility  and  practicality  of  non-pulsatile  implantable 

of  the  eraser  of  a  No.  2  pencil  (Fig. 21). Neither 

cardiac  replacement  and  assist  devices. 

its  small  size  nor  its  high  rotational  speed 

The  first  continuous-flow  pump  used  clinically 

compromised  its  flow  rate. 

was  the  Biomedicus  centrifugal  force  pump.  The 

Bench  experiments  had  shown 

that  the 

team  at  The  Texas  Heart  Institute  was  able  to 

Hemopump  pumped  well  in  saline  at  30,000 

totally  replace  the  right  and  left  ventricles  in 

RPM.  The  Texas  Heart  Institute  team  began  work-

experimental  animals  with  this  pump.  Nonethe-

ing  on  this  technology  in  the  animal  lab  in  1985, 

less,  the  Biomedicus  pump  was  large  and  there-

and  it  appeared  promising.  Because  of  its  small 

fore  not  implantable.  This  made  it  incapable  of 

size,  it  could  be  easily  placed  through  the  femoral 

providing  meaningful  long-term  support.  The 

or  subclavian  artery.  Furthermore,  the  Hemopump 

team  used  this  device  for  extracorporeal  mem-

caused  little  hemolysis  in  the  calf,  which  is  the  best 

brane  oxygenation  and  short-term  LVAD  support 

animal  for  identifying  hemolysis  in  vivo. 

in  the  1970s  and  early  1980s.  In  fact,  in  1987,  they 

In  April  1988,  a  patient  at  The  Texas  Heart 

used  it  to  bridge  a  9-year-old  patient  to  transplant 

Institute  who  had  undergone  a  successful  heart 

after  his  heart  had  ceased  beating.  He  is  still  living 

transplant  had  severe  allograft  rejection  and  was 

more  than  35  years  later  (Frazier  et  al. 1989). 

close  to  death.  He  became  the  first  patient  to  be 

The  author’s  presentations  on  continuous-flow 

implanted  with  the  Hemopump  (as  a  lifesaving 

pumps  drew  the  interest  of  two  capable  medical 

effort),  which  supported  him  for  5  days  and 

device 

researchers: 

Dr. 

Robert 

Jarvik 

and 

which  provided  the  opportunity  to  reverse  the 

Dr.  Richard  Wampler.  In  1985,  they  independently 

rejection  with  aggressive  medical  treatment. 

approached  the  author  at  a  device  conference  with 

These  measures  improved  the  patient’s  condition 

their  concepts  of  implantable  continuous-flow 

to  the  point  that  he  was  eventually  discharged 

pumps.  Wampler  had  a  small  axial-flow  pump 

from  the  hospital  and  became  a  long-term  survi-

that  he  called  the  Hemopump.  Its  inlet  cannula 

vor  (Frazier  et  al. 1990). 

was  designed  to  be  placed  inside  the  left  ventricle 

This  technology  subsequently  was  used  clini-

while  the  small  pump  was  placed  outside  the 

cally  at  many  centers,  with  excellent  results. 

Fig.  21  The  Hemopump,  a 

tiny  axial-flow  pump 

designed  to  provide 

temporary  circulatory 

support.  This  technology 

was  further  developed  into 

the  Impella  pump,  which  is 

now  the  most  widely  used 

device  for  temporary 

cardiac  support 
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All  financial  support  for  its  development 

pursuit  in  the  lab  at  The  Texas  Heart  Institute.  The 

came  from  venture  capitalists,  as  the  NIH  had  no 

only  continuous-flow  devices  being  used  clini-

program  to  fund  implantable  continuous-flow 

cally  at  that  time  were  axial-flow  pumps.  It  was 

technology. 

widely  believed  that  these  could  not  be  made 

The  Hemopump  became  the  first  implantable 

implantable  because  such  pumps  had  to  have 

pump  to  undergo a  clinical  trial  for  FDA  approval. 

bearings.  Bearings,  it  was  thought,  could  not  be 

The  sole  entry  criterion  for  patients  was  heart 

lubricated  while  in  the  bloodstream,  and  using  a 

failure.  The  FDA  was  supportive  of  the  trial  and 

non-lubricated  but  blood-washed  bearing  was  not 

acknowledged  its  favorable  results  but  wanted 

considered  possible. 

more  strict  entry  criteria  to  more  specifically  iden-

Nonetheless,  Jarvik,  an  experienced  medical 

tify  the  patient  population  that  could  best  benefit 

device  developer,  began  to  make  axial-flow 

from  the  use  of  this  technology.  This  seemed  a 

pumps  in  his  laboratory  that  utilized  non-

reasonable  request at  that  time and  would  not  have 

lubricated,  blood-washed  bearings.  These  pumps 

taken  more  than  2  years  to  address.  However,  the 

were  intended  to  provide  long-term  support. 

venture  capitalists  who  were  financing  the  work 

Jarvik  and  the  author  began  working  on  this 

were  not  interested  in  funding  this  additional 

implantable  pump  in  1985.  Although  there  were 

effort,  and  with  the  loss  of  their  support,  work 

failures  early  on,  Jarvik  diligently  altered  the  bear-

on  the  Hemopump  could  not  continue.  Nonethe-

ings  until  the  device  could  provide  long-term  sup-

less,  the  device  itself  was  a  real  advance.  In  many 

port  in  experimental  animals.  The  Jarvik  pump 

ways,  it  could  be  considered  the  Kitty  Hawk  of 

was  first  implanted  clinically  at  The  Texas  Heart 

continuous-flow  pumps  because  it  showed  the 

Institute  in  April  2000. 

feasibility  of  this  technology. 

After  Jarvik  found  the  solution  to  the  bearing 

Serendipitously,  the  author  had  a  colleague  in 

problem,  a  similar  bearing  was  utilized  to  convert 

Germany, Dr. Helmut Reul, who the author thought 

the  Hemopump  to  a  long-term  implantable  device 

could  help  with  the  clinical  application  of  the 

called  the  HeartMate  II.  This  pump  was  initially 

Hemopump.  In  the  1980s,  the  author  had  worked 

developed  under  the  auspices  of  the  Nimbus  com-

with  him  on  several  projects,  including  TAH  test-

pany.  The  author  had  recommended  to  Jarvik  that 

ing,  while  Reul  was  earning  a  PhD  in  biomedical 

his  pump  be  placed  within  the  ventricle  itself  so 

engineering  (the  first  one  ever  granted)  at  the  Uni-

that  no  inlet  cannula  would  be  required,  an  impor-

versity of Houston. He had then returned to Aachen 

tant  advantage  of  this  technology.  In  contrast,  the 

and  started  a  medical  device  research  company. 

HeartMate  II’s  inlet  cannula  was  placed  inside  the 

The  author  suggested  that  Reul  acquire  the 

ventricle,  which  allowed  the  pump  to  be 

Hemopump  because  it  had  significant  clinical 

implanted  outside  the  heart  (Fig. 22).  The  final 

potential  and  could  be  used  in  Europe,  where 

clinical  design  of  the  HeartMate  II  was  implanted 

FDA  approval  would  not  be  required.  He  devel-

at  The  Texas  Heart  Institute  in  November  2003. 

oped  a  pump  modeled  on  the  Hemopump  and 

There  was  concern  that  the  bearings  used  in  the 

called  it  the  Impella.  This  pump  ultimately  was 

initial  implantable  continuous-flow  pumps,  the 

acquired  (on  the  author’s  advice)  by  the  American 

Jarvik  2000  and  the  HeartMate  II,  would  deterio-

company  Abiomed  and  became  a  widely  used 

rate  in  3–5  years.  The  author  believed  that  if  a 

device  for  temporary  support  of  the  heart.  The 

continuous-flow  LVAD  could  be  made  with  a 

FDA  accepted  the  research  done  in  Europe  as 

magnetically  suspended  rotor  acting  as  the 

sufficient  evidence  of  the  Impella’s  safety  and 

pumping  component,  it  could  function  without 

efficacy,  so  the  Impella  did  not  have  to  go  through 

bearings  altogether. 

the  normal  FDA  approval  process  which, 

The  Texas  Heart  Institute  team  began  working 

although  warranted  and  indicated,  had  initially 

on  such  a  device  experimentally  in  1985  with 

restricted  the  Impella’s  use  in  the  United  States. 

Wampler.  Initially,  this  pump  had  a  mechanical 

The  development  of  a  long-term  implantable 

problem:  The  magnetically  suspended  impeller 

continuous-flow  pump  became  another  important 

was  misaligned,  such  that  in  some  devices  it

[image: Image 29]
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Fig.  22  Illustrations  of  implanted  Jarvik  2000  (left)  and  HeartMate  II  (right)  axial-flow  pumps.  Both  pumps  used  blood-washed  bearings;  these  appear  in  red  in  the  image  of  the  HeartMate  II 

would  touch  the  inside  of  the  housing  and  cause 

Unfortunately,  as  a  result  of  its  success,  in  2016 

friction.  In  one  experimental  animal,  the  friction 

the  device  was  bought  by  a  large  company  that, 

was  so  severe  that  the  device  caught  fire.  (This 

solely  for  commercial  reasons  as  far  as  the  author 

experience  highlighted  the  importance  of  in  vivo 

knows,  discontinued  its  manufacture  and  use. 

research  in  the  development  of  medical  devices.) 

Hopefully,  another  pump  will  soon  become  avail-

Such  problems  were  seen  frequently  in  devices 

able  to  help  those  patients  who  were  best 

that were developed without  the long-term financial 

supported  by  the  HeartWare’s  technology,  partic-

support  of  the  NIH.  (For  the  laboratory  research  at 

ularly  small  children  and  those  needing  right-

The  Texas  Heart  Institute  on  continuous-flow 

sided  support. 

pumps,  the  author  provided  most  of  the  funding.) 

Another  important  aspect  of  the  continuous-

The  problems  with  this  pump  were  eventually 

flow  pumps  is  that  unlike  almost  all  other  surgi-

corrected,  and  the  device  was  approved  for  clini-

cally  implantable  devices  such  as  prosthetic 

cal  use  in  Australia  in  2005  as  the  HeartWare 

valves,  pacemakers,  and  coronary  artery  bypass 

LVAD. 

grafts,  these  pumps  do  not  mimic  normal  anatomy 

The 

Texas 

Heart 

Institute 

team 

began 

or  physiology.  Although  the  continuous-flow 

implanting  the  HeartWare  device  in  the  USA  in 

design  addresses  the  issues  of  long-term  durabil-

2006.  This  device  had  certain  advantages  over  the 

ity  and  physiologic  effectiveness,  the  abnormal 

axial-flow  pumps.  It  was  a  flat  pump  that  fit  com-

physiology  it  produces  remains  a  clinical  concern. 

fortably  on  the  diaphragmatic  surface  of  both  the 

Severe  hemorrhagic  strokes  were  seen  in  the  early 

right  and  left  ventricles;  this  anatomic  placement 

experience  with  the  HeartMate  II  (Frazier  et  al. 

simplified  biventricular  support.  Additionally,  the 

2007). The  Texas  Heart  Institute  team  soon  real-

device  was  small  enough  to  be  placed  in  smaller 

ized  that  in  many  patients  supported  by  this 

adults  and  children.  This  pump  was  implanted 

device,  blood  pressure  could  not  be  measured 

successfully  in  a  4-year-old;  the  device  supported 

normally  with  a  cuff;  a  Doppler  device  had  to  be 

him  for  8  years,  during  which  time  he  had  normal 

used  instead.  The  conversion  of  the  normal  pas-

growth  and  development  (Adachi  2019)  (Fig. 23). 

sive  flow  to  active  flow  with  continuous-flow 

Because  of  its  unique  benefits  in  supporting 

circulation  is  primarily  responsible  for  the  ische-

smaller  patients  and  children,  and  because  it  was 

mic  and  hemorrhagic  strokes  that  have  been  asso-

the  only  LVAD  that  could  be  used  effectively 

ciated  with  continuous  flow;  with  active  blood 

for  right-sided  support,  the  HeartWare  occupied 

pressure  management,  such  strokes  are  now 

a  niche  not  served  by  any  other  device. 

rarely  seen. 

[image: Image 30]
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Fig.  23  Four-year-old 

child  with  cardiac  asystole 

who  was  supported  for 

8  years  with  a  HeartWare 

LVAD  as  a  bridge  to 

transplant 

The  continuous-flow  pumps  were  all  designed 

2005).  The  association  between  loss  of  pulsatility 

to  function  as  true  assist  devices;  the  pulsatile 

and  gastrointestinal  bleeding  was  described  in 

pumps  (Novacor  and  TCI),  although  referred  to 

patients  with  rheumatic  aortic  valve  stenosis  by 

as  LVADs,  had  not  been.  The  pulsatile  pumps  in 

Dr.  E.  C.  Heyde  and  others  (Letsou  et  al. 2005; 

their  normal operating mode  completely took over 

Heyde  1958;  Imperiale  and  Ransohoff  1988; 

the  function  of  the  left  ventricle  and  would  have 

Weaver  et  al. 1979;  Williams  Jr. 1961),  before 

been  more  properly  termed  “left  ventricular 

the  introduction  of  surgical  aortic  valve  replace-

replacement  devices.” 

ment.  Aortic  valve  stenosis  resulted  in  a  decrease 

In  the  normal  operational  mode  of  both  the 

in  pulsatility,  which  was  associated  with  gastroin-

Novacor  and  the  TCI  pulsatile  pumps,  the  aortic 

testinal  bleeding.  Gastrointestinal  bleeding  has 

valve  never  opened.  Prolonged  closure  invariably 

also  been  associated  with  induced  von  Willebrand 

caused  the  valves  to  fuse,  so  the  few  patients  who 

disease,  which  is  related  perhaps  to  the  shear  from 

survived  18–24  months  of  support  with  these 

the  pump  placement,  although  this  has  never  been 

pumps  inevitably  developed  aortic  valve  insuffi-

conclusively  shown  (Nascimbene  et  al. 2016). 

ciency  (Fig. 24). The  Texas  Heart  Institute  team 

This  complication  is  seldom  seen  as  long  as 

believed  that  in  patients  with  continuous-flow 

valve  opening  and  “pulsatility”  are  preserved. 

LVADs,  aortic  insufficiency  could  be  prevented 

Another  complication  seen  with  continuous-

by  adjusting  the  pump’s  flow  rate  to  ensure  that 

flow  LVADs  is  right  heart  failure.  As  any  clinician 

the  aortic  valve  opening  time  was  never  less  than 

knows,  right  heart  failure  is  generally  a  conse-

40%  of  normal.  This  prevents  fusion  of  the  valve 

quence  of  severe  left  heart  failure.  With  any  of 

leaflets  and,  therefore,  aortic  insufficiency. 

the  continuous-flow  LVADs  in  use  today,  tradi-

Another  problem  seen  with  continuous-flow 

tional  right  heart  failure  secondary  to  left  heart 

pumps  is  gastrointestinal  bleeding  (Letsou  et  al. 

failure  is  not  possible  because  the  pumps  can
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Fig.  24  Aortic 

insufficiency  invariably 

seen  in  pulsatile  pumps  due 

to  the  absence  of  aortic 

valve  opening  and  the 

resulting  fusion  of  the  valve 

leaflets.  This  problem 

should  not  exist  in 

continuous-flow  pumps  in 

their  proper  operative  mode 

as  true  assist  devices, 

working  in  parallel  with  the 

native  heart  and  thereby 

preserving  aortic  valve 

opening  time 

produce  flows  of  up  to  12  L/min.  However,  the 

abnormal  physiology  caused  by  continuous  flow. 

altered  physiology,  particularly  if  the  aortic  valve 

This  septal  shift  subsequently  induced  right-sided 

is  not  opening  and  the  continuous-flow  pump  is 

failure  (Fig. 25).  This  again  shows  the  importance 

acting  as  a  left  ventricular  replacement  device 

of  the  pump  operating  as  a  true  assist  device, 

rather  than  an  assist  device,  can  certainly  induce 

rather  than  completely  taking  over  the  function 

right  heart  failure.  The  Texas  Heart  Institute  team 

of  the  ventricle.  The septal  shift  and  resulting  right 

performed  the  first  implantation  of  a  second 

heart  failure were addressed  by reducing the  speed 

continuous-flow  pump  to  provide  right-heart  sup-

of  the  Jarvik  pump  for  8  seconds  every  minute. 

port  in  a  patient  who  had  developed  progressive 

This 

allowed 

more 

physiologic 

function, 

right  heart  failure  while  on  LVAD  support 

improved  left  ventricular  filling,  and  prevented 

(both  devices  were  Jarvik  FlowMakers)  (Frazier 

septal  shift  (Frazier  et  al. 2004). 

et  al. 2004). 

The 

work 

with 

continuous-flow  LVADs 

The  team  also  induced  right  heart  dysfunction 

spurred  the  author’s  efforts  to  develop  a  continu-

in  experimental  animals  secondary  to  high  flows 

ous-flow  TAH.  The  impetus  once  again  was  the 

of  the  left-sided  continuous-flow  pumps.  This  was 

durability  issue  that  limited  the  application  of  all 

noted  clinically  in  patients  with  atrial  and  ventric-

pulsatile  TAH  devices.  Durability  was  an  even 

ular  septal  shift,  which  was  believed  to  be  due  to 

greater  concern  with  a  putative  TAH  because 

excessive  unloading  of  the  left  ventricle  by  the 

even  though  continuous-flow  LVADs  had  been 

pump  (Frazier  et  al. 2004)  –  another  result  of  the 

successful,  their  proper  operative  mode  was  to

[image: Image 32]
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work  in  parallel  with  the  pulsatile  native  heart.  A 

confined to the heart. The totally obtunded patient, 

continuous-flow  TAH,  in  contrast,  would  elimi-

who  was  an  engineer,  awoke  and  spent  some  time 

nate  the  native  pulsatility  altogether,  which  might 

working  on  his  laptop  from  his  hospital  bed. 

introduce  further  physiologic  complications. 

Although  he  was  clinically  stable  after  6  weeks, 

To 

investigate 

this 

potential 

problem, 

the  disease  was  found  in  his  lung.  He  requested 

Dr.  William  “Billy”  Cohn  and  the  author  began 

discontinuation  of  the  pump  support.  Autopsy 

experimenting  with  total  heart  replacement  with 

was  unremarkable except  for the generalized  amy-

continuous-flow  pumps  in  calves.  In  2005,  they 

loidosis  (Frazier  and  Cohn  2012). 

totally  replaced  the  heart  of  a  calf  with  an  early 

One  barrier  in  total  heart  replacement  histori-

model  of  the  HeartMate  3  (which  was  more  com-

cally  was  the  normal,  physiologic  flow  imbalance 

pact  than  the  HeartMate  II)  (Frazier  et  al. 2005). 

between  the  left  and  right  ventricle.  Because  the 

With  the  pulseless  circulation  provided  by  the 

left  ventricle  receives  pulmonary  flow  directly 

device,  the  calf  recovered  quickly  from  the  proce-

from  the  pulmonary  veins,  its  stroke  volume  is 

dure,  and  normal  end-organ  function  ensued.  The 

slightly  greater  than  that  of  the  right  ventricle. 

calf  walked  on  a  treadmill  and  grew  normally. 

This  disparity  is  essential  to  proper  circulation 

After  20  days  of  support,  the  calf  was  euthanized, 

and  must  therefore  be  reproduced  by  the  TAH. 

and  autopsy  showed  normal  end-organ  histology. 

Fortunately,  one  advantage  of  continuous-flow 

In  2011,  they  replaced  total  heart  function  with 

pumps  is  their  automaticity  in  responding  to 

two  HeartMate  II  pumps  in  a  patient  who  was  near 

higher  flows  without  changing  the  pump  speed 

death  because  of  amyloidosis  believed  to  be 

(Fig. 26). 

Fig.  25  Septal  shift  caused  by  LVAD  placement  (A).  Biventricular  support  corrects  the  septal  shift  (B).  S,  Septum;  LA, left  atrium;  RA,  right  atrium;  L,  left-sided  pump;  R,  right-sided  pump 

Fig.  26  Displays  of  2  continuous-flow  pumps  connected 

10,000  (left)  to  12,000  rpm  (right).  This  increases  the 

in  series,  pumping  fluid  from  a  large  reservoir  of  lactated 

inflow  to  the  left  pump,  thereby  increasing  the  left-sided 

Ringer  solution.  The  left  pump  speed  is  held  constant  at 

flow  rate  from  8.6  to  9.3  L/min  without  any  change  in  the 

14,000  rpm  while  the  right  pump  speed  is  increased  from 

left-sided  pump’s  speed.  (From  Frazier  2023b) 

[image: Image 34]
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Fig.  27  The  AbioCor  (left)  –  the  first  totally  implantable 

center,  and  child,  right).  (From  Frazier  2018.  Used  with 

total artificial  heart, which  was first  used clinically in 2001 – 

permission) 

compared  with  the  BiVACOR  total  artificial  heart  (adult, 

The  Texas  Heart  Institute  research  team 

Hemopump,  the  first  FDA-approved  pneumatically 

implanted  experimental  TAHs  in  more  than 

and  electrically  powered  LVADs  (the  TCI  and 

50  long- and  short-term  experiments  beginning 

HeartMate  XVE  devices,  respectively),  the  blood-

in  2005.  In  no  instance  was  any  device  failure 

washed  bearings  for  the  first  axial-flow  LVAD,  and 

seen.  The  calves  were  supported  for  as  long  as 

the  development  and  use  of  most  other  continuous-

90  days  (the  practical  time  limit),  at  which  time 

flow  LVADs  that  have  been  used  clinically.  The 

the  animals  were  electively  euthanized.  The 

author  has  been  involved  with  these  efforts  –  in 

calves  were  found  to  have  normal  end  organs 

the  laboratory  work  and  in  its  clinical  application 

and  grew  normally;  thus,  totally  “pulseless”  cir-

–  since  the  start  of  his  medical  career  in  1963  and 

culation  appeared  to  be  well  tolerated  in  several  of 

has  remained  in  Houston  since  then  (with  the 

these  controlled  studies  (Frazier  et  al. 2005, 2006, 

exception  of  his  2  years  in  Vietnam)  (Fig. 28). 

2009;  Frazier  and  Cohn  2012; Cohn  et  al. 2014). 

Starting as a  temporary support  for  postoperative 

Therefore,  in  2013,  The  Texas  Heart  Institute 

patients  in  the  1960s,  LVADs  have  become  increas-

team  began  working  on  a  continuous-flow  TAH 

ingly  used,  especially  since  the  advent  of  continu-

called  the  BiVACOR  (Fig. 27)  that  was  intended 

ous-flow  pumps.  More  than  60,000  LVADs  had 

for  clinical  use.  In  addition  to  providing  flows  of 

been  implanted  as  of  2019  (Joyce  and  Joyce 

up  to  20  L/min,  it  is  much  smaller  than  any  pul-

2020). In  addition,  none  of  the  continuous-flow 

satile  TAH.  This  would  allow  the  pump  to  be  used 

devices has been pumped to the point of mechanical 

in  smaller  adults  and  children.  The  team  has  com-

failure;  one  The  Texas  Heart  Institute  patient  was 

pleted  the  preclinical  research  required  by  the 

supported  for  more  than  18  years  by  a  single  pump. 

FDA  for  this  device  and  anticipates  its  clinical 

The  company  currently  leading  the  field  of  LVAD 

approval  and  use  before  the  end  of  2023. 

manufacturing (Abbott, formerly Thoratec) reported 

in  2019  (Abbott,  personal  communication)  that 

more  than  700  patients  had  been  supported  for 

Conclusion 

more  than  10  years  on  non-pulsatile  pump  support. 

The  complications  and  failures  seen  in  patients 

It  is  important  to  point  out  that  most  advances  in 

supported  with  this  technology  have  been  related 

this  field  were  made  by  physicians  attempting  to 

to  anatomical  placement  issues  and  the  difficulty  of 

address  a  specific  clinical  problem,  such  as  Gib-

medical  management  for  patients  who  have  the 

bon  with  the  heart-lung  machine  and  Cooley  with 

entirely  new  physiology  that  the  pump  introduces. 

the  TAH. 

The  device  is  best  operated  as  an  assist  pump  that 

Readers  may  also  notice  that  much  of  the  work 

works  in  parallel  with  the  native  heart,  thereby 

described  in  this  chapter  took  place  in  The  Texas 

preserving  aortic  valve  opening  while  in  operation. 

Heart  Institute  laboratories  in  Houston:  the  devel-

The  author  performed  more  than  1,200  heart 

opment  and  implantation  of  the  first  TAH,  the 

transplants  and  1,000  LVAD  implants  between

[image: Image 35]
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Fig.  28  Congressional 

Gold  Medal  ceremony  in 

2008  honoring  Dr.  Michael 

DeBakey  (middle).  Among 

those  invited  by 

Dr.  DeBakey  were 

Dr.  Denton  Cooley  (right) 

and  Dr.  O.  H.  Frazier  (left). 

Photo  courtesy  of  The 

Texas  Heart  Institute 

1982  and  2012.  These  procedures  have  been  life-

Groote  Schuur  Hospital,  Cape  Town.  S  Afr  Med 

saving,  but  the  dependence  on  someone  else’s  mis-

J.  1967;41:1271–4. 

Cohen  M,  Lillehei  CW.  A  quantitative  study  of  the  azygos 

fortune (that of the heart donor and their family) and 

factor  during  vena  caval  occlusion  in  the  dog.  Surg 

the  lack  of  improvement  in  the  long-term  survival 

Gynecol  Obstet.  1954;98:225–32. 

of  heart  transplant  patients  (who  are  not  living  any 

Cohn  WE,  Handy  KM,  Parnis  SM,  Conger  JL,  Winkler 
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continuous-flow  total  artificial  heart  in  calves. 

epidemiologic value  of  heart transplantation. Hope-

ASAIO  J.  2014;60:25–30. https://doi.org/10.1097/ 

fully,  within  the  professional  lifetime  of  physicians 
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Abstract 

initially  conceived  as  an  extension  of  cardio-

Extracorporeal

membrane

oxygenation 

pulmonary  bypass,  the  indications  for  and  uti-

(ECMO)  is  a  temporary  form  of  mechanical 

lization  of  ECMO  have  grown  substantially  in 

cardiopulmonary  support  developed  for  use 

the  last  20  years.  Although  there  are  a  variety 

outside  of  the  operating  room.  Although 

of  configuration  strategies,  ECMO  support 

generally  consists  of  veno-venous  (VV)  and 

veno-arterial  (VA)  ECMO  and,  also,  extracor-

poreal  cardiopulmonary  resuscitation  (ECPR), 

J.  M.  Mosier  (✉) 

which  is  a  form  of  VA-ECMO  used  as  support 
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or  rescue  during  cardiac  arrest.  Growth  in 
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ECMO  has  been  supported  by  improvements 

and  Sleep,  University  of  Arizona  College  of  Medicine 

Tucson,  Banner  University  Medical  Center  Tucson, 

in  ECMO  cannula  and  circuit  technology.  In 
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addition, 

ECMO 

utilization 

has 

largely 
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expanded  driven  by  patient  need.  The  high 
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incidence  of  advanced  cardiac  and  lung  dis-
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tive  stagnation  in  outcomes  in  critically  ill 
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and  heart  and  lung transplant  programs have  all 

except  for at specialized centers after a multicenter 

been  factors  in  bringing  ECMO  to  the  forefront 

randomized  controlled  trial  on  adult  patients  with 

of  modern  critical  care.  However,  the  risks  of 

severe  acute  respiratory  failure  published  in  1979 

ECMO  and  resources  required  to  implement  a 

reported  a  90%  mortality  rate  for  patients  in  both 

program  are  substantial,  and  a  nuanced  under-

groups  (Zapol  et  al. 1979).  Enthusiasm  and  utili-

standing  of  the  potential  benefits,  indications, 

zation  increased  during  the  H1N1  influenza  pan-

and  contraindications  is  necessary  for  optimal 

demic  following  several  observational  reports 

utilization  and  minimization  of  harm  and  cost. 


showing  utility  of  ECMO  for  H1N1  patients 

With  this  in  mind,  ECMO  is  likely  to  be  a 

with  severe  acute  respiratory  distress  syndrome 

beneficial  and  life-saving  therapy  for  appropri-

(ARDS).  The  Conventional  Ventilatory  Support 

ately  selected  patients  with  critical  illness  due 

versus  Extracorporeal  Membrane  Oxygenation 

to  advanced  cardiac  or  pulmonary  disease. 

for  Severe  Adult  Respiratory  Failure  (CESAR) 

trial  reported  improved  survival  in  patients  trans-

ferred  to  an  ECMO  center,  (Schmidt  et  al. 2015a; 

Keywords 

Australia,  New  Zealand  Extracorporeal  Mem-

ECMO  ·  ARDS  ·  Cardiac  arrest  ·  Shock  · 

brane  Oxygenation  Influenza  I,  et  al. 2009;  Luyt 

Bridge  ·  Veno-venous  ·  Veno-arterial 

et  al. 2012; Zangrillo  et  al. 2013)  leading  to 

greater  expansion  of  ECMO.  The  Extracorporeal 

Membrane  Oxygenation  for  Severe  Acute  Respi-

Introduction 

ratory  Distress  Syndrome  (EOLIA)  trial  was 

designed  to  be  the  definitive  answer  for  ECMO 

Extracorporeal  membrane  oxygenation  (ECMO) 

in  severe  ARDS  but  was  stopped  early  for  futility 

is  a  mode  of  extracorporeal  life  support  (ECLS)   (Combes  et  al. 2018). 

designed  to  temporarily  support  heart  and/or 

ECMO  has  also  been  commonly  used  as  extra-

lung  failure  that  is  refractory  to  maximal  medical 

corporeal

cardiopulmonary

resuscitation 

therapy.  The  use  of  ECMO  has  expanded  in  both 

(“ECPR”)  (Bednarczyk  et  al. 2014; Chen  et  al. 

volume  and  indications  over  the  last  20  years 

2008a;  Shin  et  al. 2011;  Maekawa  et  al. 2013; 

(Sauer et al. 2015).  While  there  have  been  some 

Sakamoto  et  al. 2014;  Stub  et  al. 2015)  in  patients 

remarkable  successes  in  patients  that  would  have 

with  cardiac  arrest,  and  veno-arterial  ECMO  is 

otherwise  died  without  ECMO,  it  is  important  to 

often  used  for  patients  with  cardiogenic  shock 

remember  the  role  of  ECMO.  ECMO  can  tempo-

due  to  pulmonary  embolism  (Yusuff  et  al. 2015), 

rarily  support  vital  organ  function  through  extra-

hypothermia  (Jarosz  et  al. 2015)  overdoses 

corporeal  gas  exchange  and  hemodynamic 

(St-Onge  et  al. 2015), or  severe  electrolyte  abnor-

support  when  the  lungs  and/or  heart  are  the 

malities  (Palatinus  et  al. 2015). This  chapter  will 

only  organs  to  have  failed.  In  other  words, 

explore  the  common  indications  for  ECMO  and 

ECMO  is  a  bridge  to  something  (e.g.,  recovery, 

considerations  for  ECMO  utilization. 

transplant, 

durable 

destination 

device) 

for 

patients  with  refractory  heart  or  lung  disease 

that  is  either  reversible  or  irreversible  in  the 

Indications  and  Use  for 

setting  of  transplant  or  durable  device  candidacy. 

Veno-venous  ECMO 

ECMO  is  not  a  rescue  therapy  for  end-stage 

critical  illness  with  multiorgan  failure  or 

Veno-venous  (VV)  ECMO  provides  oxygenation 

end-stage  heart  or  lung  disease  for  patients  who 

and  carbon  dioxide  (CO2)  clearance  by  using  a 

are  otherwise  not  candidates  for  transplantation 

large  cannula  to  drain  venous  blood  from  the 

or  durable  devices. 

inferior  vena  cava,  superior  vena  cava,  or  both 

ECMO  was  first  used  for  refractory  cardiopul-

and  passing  blood  across  a  membrane  oxygenator 

monary  disease  in  the  1970s  (Hill  et  al. 1972; 

to  return  oxygen-rich  blood  into  the  right  atrium 

Bartlett  et  al. 1977)  but  was  mostly  abandoned 

or 

pulmonary 

artery, 

depending 

on 

the
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cannulation  strategy.  The  specific  physiology  is 

1979; Morris  et  al. 1994)  as  both  had  very  high 

detailed  in  subsequent  chapters,  but  in  general 

mortality  rates.  However,  as  our  understanding  of 

the  maximal  support  of  arterial  oxygen  delivery 

ARDS  and  ventilator-induced  lung  injury  evolved 

that  an  ECMO  circuit  is  capable  of  is  about 

in  parallel  with  advances  in  ECMO  technology  in 

250  ml/min  of  O2,  or  roughly  the  resting  oxygen 

the  1990s  to  early  2000s,  survival  rates  started 

requirement  of  an  adult  human  (assuming  high 

improving,  and  there  was  some  signal  of  separa-

flow  (>4  l/min)  and  low  recirculation).  While  tion  between  ECMO  and  mechanical  ventilation. 

CO2  is  cleared  more  easily  through  countercur-

(Brogan  et  al. 2009; Lewandowski  et  al. 1997) 

rent  sweep  gas  flow,  the  ability  of  VV-ECMO  to 

During  the  H1N1  pandemic,  when  lung  protective 

provide  arterial  oxygen  is  limited  by  recirculation 

ventilation  based  on  limiting  tidal  volume  and 

(oxygenated outflow blood returned directly to the 

plateau  pressure  was  more  understood  and  com-

ECMO  inflow)  and  venous  admixture  (deoxygen-

monplace,  reports  in  severe  ARDS  patients  with 

ated  venous  blood  from  the  native  cardiac  output 

refractory  hypoxemia  had  survival  rates  as  high  as 

that  bypasses  the  ECMO  circuit).  A  recirculation 

79%  for  those  treated  with  ECMO  (Australia, 

of  20%  can  reduce  the  oxygenation  capability  by 

New  Zealand  Extracorporeal  Membrane  Oxygen-

roughly  50%,  and  flow  requirements  to  compen-

ation  Influenza  I,  et  al. 2009;  Zangrillo  et  al. 2013; 

sate  for  high  venous  admixture  (high  native  car-

Noah  et  al. 2011;  Kutlesa  et  al. 2014). The 

diac  output)  are  greater  than  can  be  accomplished 

CESAR  trial  accelerated  the  enthusiasm  for  and 

by  a  single  circuit.  It  is  for  these  reasons  that 

utilization  of  ECMO  after  its  publication  in  2009. 

newer  cannulas  (e.g.,  Avalon  Elite®  [Maquet, 

In  patients  with  severe  ARDS  transferred  to  an 

Rastatt,  Germany],  Crescent®  [Medtronic,  Min-

ECMO  referral  center  (where  only  75%  received 

neapolis,  Minnesota],  ProtekDuo®  [LivaNova, 

ECMO  after  arrival)  versus  patients  treated  with 

London,  United  Kingdom)  and  alternative  cannu-

conventional  therapy,  six-month  mortality  was 

lation  strategies  (e.g.,  central  cannulation  for 

lower  in  the  ECMO  referral  group  versus  those 

bridge  to  transplant)  are  developed  and  used 

that  were  not  transferred,  (Peek  et  al. 2009)  a

(Abrams  et  al. 2019).  VV-ECMO,  with  few 

finding  that  was  replicated  in  a  propensity-

exceptions  based  on  cannulation  strategy,  pro-

matched  registry  study  of  patients  that  received 

vides  no  direct  hemodynamic  support  but  can 

ECMO  versus  those  that  did  not  (Noah  et  al. 

indirectly  improve  hemodynamics  in  patients 

2011).  However,  another  propensity-matched 

with  right  ventricular  dysfunction  related  to 

cohort  study  of  patients  with  severe  ARDS  from 

hypercapnia  and  hypoxemia  that  can  often 

H1N1  receiving  ECMO  that  were  compared  to 

improve  after  improving  gas  exchange  with 

those  that  did  not  receive  ECMO  failed  to  find  a 

VV-ECMO. 

difference  in  mortality  after  correcting  for 

Given  the  limits  to  arterial  oxygenation  and 

confounding  variables  (Pham  et  al. 2013).  Inter-

the 

threats 

to 

efficiency  with  VV-ECMO 

estingly,  however,  51  patients  that  received 

(recirculation  and  venous  admixture),  the  native 

ECMO  could  not  be  matched.  These  patients 

lung  is  often  still  necessary  to  provide  adequate 

were  younger  and  had  more  severe  ARDS  based 

systemic  oxygenation,  and  VV-ECMO  allows  for 

on  PaO2/FiO2  and  plateau  pressure,  but  they  also 

lung  rest  by  facilitating  less  injurious  ventilator 

had  a  lower  mortality  (22%  vs  50%)  than  the 

settings  (Schmidt  et  al. 2015b).  In  patients  with 

ECMO  patients  that  were  matched  to  controls 

end-stage  chronic  lung  disease,  VV-ECMO  can 

indicating  a  potential  phenotype  of  patients  that 

replace  the  ventilator  as  a  bridge  to  transplant  to 

may  particularly  benefit  from  VV-ECMO. 

facilitate  physical  therapy  and  avoid  chronic 

The EOLIA trial was designed to compare early 

deconditioning  and  sedation  that  comes  from 

ECMO  versus  conventional  mechanical  ventila-

mechanical  ventilation. 

tion  in  patients  with  severe  ARDS  (Combes  et  al. 

Initial  trials  in  patients  with  respiratory  failure 

2018). Patients were eligible if they were intubated 

failed  to  show  improved  outcomes  with  ECMO 

for  <7  days  and  had  one  of  the  following:  PaO2: 

compared  to  mechanical  ventilation,  (Zapol  et  al. 

FiO2  <  50  for  >3  h  or  <  80  for  >6  h,  or  a  pH
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<7.25  and  PaCO2  >  60  mmHg  for  >6  h  with  a 

While  the  utilization  of  ECMO  is  increasing, 

respiratory rate of 35 and plateau pressure < 32 cm 

the  mortality  with  ECMO  is  not  improving.  Thus, 

H2O  despite  high  FiO2,  lung  protective  tidal  vol-

rather  than  ECMO  reducing  mortality  of  severe 

umes,  and  PEEP  >10  cm  H2O.  The  trial  was 

ARDS  from ~50% to ~40%, it more likely reduces 

designed  to  show  a  20%  reduction  in  mortality 

mortality from >50%  in patients  with more  severe 

but  was  stopped  at  the  fourth  interim  analysis  for 

disease  and  injurious  ventilator  settings  down  to 

futility.  There  was  a  non-statistically  significant 

the  ~50%  baseline  (Friedrichson  et  al. 2021). 

11%  reduction  in  mortality,  and  50,000  post 

There  are  two  general  approaches  to  patient  selec-

hoc  simulations  showed  100%  probability  of 

tion  for  VV-ECMO  when  it  comes  to  ARDS 

stopping  the  trial  at  the  fifth  interim  analysis  and 

(Fig. 1). At  our  institution,  our  philosophy  is  that 

a  zero  percent  probability  of  efficacy  at  full 

we  (1)  limit  inhomogeneity  through  PEEP  to 

enrollment.  A  sensitivity  analysis  using  a  rank-

recruit  any  recruitable  airspace  and  prone  posi-

preserving  structural  failure  time  analysis  to  con-

tioning  and  (2)  reduce  mechanical  power  through 

trol for the sicker control patients  that crossed over 

lung  protective  tidal  volumes,  limiting  driving 

to  the  intervention  group  still  failed  to  show  a 

pressure  to  <15  cm  H2O,  reducing  respiratory 

benefit.  While  this  was  seen  as  a  negative  trial, 

rate  where  possible  to  allow  permissive  hypercap-

the  design  of  the  trial  to  show  a  20%  difference  in 

nia,  and  eliminating  injurious  dyssynchrony. 

mortality  was  probably  unrealistic.  In  fact,  post 

When  gas  exchange  and  lung  protective  ventila-

hoc  Bayesian  analyses  show  a  high  likelihood 

tion  are  not  possible  at  the  same  time,  then  we 

ECMO  reduces  mortality  in  severe  ARDS 

consider  ECMO  as  long  as  the  injurious  mechan-

patients  when  using  prior  probabilities  that  are 

ical  ventilation  has  been  <7  days  and  there  are  no 

more  realistic,  (Goligher  et  al. 2018)  and  a 

contraindications. 

patient-level  meta-analysis  shows  ECMO  reduces 

mortality  compared  to  conventional  mechanical 

ventilation  (Combes  et  al. 2020). 

Indications  and  Use  for  Veno-arterial 

ECMO  was  used  frequently  in  patients  with 

ECMO  (VA) 

refractory  hypoxemia  and  severe  ARDS  from 

COVID-19  with  variable  reports.  While  the  utili-

Patients  in  whom  VA  ECMO  may  benefit  are 

zation  varied  based  on  local  and  regional  capacity 

fairly  broad.  In  general,  VA  ECMO  is  a  good 

in  generally  overwhelmed  healthcare  systems, 

option,  and  arguably  the  best  option,  for  patients 

ECMO  generally  reduced  mortality  compared  to 

with  hemodynamic  collapse  from  a  reversible 

conventional  mechanical  ventilation,  but  overall 

cause  or  otherwise  a  transplant  or  durable  device 

mortality  was  higher  for  COVID-19  than  other 

candidate.  In  other  words,  VA  ECMO  is  probably 

causes  of  infectious  ARDS  (Barbaro  et  al. 2020; 

the  best  option  for  rapidly  provided  hemodynamic 

Biancari  et  al. 2021;  Friedrichson  et  al. 2022; 

support  as  a  bridge  to  recovery,  durable  device,  or 

Loforte  et  al. 2021; Nesseler  et  al. 2022;  Shaefi 

transplant  (Table  1).  In  patients  with  acute  cardio-

et al. 2021;  Supady  et  al. 2021). In  addition  to 

genic  shock,  such  as  with  an  acute  pulmonary 

supporting  oxygenation,  ECMO  may  be  benefi-

embolism,  stunned  myocardium  after  a  myocar-

cial  for  patients  with  refractory  hypercapnic  respi-

dial  infarction,  or  acute  myocarditis,  VA  ECMO 

ratory  failure  (Kluge  et  al. 2012)  or  for  patients 

can  provide  hemodynamic  support  as  a  bridge  to 

with  ARDS  to  allow  ultra-lung  protective  ventila-

intervention in the case of pulmonary embolism or 

tor  settings  by  extracorporeal  CO2  removal 

as  a  bridge  to  recovery  in  the  case  of  poor  con-

(ECCO2R)  (Abrams  et  al. 2022; Giraud  et  al. 

tractility  (acute  myocardial  infarction  or  myocar-

2021;  Mcnamee  et  al. 2021).  Another  common 

ditis).  In  some  patients  with  an  acute  catastrophic 

indication  for  VV-ECMO  to  support  respiratory 

event  such  as  a  cardiac  arrest,  VA  ECMO  can 

failure  is  upper  airway  obstruction  (e.g.,  tracheal  or 

provide  hemodynamic  support  to  maintain  organ 

subglottic  stenosis),  where  intubation  is  difficult  or 

function  in  no-flow  states  such  as  active  cardiac 

impossible  and  there  is  sufficient  time  to  cannulate. 

arrest  or  reverse  organ  dysfunction  in  low-flow

[image: Image 36]
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Fig.  1  Utilization  decision  pathway  for  VV-ECMO  in 

benefit.  In  patients  where  optimization  is  not  possible  (B), 

severe  ARDS.  In  patients  with  severe  ARDS,  there  are 

ECMO  likely  improves  mortality  by  supporting  gas 

generally  two  clinical  phenotypes  as  it  relates  to  ECMO: 

exchange  and  allowing  for  lung  protective  ventilation  in 

1.  Patients  where  optimization  is  possible  (i.e.,  gas 

patients  who  are  ECMO  candidates.  It  is  this  group  where 

exchange  and  lung  protective  ventilation)  and  2  Patients 

these  authors  believe  ECMO  programs  should  focus 

where  optimization  is  impossible  (i.e.,  injurious  ventilator 

resources  given  our  current  landscape  in  the  published 

settings  required  to  maintain  gas  exchange.  In  patients 

literature.  For  patients  in  whom  optimization  is  not  possi-

where  optimization  is  possible  (A),  ECMO  may  improve 

ble  and  that  are  not  ECMO  candidates  (C),  ECMO  should 

mortality  although  clinical  trial  data  have  not  shown  a  clear 

not  be  routinely  used 

Table  1  Indications  for  VA  ECMO 

Cardiac  arrest 

Acute  cardiogenic  shock 

Acute  myocardial  infarction 

Myocarditis 

Cardiomyopathy  (ischemic,  nonischemic,  septic,  refractory  dysrhythmia) 

Pulmonary  embolism 

Overdose/cardiac  toxicity 

Post  cardiotomy  shock 

Failure  to  wean  from  bypass 

Primary  graft  dysfunction 

Post  operative  shock 

Decompensated  chronic  disease 

Pulmonary  arterial  hypertension  with  RV  failure 

Biventricular  failure

states  such  as  a  post  return-of-spontaneous  circu-

post  cardiotomy  shock,  and  failure  to  wean  off  of 

lation  shock.  In  some  patients,  such  as  those 

cardiopulmonary  bypass.  Another  emerging  indi-

where  recovery  is  not  possible  or  those  with 

cation  is  septic  cardiomyopathy,  which  usually 

decompensated  chronic  disease  where  transplant 

occurs  in  late  state  sepsis  where  contractility  suf-

is  an  option  (e.g.,  pulmonary  arterial  hypertension 

fers  and  cardiomyopathy  ensues.  VA  ECMO  can 

with  RV  failure,  cardiomyopathy,  biventricular 

support  left  ventricular  function  while  the  LV 

failure),  VA  ECMO  serves  as  a  bridge  to  either 

myocardium  recovers.  Early  in  sepsis,  cardiac 

durable  device  such  as  a  left  ventricular  assist 

function  is  usually  hyperdynamic  and  cardiac  out-

device  or  to  a  transplant.  Other  common  indica-

put  is  high  to  compensate  for  the  vasoplegia  that 

tions  include  primary  graft  failure  after  transplant, 

comes  from  sepsis.  In  these  patients,  usually  with
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a  metabolic  acidosis,  VA  ECMO  is  not  an  option 

coronary  arteries  in  the  presence  of  no,  or  low, 

because  of  the  preserved  LV  function. 

native  cardiac  output.  Perfusion  with  oxygenated 

The  cannulation  strategy  is  important  and  dic-

blood  is  thus  delivered  downstream  to  essential 

tated  by  the  underlying  pathology.  The  arterial 

organs,  providing  hemodynamic  support  and  lim-

return  flow  through  the  aorta  increases  the  LV 

iting  the  low  flow  time  common  in  cardiac  arrest 

afterload  by  the  continuous  flow  from  the  circuit. 

patients  undergoing  conventional  CPR.  Essen-

If  the  LV  contractility  is  poor,  LV  dilation  com-

tially,  VA-ECMO  can  buy  time  to  diagnose  and 

monly  occurs  which  will  increase  LV  strain  and 

treat  the  underlying  cause  of  the  cardiac  arrest  by 

ischemia.  Thus,  patients  on  VA  ECMO  for  cardio-

supporting  hemodynamics  and  systemic  oxygen 

genic  shock  require  offloading  of  the  left  ventricle 

delivery  in  the  absence  of  native  cardiac  output 

either  through  an  intraaortic  balloon  pump,  surgi-

(Chen  et  al. 2008b).  This,  naturally,  requires 

cal  vent,  or  ventricular  assist  device.  Lastly,  while 

intense  coordination  and  dedication  of  resources 

there  is  no  set  duration  for  ECMO  therapy,  in 

to  provide  ECMO  in  a  short  time  window,  and 

general  VA  ECMO  for  cardiac  arrest  or  acute 

data  are  unclear  on  the  benefit  and  cost  effective-

cardiogenic  shock  is  for  days  until  recovery  or  a 

ness.  However,  there  are  some  promising  signals 

bridge  to  a  more  durable  device  while  bridge  to 

in  the  existing  published  literature  demonstrating 

transplant  can  be  successfully  maintained  for 

a  potential  for  VA-ECMO  for  cardiac  arrest 

weeks.  However,  complications  are  more  likely 

(i.e.,  extracorporeal  CPR,  ECPR). 

to  occur  the  longer  the  patient  is  on  ECMO 

Patients  with  IHCA  have  better  outcomes  with 

support. 

ECPR  despite  more  common  comorbidities  and 

more  common  non-shockable  rhythms  (Girotra 

et  al. 2012; Meaney  et  al. 2010; Lunz  et  al. 

Veno-arterial  ECPR  for  Cardiac  Arrest 

2020). This  is  likely  due  to  shorter  no-flow  time 

(time  from  arrest  to  CPR)  and  a  shorter  low-flow 

Cardiac  arrest  remains  common,  but,  despite 

time  (time  from  CPR  to  ECPR);  however  there 

advances  in  management  of  risk  factors  for  and 

may  be  some  selection  bias  that  confounds  the 

treatment  options  of  cardiac  arrest,  survival 

results  (Tonna  et  al. 2020). While  there  are  no 

remains  dismal.  Fewer  than  one  in  four  patients 

randomized  trials  to  date,  observational  studies 

with  in-hospital  cardiac  arrest  (IHCA)  and  fewer 

have  shown  an  association  between  ECPR  and 

than  one  in  ten  patients  with  out-of-hospital  car-

survival.  Shin  and  colleagues  conducted  a 

diac  arrest  (OHCA)  survive  (Peberdy  et  al. 2003; 

single-center  propensity-matched  analysis  and 

McNally et  al. 2011;  Virani  et al. 2020;  Thompson 

showed  improved  survival  with  favorable  neuro-

et  al. 2018;  Schluep  et  al. 2018;  Mozaffarian  et  al. 

logic  outcome  (Glasgow-Pittsburgh  Cerebral 

2015;  Girotra  et  al. 2012;  Chan  et  al. 2014). Veno-

Performance  Category  score  (CPC)  of  1  or  2) 

arterial  (VA)  ECMO  can  support  patients  with 

with  ECPR  (hazard  ratio  (HR)  0.17,  95%  CI 

cardiac  arrest  by  supplementing  conventional  car-

0.04–0.68)  (Shin  et  al. 2011).  Chen  and  col-

diopulmonary  resuscitation  (CPR)  through  gas 

leagues  reported  an  overall  34%  survival  rate  for 

exchange  and  hemodynamic  support.  The  large 

ECPR  patients,  (Chen  et  al. 2008b)  and  the  sur-

venous  drainage  cannula,  typically  placed  in  the 

vival  benefit  remained  even  after  propensity 

right  femoral  vein  up  to  the  inferior  vena  cava, 

matching  in  a  follow-up  study  (hazard  ratio  for 

will  drain  deoxygenated  blood  at  a  flow  rate  deter-

mortality  at  30  days  =  0.47,  95%  CI  0.28–0.77, 

mined  by  the  cannula  size  and  pump  speed, 

hazard  ratio  for  mortality  at  1-year  =  0.53,  95% 

exchange  CO2 and  oxygen through the  membrane 

CI  0.33–0.83)  (Chen  et  al. 2008a). While  ECPR 

lung,  and  return  the  oxygenated  blood  to  the  (typ-

extended  the  duration  of  cardiopulmonary  resus-

ically)  right femoral artery. This allows  delivery  of 

citation  to  an  average  of  nearly  an  hour,  (Chen 

oxygenated  blood  via  the  femoral  artery  to  flow 

et  al. 2008b)  the  probability  of  survival  fell  dra-

retrograde  up  the  descending  aorta  delivering  ade-

matically  when  the  duration  extended  from 

quate  oxygen  and  blood flow  to the  aortic  arch  and 

30  minutes  (50%  probability)  to  90  minutes
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(10%  probability),  even  with  ECPR.  Other  obser-

arrest  patients  (Wang  et  al. 2014; Leick  et  al. 

vational studies of ICHA  or  post-ROSC  refractory 

2013). Only  two  randomized  controlled  trials 

shock  have  variable  outcomes,  with  some  as  high 

have  been  completed  on  patients  with  these  strict 

as  50%  survival  with  ECPR  (Bednarczyk  et  al. 

inclusion  criteria.  The  first,  the  ARREST  trial, 

2014;  Chou  et  al. 2014;  Siao  et  al. 2015; 

which  was  designed  for  safety  and  feasibility 

Cardarelli  et  al. 2009). 

and  conducted  in  a  highly  coordinated  environ-

Studies  that  have  looked  at  ECPR  for  both 

ment,  was  stopped  early  by  the  data  safety  and 

IHCA  and  OHCA  have  consistently  shown 

monitoring  board  for  surpassing  the  posterior 

higher  survival  rates  for  IHCA  than  OHCA 

probability  for  survival  threshold  (Yannopoulos 

(Lunz  et  al. 2020).  ECPR  initiated  in  the  ED 

et  al. 2020). The  study  enrolled  30  patients,  with 

for  OHCA  had  a  survival  rate  of  15%,  compared 

a  survival  in  the  ECPR  group  of  43%  vs  7%  for 

to  42%  for  ECPR  for  IHCA  in  one  study 

the  conventional  CPR  group  (posterior  probabil-

(Haneya  et  al. 2012). Multicenter  observational 

ity  98.6%).  A  larger  trial,  designed  for  efficacy, 

studies  show  even  greater  disparity,  with  neuro-

was also stopped early, but for futility  (Belohlavek 

logically  favorable  survival  of  only  9%  for 

et  al. 2022). The  ECPR  group  had  a  31.5% 

ECPR  during  OHCA  versus  34%  for  IHCA 

180-day  survival  with  good  neurologic  outcome, 

(Lunz  et  al. 2020). ECPR  combined  with 

while  the  conventional  group  had  a  22%  survival. 

aggressive  intra- and  post  arrest  care  has 

While  this  9%  survival  difference  may  be  clini-

shown  some  improvements  in  outcomes  for 

cally  useful,  it  failed  to  meet  the  criteria  to  con-

OHCA.  ECPR  combined  with  therapeutic  hypo-

tinue  the  trial.  Bayesian analyses  of  these  trial  data 

thermia  and  either  mechanical  compression 

are  not  available;  however  a  systematic  review 

devices  or  intra-aortic  balloon  pumps  improved 

and  meta-analysis  of  propensity-matched  obser-

neurologic  outcomes  for  OHCA  patients  with 

vational  studies  and  these  two  clinical  trials  shows 

shockable  rhythms  (Sakamoto  et  al. 2014;  Stub   a  6.2%  absolute  survival  with  good  neurologic et  al. 2015).  However,  larger  observational  and 

outcome  improvement  with  ECPR  (14%  vs 

registry  studies  have  failed  to  replicate  the  mor-

7.8%,  OR  2.11,  1.41–3.15)  (Scquizzato  et  al. 

tality  benefit  of  ECPR  for  OHCA  (Ch  oi et al. 

2022). 

2016; Bougouin  et  al. 2020). 

Taken  together,  the  literature  on  ECPR  for 

Yet,  these  registry  studies  are  limited  by  patient 

OHCA  indicates  some  survival  advantage  when 

selection  bias,  confounding,  and  limited  informa-

stringent  inclusion  criteria  are applied. The critical 

tion  on  low-flow  times.  When  more  stringent 

factor  for  survival  appears  to  be  low  flow  duration 

selection  criteria  are  used,  such  as  age  <  65  years, 

(survival decreases per unit of time)  and the ability 

bystander  CPR,  no  comorbidities,  and  arrest  of 

of  the  patient  to  tolerate  it  (i.e.,  younger  age,  no 

cardiac  origin,  ECPR  may  have  a  greater  benefit 

comorbidities,  reversible  etiology).  This  may  be 

(Table  2)  (Maekawa  et  al. 2013; Lunz  et  al. 2020; 

why  in-hospital  cardiac  arrest  studies  have  better 

Fagnoul  et  al. 2013; Cho  and  Jung  2016;  Pozzi 

outcomes  (Leick  et  al. 2013; Park  et  al. 2014;  Ryu  

et  al. 2016; Bartos  et  al. 2020; Yannopoulos  et  al. 

et  al. 2015). Unfortunately,  patients  meeting 

2016).  When  ECPR  can  be  initiated  rapidly  and 

stricter  criteria  for  ECPR  is  a small  (<10%)  subset 

limit  low-flow  time,  the  outcomes  for  OHCA  may 

of  all  patients  with  OHCA  (Poppe  et  al. 2015; 

be  similar  to  those  seen  with  in-hospital  cardiac 

Patel  et  al. 2015).  Additionally,  complication 

rates  of  ECPR  remain  high  (Xie  et  al. 2015; 

Cheng  et  al. 2014;  Johnson  et  al. 2014).  Thus, 

Table  2  Factors  associated  with  improved  ECPR  survival 

the 

substantial 

institutional 

investment 

and 

Age  <  75 

multi-institutional  coordination  to  provide  24/7 

No  comorbidities 

ECPR  support  for  a  community  will  likely  be  an 

Bystander  CPR 

uphill  challenge  for  most  communities  given  the 

Shockable  rhythm 

lack  of  definitive  outcomes  data  and  a  relatively 

CPR  onset  to  cannulation  <60  min 

small  effect  size. 
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Veno-arterial  ECMO  for  Shock 

(Fig. 1)  with  ARDS  who  are  able  to  achieve  lung 

protective  ventilation  and  gas  exchange  at  the 

In  addition  to  ECPR,  ECMO  is  useful  as  a  first-line 

same  time  may  decline  over  subsequent  days 

rescue  for  patients  with  refractory  cardiogenic 

and  slide  into  group  B;  their  outcomes  likely 

shock,  toxic  ingestions,  and  thyrotoxicosis  (Kar 

suffer  from  the  prolonged  mechanical  ventilation, 

et  al. 2012; Brechot  et  al. 2013;  Park  et  al  . 2015; 

and  often  times  they  are  no  longer  ECMO  candi-

Esper  et  al. 2015;  Weinberg  et  al. 2014;  Hsu  et  al. 

dates.  For  patients  with  cardiogenic  shock,  trans-

2011; Pineton  De  Chambrun  et  al. 2019).  ECMO  is 

plant  or  destination  therapy  candidacy  is  often  not 

particularly  useful  for  patients  with  cardiogenic 

known without a trial of VA-ECMO as a bridge, as 

shock  from  myocarditis  (Diddle  et  al. 2015)  or  

may  also  be  the  case  for  patients  with  prolonged 

from  right  ventricular  failure,  (Defilippis  et  a l. 

ARDS  that  may  need  a  lung  transplant.  For 

2022)  especially  when  caused  by  massive  pulmo-

patients 

with 

OHCA, 

information 

on 

nary  embolism  (Northey et al. 2015). ECMO  can 

comorbidities,  rhythm,  and  etiology  of  the  cardiac 

support  hemodynamics  and  gas  exchange  during 

arrest  are  not  known  in  real  time,  and  determining 

thrombectomy, as is the case with pulmonary embo-

those  causes  will  come  at  a  cost  of  prolonged 

lism, or as  a bridge to recovery, device implantation, 

low-flow  time.  Thus,  programs  are  left  with  two 

or  cardiac  transplantation  in  the  case  of  myocarditis 

general  approaches  to  ECMO  utilization:  (1)  the 

or  myocardial  infarction  (Pagani  et  al. 2001). 

funnel  approach  and  (2)  the  haystack  approach. 

In  the  funnel  approach,  all  patients  that  could 

be  candidates  are  put  on  ECMO  (i.e.,  Groups  A 

Institutional  Considerations 

and  B  from  Fig. 1, patients  with  cardiac  arrest 

between  18  and  75  years  of  age  with  bystander 

A  successful  ECLS  program  requires  a  significant 

CPR,  patients  with  shock  from  pulmonary  embo-

multidisciplinary  and  institutional  commitment  to 

lism,  and  those  with  cardiogenic  shock).  Some 

ensure 

necessary 

resources 

and 

personnel 

patients  in  the  funnel  will  get  better  and  also 

(Combes  et  al. 2014).  The  decision  to  use 

have  been  on  ECMO;  some  patients  will  have 

ECMO  requires  a  thoughtful  risk-benefit  evalua-

been  poor  candidates  and  will  require  withdrawal 

tion,  and  patient  selection  is  critical  to  success. 

of  ECMO  support  or  will  die  despite  ECMO.  The 

Contraindications  are  generally  those  conditions 

patients  that  needed  ECMO  for  optimal  outcomes 

that  are  associated  with  poor  outcome  despite 

and  received  ECMO  in  the  most  time-sensitive 

ECMO  therapy.  Patients  with  severe  neurologic 

manner  pass  through  the  funnel  and  survive, 

injuries  such  as  intracranial  hemorrhage,  immu-

likely  benefitting  from  the  intervention.  In  the 

nosuppression  such  as  hematologic  malignancies 

haystack  approach,  the  large  volume  of  potential 

or  immunosuppressive  induced  pneumonitis/ 

ECMO  patients  is  scrutinized  to  identify  the  opti-

fibrosis,  multi-organ  failure,  untreatable  malig- mal  patients  to  benefit  from  ECMO  support.  In  the 

nancy,  or  those  at  an  advanced  age  are  poor 

funnel approach, ECMO volumes will be high and 

ECMO  candidates.  Relative  contraindications  to 

outcomes  will  likely  be  better  but  resource  utili-

VV-ECMO  include  prolonged  mechanical  venti-

zation  will  be  high  and  overall  benefit  will  be 

lation  (>1  week),  particularly  with  injurious  ven-

questionable.  In  the  haystack  approach,  volumes 

tilator  settings,  as  this  is  associated  with  a  lower 

will  be  lower  and  outcomes  will  likely  be  less 

likelihood  of  recovery.  For  ECPR  and  cardiogenic 

favorable  given  that  the  patients  selected  will  be 

shock,  patients  with  unrecoverable  heart  disease, 

those  most  likely  to  die  without  ECMO  support, 

patients  with  prolonged  no-flow  or  low-flow 

but  resource  utilization  (and  consequently  pro-

times,  and  those  who  are  not  transplant  or  ventric-

grammatic  growth)  will  be  lower.  There  is  no 

ular  assist  device  candidates  are  poor  ECMO 

right  answer  in  which  philosophical  approach  is 

candidates. 

the  most  appropriate,  and  the  approach  will  likely 

Patient  selection  also  presents  a  double-edge 

be  guided  largely  by  local  staffing  and  resource 

sword  of  sorts.  Patients  such  as  those  in  group  A 

capabilities. 
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Conclusion 

Bednarczyk  JM,  White  CW,  Ducas  RA,  Golian  M, 

Nepomuceno  R,  Hiebert  B,  et  al.  Resuscitative  extra-

corporeal  membrane  oxygenation  for  in  hospital  car-

ECMO  technology  has  evolved,  indications  have 

diac  arrest:  a  Canadian  observational  experience. 

expanded,  and  utilization  has  greatly  increased 

Resuscitation.  2014;85(12):1713–9. https://doi.org/10. 

over  the  last  20  years.  ECMO  is  now  likely  the 

1016/j.resuscitation.2014.09.026. 

best  rescue  therapy  for  refractory  ARDS,  the  first 

Belohlavek  J,  Smalcova  J,  Rob  D,  Franek  O,  Smid  O, 

Pokorna  M,  et  al.  Effect  of  intra-arrest  transport,  extra-

rescue  therapy  for  cardiogenic  shock,  and  may 

corporeal  cardiopulmonary  resuscitation,  and  immedi-

play  a  role  in  cardiac  arrest.  While  we  have 

ate  invasive  assessment  and  treatment  on  functional 

many  unanswered  questions  that  require  clinical 

neurologic  outcome  in  refractory  out-of-hospital  car-

trials,  conducting  such  trials  will  be  time-

diac  arrest.  JAMA.  2022;327(8):737. https://doi.org/ 

10.1001/jama.2022.1025. 

consuming,  difficult,  and  expensive  and  will 

Biancari  F,  Mariscalco  G,  Dalen  M,  Settembre  N,  Welp  H, 

require  more  advanced  adaptive  designs  and 

Perrotti  A,  et  al.  Six-month  survival  after  extracorpo-

sophisticated  analyses.  In  the  meantime,  thought-

real  membrane  oxygenation  for  severe  COVID-19. 

ful  utilization  of  this  life-saving  technology  can 

J  Cardiothorac  Vasc  Anesth.  2021;35(7):1999–2006. 

https://doi.org/10.1053/j.jvca.2021.01.027. 

advance  survival  in  common  clinical  syndromes 

Bougouin  W,  Dumas  F,  Lamhaut  L,  Marijon  E,  Carli  P, 

with  stagnated  survival such  as  ARDS  and  cardiac 

Combes  A,  et  al.  Extracorporeal  cardiopulmonary 

arrest. 

resuscitation  in  out-of-hospital  cardiac  arrest:  a  registry 

study.  Eur  Heart  J.  2020;41(21):1961–71. https://doi. 

org/10.1093/eurheartj/ehz753. 

Brechot  N,  Luyt  CE,  Schmidt  M,  Leprince  P,  Trouillet  JL, 
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Abstract 

Previously,  inotropic  support  and  intra-aortic 

Advanced  heart  failure  refractory  to  medical 

balloon  pumps  (IABPs)  were  the  only  tools  for 

management 

portends 

high 

mortality. 

patients  in  cardiogenic  shock.  Temporary 

mechanical  circulatory  support  has  evolved  in 

the  last  few  decades  and  revolutionized  the 

management  of  heart  failure.  Short-term  extra-
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Keywords 

oxygen  consumption  per  beat  (Suga  1979; 

Takaoka  et  al. 1993). PVA  is  determined  by  the 

Heart  failure  ·  Transplantation,  heart  ·  Shock, 

end  of  the  diastolic  pressure-volume  relationship 

cardiogenic/therapy  ·  Circulatory  assistance, 

(EDPVR)  and  the  end-systolic  pressure-volume 

temporary  ·  TandemHeart 

relationship  (ESPVR).  The  PVA  is  reduced  by 

decreased  preload,  decreased  afterload,  and 

decreased  contractility  (Remmelink  et  al. 2010). 

Introduction 

Myocardial  protection  is  optimized  when  there  is 

reduced  oxygen  demand  (i.e.,  reduced  stroke 

Heart  failure  is  a  major  cardiovascular  disease 

work  and  PVA)  and  when  there  is  increased  oxy-

process  with  a  growing  clinical  and  economic 

gen  supply  (i.e.,  coronary  blood  flow  (CBF)  aug-

burden  on  healthcare  systems  (Liu  2011).  The 

mentation).  CBF  is  proportionally  related  to 

lifetime  risk  of  heart  failure  (HF)  in  the  United 

perfusion  pressure  and  inversely  related  to  myo-

States  is  1  in  5  at  the  age  of  40  years  with  a 

cardial  microvascular  resistance  (Oliveros  et  al. 

projected  23%  increase  in  prevalence  by  2030 

1979; Krams  et  al. 1989). 

to  2.97%  (Lloyd-Jones  et  al. 2002; Heidenreich 

Patients  undergoing  high-risk  PCI  are  at  high 

et  al. 2013;  Roger  2013).  Medical  treatment  and 

risk  for  hemodynamic  decompensation  (Jensen 

minimally  invasive  interventions  have  improved 

et  al. 2009).  Factors  that  increase  risk  are  severely 

outcomes  in  patients  with  acute  myocardial 

compromised  left  ventricular  (LV)  systolic  func-

infarction,  decompensated  heart  failure,  and 

tion,  complex  coronary  lesions,  left  main  disease, 

those  undergoing  high-risk  percutaneous  coro-

bypass  graft  disease,  clinical  instability,  advanced 

nary  intervention  (PCI).  However,  these  patient 

age,  and  cardiogenic  shock.  In  2005,  Makkar  et  al. 

populations  also often  present  with  severe  ventric-

described  a  clinical  series  of  the  TandemHeart 

ular  dysfunction,  clinical  instability,  or  refractory 

providing  rapid  hemodynamic  support  during 

cardiogenic  shock  which  pose  a  high  risk  for 

high-risk  PCI  (Aragon  et  al. 2005). 

morbidity  and  mortality  (Jensen  et  al. 2009).  The 

Later,  in  2006,  Gregoric  et  al.  described  a 

TandemHeart  is  a  percutaneous  ventricular  assist 

patient  with  cardiomyopathy  secondary  to  sar-

device  that  facilitates  temporary  hemodynamic 

coidosis  in  whom  the  TandemHeart  was  used 

stability,  myocardial  protection,  and  oxygen 

successfully  as  a  short-term  bridge  to  cardiac 

delivery  in  heart  failure  (Vranckx  et  al. 2003; 

transplantation  (La  Francesca  et  al. 2006).  This 

Thiele  et  al. 2001). 

experience  was  replicated  in  a  clinical  series  of 

The  main  goals  of  percutaneous  cardiac-assist 

5  patients  bridged  to  transplant  via  TandemHeart 

devices  are  to  (a)  maintain  hemodynamic  support 

(Bruckner  et  al. 2008).  In  2008,  another  clinical 

and  (b)  provide  myocardial  protection.  The  key 

series  chronicled  the  TandemHeart  as  a  bridge  to  a 

parameters  of  optimal  hemodynamics  are  end-

long-term  axial  flow  LVAD  (Gregoric  et  al. 2008). 

organ  perfusion,  cardiac  output,  and  adequate 

The  TandemHeart  is  a  powerful  modality  to 

mean  arterial  pressure.  The  cardiac  power  output 

support  right  heart  and  left  heart  function  and  to 

(CPO)  synthesizes  the  CO  and  MAP  and  predicts 

assist  with  systemic  perfusion.  The  TandemHeart 

mortality  in  myocardial  infarction,  cardiogenic 

improves  clinical  outcomes  in  patients  undergo-

shock,  ischemic  and  nonischemic  cardiomyopa-

ing  PCI,  with  acute  MI,  and  decompensated  heart 

thy, and myocarditis (Fincke et al. 2004; Torgersen 

failure  (Naidu  2011). 

et  al. 2009; Mendoza  et  al. 2007;  Lim  2020). 

Short-term  cardiac  assist  devices  must  maintain 

CPO  despite  underlying  cardiac  dysfunction  to 

The  Left  Ventricle 

maintain  hemodynamic  stability. 

Myocardial  protection  can  be  gauged  by  a 

The  left-sided  circulation  system  includes  the  pul-

favorable  oxygen  supply-demand  ratio.  Pressure-

monary  veins,  left  atrium,  mitral  valve,  left  ven-

volume  area  (PVA)  is  the  strongest  index  of 

tricle  (LV),  aortic  valve,  and  systemic  circulation
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to  the  capillary  bed.  The  LV  is  derived  from  the 

contractility.  Preload  is  determined  by  pressure 

primary  heart  field  and  develops  into  a  thick-

filling  the  ventricle  and  ventricular  compliance. 

walled,  finely  trabeculated,  ellipsoid  chamber. 

An  excess  in  preload  on  the  LV  will  lead  to  path-

The  LV  is  composed  of  three  non-anatomical 

ologic  myocyte  remodeling  and  loss  of  function. 

divisions:  the  inlet  portion  containing  the  mitral 

In the clinical  setting,  LV preload  is determined  by 

valve  apparatus,  the  outlet  portion  leading  to  the 

pulmonary  capillary  wedge  pressure  (Vincent 

aortic  valve,  and  the  apical  portion  containing  fine 

2008). Contractility  is  the  intrinsic  ability  of  the 

trabeculations  (Ho  2009).  Furthermore,  the  LV 

cardiac  muscles  to  contract.  The  physiologic 

wall  is  composed  of  three  muscular  layers 

determinants  of  contractility  include  preload, 

according  to  the  longitudinal  alignment  of  myo-

afterload,  and  heart  rate  (McMahon  et  al. 1996). 

cardial  strands  transmurally.  The  deep  layer  is  the 

Afterload  is  the  systemic  resistance  against 

thinnest  layer  and  radiates  longitudinally  forming  a 

which  the  LV  contracts.  Afterload  is  determined 

meshwork  and  inserting  it  into  the  aortic  valve, 

by  the  myocardial  wall  stress  and  the  input  imped-

mitral  valve,  and  membranous  septum.  The  middle 

ance.  When  afterload  increases,  the  LV  requires 

layer  comprises  53–59%  of  the  LV  wall  and  has 

increased  contractile  energy.  Excessive  afterload 

circumferentially  arranged  myocytes  running  paral-

might  lead  to  insubstantial  myocardial  shortening 

lel  to  the  mitral  orifice.  Finally,  the  superficial  layer 

and  this  might  translate  to  reduced  stroke  volume. 

runs obliquely sweeping leftward before descending 

For example, a chronic excess  in afterload,  such as 

into  the  cardiac  apex.  The  interventricular  septum 

in  hypertension,  atherosclerosis,  and  aortic  steno-

contains  myocytes  from  the  parietal  walls  of  both 

sis,  will  cause  pathologic  LV  hypertrophy 

the  right  and  left  ventricles  (Yancy  et  al. 2013; 

(Vincent  2008; González  et  al. 2018). 

Whiteman  et  al. 2021). The  flow  is  well-defined 

due  to  isovolumic  circumferential  and  radial  con-

tractions  and  relaxations. 

Left  Ventricle  Dysfunction 

and  Treatment 

Left  Ventricle  Physiology 

Left  heart  failure  arises  when  there  is  left  ventric-

ular  dysfunction  leading  to  insufficient  systemic 

The  primary  function  of  the  LV  is  to  deliver  oxy-

oxygen  delivery.  LV  dysfunction  has  a  variety  of 

genated  blood  and  metabolic  substrates  to  vital 

etiologies  such  as  coronary  artery  disease,  myo-

organs.  The  LV’s  cardiac  output  (CO)  is  the 

cardial  infarction,  hypertension,  valvular  disease, 

amount  of  blood  ejected  into  a  high  systemic 

high  output  failure,  volume  overload,  and  primary 

circulation  in  a  given  time.  The  CO  is  determined 

cardiac  myocyte  disorders  (Parmley  1985).  In 

by  the  stroke  volume  (SV)  and  the  heart  rate  (HR). 

each  of  these  factors,  an  increase  in  cardiac 

The  left  heart  can  be  interpreted  as  a  physiologic 

demand  can  result  in  left  ventricle  anatomical 

pump  with  input  from  the  pulmonary  circulation 

changes  such  as  myocyte  hypertrophy,  fibroblast 

and  output  as  defined  by  cardiac  output.  The  car-

proliferation, 

fibrosis,  and  vascularization 

diac  output  of  the  LV  is  determined  by  preload, 

(Torrealba  et  al. 2017).  Over  time,  these  adaptive 

contractility,  and  afterload.  This  relationship 

features  are  pathologic.  Ventricular  wall  thicken-

between  the  ventricular  cardiac  output  and  the 

ing  can  decrease  overall  left  ventricular  function 

left  ventricular  filling  pressure  is  defined  by  the 

by  impairing  cardiac  filling  and  decreasing  ven-

Frank-Starling  curve  (Fukuta  and  Little  2008). 

tricular  output. 

Preload  is  the  myocardial  sarcomere  length 

The  most  common  etiologies  of  left  ventricular 

before  contraction,  as  determined  by  the  volume 

dysfunction  are  coronary  artery  disease  and 

of  blood  that  fills  the  LV  during  diastole.  Based  on 

hypertension.  Persistent,  uncontrolled  hyperten-

the  Frank-Starling  mechanism,  higher  preload 

sion  creates  an  increased  afterload  leading  to 

volumes  lengthen  myocyte  sarcomeres  to  a  more 

increased  cardiac  workload,  and,  ultimately, 

optimal  actin-myosin  overlap  and  thus  increase 

leads  to  ventricular  hypertrophy.  Coronary  artery
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disease  creates  a  state  of  myocardial  ischemia 

ivabradine,  and  digoxin.  If  the  patient  remains 

leading  to  remodeling  and  scar  formation  leading 

severely  symptomatic  despite  maximum  medical 

to  decreased  contractility  and  cardiac  output 

management,  then  mechanical  circulatory  support 

(Peteiro  et  al. 2011). 

should  be  considered  (Peteiro  et  al. 2011). 

Left  heart  failure  often  presents  with  com-

plaints  of  shortness  of  breath,  orthopnea,  parox-

ysmal  nocturnal  dyspnea,  and  generalized  volume 

Tandemheart  for  Left  Ventricle 

overloads  symptoms  such  as  weight  gain,  pedal 

Dysfunction 

swelling,  and  abdominal  pain  from  hepatic  con-

gestion  (Mant  et  al. 2009).  Some  notable  physical 

In  cardiogenic  shock  refractory  to  volume  status 

exam  findings  include  jugular  venous  distention, 

adjustments,  perfusion  pressure  restoration,  and 

hepatojugular  reflux,  rales  on  pulmonary  auscul-

contractility  optimization,  mechanical  circulatory 

tation,  S3  gallop  on  cardiac  auscultation,  and,  in 

support  with  the  TandemHeart  can  bridge  a  patient 

severe  decompensated  LV  failure,  hypotension, 

to  definitive  treatment.  The  TandemHeart  is  a  per-

and  tachycardia.  Serum  markers  such  as  brain 

cutaneous  left  atrial  to  femoral  artery  bypass 

natriuretic  peptide  (BNP),  proBNP,  troponin, 

powered  by  an  external  extracorporeal  centrifugal  

sodium  creatinine,  and  transaminases  can  also 

pump  that  provides  3.5  to  4  L/min  of  forw ard flow. 

signal  cardiac  dysfunction.  Electrocardiography 

might  show  right  axis  deviation,  right  bundle 

branch  block,  ST  segment  elevations,  or  arrhyth-

Insertion  Technique 

mias  in  left  heart  failure.  These  symptoms,  phys-

ical  exam  findings,  laboratory  results,  and 

Femoral  arterial  and  venous  access  is  required  for 

electrocardiography  might  support  left  ventricular 

TandemHeart  insertion.  The  femoral  vein  is  cannu-

dysfunction  but  are  nonspecific.  Echocardiogra-

lated  and  advanced  into  the  right  atrium.  The  next 

phy  can  more  specifically  delineate  LV  size, 

step  is  transseptal  access.  With  transesophageal 

hemodynamics,  and  function  (Ciampi  and  Villari 

echocardiogram  (TEE)  in  the  mid-esophageal 

2007).  Other  diagnostic  imaging  includes  nuclear 

bicaval  view,  the  fossa  ovalis,  the  thinnest  portion 

angiography,  MRI,  and  left  heart  catheterization. 

of  the  interatrial  septum,  is  identified  and  tra-

Therapy  for  LV  dysfunction relies  on treating the 

versed  with  a  Brocken  Brough  needle  through  a 

underlying  cause  of  heart  failure.  For  example,  car-

Mullins  sheath.  Next,  a  pigtail  guidewire  is  intro-

diomyopathy  can  be  secondary  to  alcohol,  drugs, 

duced  into the left  atrium. The interatrial  septum is 

hypertension,  and  ischemia,  all  of  which  should  be 

dilated  with  a  14Fr  dilator  and  then  a  21Fr  dilator 

addressed.  The  key  to  management  of  the  LV  dys-

and  a  21Fr  polyurethane  cannula  are  placed  into 

function  is  to  optimize  cardiac  function  by 

the  left  atrium.  TEE  is  used  to  confirm  that  the 

addressing  preload,  afterload,  and  contractility.  Pre-

cannula  inflow  holes  are  in  the  left  atrium.  The 

load  is  addressed  with  diuretics  or  fluid  to  achieve   contralateral  femoral  artery  is  then  cannulated 

euvolemia,  diuretics  such  as  Lasix  or  Bumex  are 

with  a  15Fr  or  17Fr  cannula  with  the  tip  advanced 

mainstays  in  addressing  volume  status.  Afterload  is 

to  the  aortic  bifurcation.  An  alternative  set-up  is 

managed  by  adjusting  systemic  resistance,  com-

two  12Fr  cannulas  in  bilateral  femoral  arteries. 

monly  modulated  with  vasodilation.  Finally,  sub-

This  alternate  technique  reduces  vascular compro-

optimal 

contractility 

can 

be 

treated 

with 

mise  but  also  offers  diminished  maximal  flow 

vasopressors  or  inotropic  support  (Yancy  et  a l. 

rates  (Gregoric  2013). 

2013). 

Additional 

medication 

considerations 

Proper  positioning  can  be  confirmed  with  fluo-

include  angiotensin-converting  enzyme  (ACE) 

roscopy.  The  cannulas  are  de-aired  and  connected 

inhibitors  or  angiotensin  II  receptor  blockers 

to  the  centrifugal  pump.  Anticoagulation,  most 

(ARBs),  beta-blockers  (carvedilol,  metoprolol,  or 

often  heparin,  is  essential  in  preventing  clot  for-

bisoprolol),  hydralazine,  nitrates,  mineralocorticoid 

mation.  The  goal  ACT  is  200–250  seconds.  The 

receptor 

antagonists 

such 

as 

spironolactone, 

TandemHeart  pump  is  an  electromagnetic  motor
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rotating 

on 

lubricating 

fluid.  An  external  2001). Similarly,  Gregoric  et  al.  showed  improved 

microprocessor-based  system  monitors  the  sys-

cardiac  index,  MAP,  mixed  venous  oxygen  satu-

temic  perfusion,  speed,  and  flow  and  drives  the 

ration,  and  urine  output  while  reducing  CVP  and 

pump  and  fluid  lubrication.  The  average  insertion 

pressure  requirements  (Gregoric  et  al. 2009). In 

time  of  the  TandemHeart  is  about  30  minutes. 

high-risk  PCI  patients,  multiple  series  have  shown 

the  safety,  feasibility,  and  effectiveness  of  the 

TandemHeart 

in 

improving 

hemodynamics, 

Hemodynamic  Profile 

avoiding  organ  dysfunction,  and  maintaining  per-

fusion  (Vranckx  et  al. 2003;  Al-Husami  et  al. 

The  TandemHeart  provides  systemic  hemody-

2008; Kar  et  al. 2006;  Vranckx  et  al. 2008; 

namic  support  and  myocardial  protection.  In 

Thomas  et  al. 2010). 

terms  of  hemodynamics,  the  TandemHeart  directs 

blood  from  the  LA  to  the  descending  aorta.  This 

bypass  increases  the  afterload  of  the  ascending 

Complications  and  Contraindications 

aorta  and  the  descending  aorta.  Despite  this 

increased  afterload,  there  is  retrograde  perfusion 

The  TandemHeart  is  associated  with  certain  com-

of  the  renal  artery,  the  mesenteric  vessel,  and  the 

plications,  including  bleeding  from  the  cannula 

great  vessels.  Direct  LA  unloading  leads  to 

sites,  limb  ischemia,  persistent  atrial  septal  defect, 

decreased  LA  pressure  and  wedge  pressure.  As 

thromboembolism,  and  catheter  migration.  In  the 

the  TandemHeart  flows,  there  is  decreased  LV 

setting  of  refractory  cardiogenic  shock,  these 

unloading,  decreased  LV  pressure,  and  decreased 

complications  do  not  preclude  the  placement  of  a 

LV  stroke  work.  In  time,  there  is  decreased  myo-

TandemHeart  (Gregoric  et  al. 2009).  A  persistent 

cardial  oxygen  demand  while  the  TandemHeart 

atrial  septal  defect  from  the  cannula  removal  often 

still  provides  peripheral  tissue  perfusion  (Kapur 

does  not  lead  to  severe  complications  (Kovacic 

et  al. 2013). In  terms  of  the  pressure-volume  rela-

et  al. 2013; Pitsis  et  al. 2007). Bleeding  often 

tionship,  because  of  reduced  end-diastolic  pres-

arises  at  cannula  sites,  partially  driven  by  the 

sure, 

increased 

end-systolic 

volume, 

and 

need  for  anticoagulation.  Transseptal  catheter 

decreased  LV  stroke  volume,  there  is  a  leftward 

migration  is  particularly  concerning.  If  the  cathe-

shift  in  the  pressure-volume  loop  and  a  decrease  in 

ter  is  retracted  into  the  right  atrium,  a  large  right-

the  pressure-volume  area  (Burkhoff  et  al. 2015). 

to-left  shunt  will  lead  to  systemic  desaturation.  In 

The  TandemHeart  also  provides  myocardial 

addition,  transseptal  catheter  migration  can  also 

protection.  The  TandemHeart  indirectly  unloads 

present  as  left  atrial  wall  trauma  leading  to  cardiac 

the  left  ventricle  and  decreases  oxygen  consump-

tamponade.  Thus,  it  is  important  to  monitor  the 

tion.  Of  note,  in  cases  of  low  cardiac  output,  the 

cannulas  and  prevent  dislodgement. 

decreased  oxygen  consumption  from  unloading 

Some 

contraindications 

to 

TandemHeart 

might  be  offset  by  the  increased  oxygen  consump-

include  left  atrial  thrombus,  caval  filter,  aortic 

tion  from  the  increased  afterload  seen  by  the 

insufficiency,  ventricular  septal  defect,  and  severe 

LV.  Extrapolating  from  animal  models,  the  bypass 

peripheral  vascular  disease.  If  the  patient  is  unable 

created  by  the  TandemHeart  can  result  in  restored 

to 

be 

anticoagulated 

for 

any 

reason, 

the 

microvascular and epicardial blood flow and poten-

TandemHeart  is  not  a  suitable  mechanical  circu-

tially  reduced  infarct  size  (Fonger et al. 1994). 

latory  support. 

Benefits 

The  Right  Ventricle 

In  a  feasibility  series,  Thiele  et  al.  showed  that  the 

Right  heart  failure  describes  dysfunction  in  the 

TandemHeart  improved  MAP,  stroke  work,  myo-

right-sided  circulatory  system.  The  right-sided  cir-

cardial  oxygen  demand,  and  LVEDP  (Thiele  et  al. 

culation  system  includes  the  systemic  veins,  right
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atrium,  tricuspid  valve,  right  ventricle,  pulmonic 

amyloidosis  or  sarcoidosis.  Impaired  filling  from 

valve,  and  pulmonary  circulation  to  the  capillary 

tricuspid  stenosis,  cardiac  tamponade,  constric-

bed  (Dell’Italia  1991).  The  RV  is  derived  from  the 

tive  pericarditis,  or  SVC  syndrome  can  also  lead 

secondary  heart  field  and  develops  into  a  thin-

to  RV  dysfunction  (Westphal  et  al. 2018). 

walled,  heavily  trabeculated  complex,  crescentic 

In  chronic  RVoverload,  such as  elevated  pulmo-

chamber.  The  RV  as  a  physiological  pump  works 

nary arterial pressure, the RV initially responds with 

against  low-resistance  and  low-capacitance  with  a 

an  increase  in  contractility  and  minimal  change  in 

peristaltic  motion  from  inflow  to  outflow  with  a 

RV  size.  Over  time,  the  RV  myocardium  hypertro-

bellows-like  motion  of  the  interseptal  wall  (Brown 

phies  to  attempt  to  maintain  the  stroke  volume,  but 

et al. 2011). The  RV is more compliant  than  the  LV, 

this  is  insufficiency  and  the  RV  dilates  to  maintain 

allowing  it  to  better  adapt  to  variations  in  the 

wall stress. In concordance, the filing pressure rises, 

venous  return  without  causing  drastic  changes  in 

contractility  decreases,  and  loss  of  synchronicity 

the  end-diastolic  pressure  (Sanz  et  al. 2019). The 

(McIntyre  and  Sasahara  1977;  Wrobel  et   al. 

flow  in  the  RV  has  minimal  to  no  isovolumic  2012).  Furthermore,  dilations  of  the  tricuspid  annu-periods  (Friedberg  and  Redington  2014).  The  RV 

lus  lead  to  tricuspid  regurgitation  which  worsens 

is  composed  of  two  layers,  the  more  predominant 

the  RV  volume  overload,  RV  dilations,  wall  stress, 

deep  layer  is  made  of  longitudinal  myocytes  while 

contractility,  and  cardiac  output  (Hilde  et  al. 2013; 

the  superficial  layer  contains  angulated  myocytes 

Rubin  2013). In  cases  of  an  acute  rise  in  RV after-

(Haddad  et  al. 2008a, b). 

load,  such  as  a  pulmonary  embolism,  the  RV 

increased  contractility  and  end-diastolic  volume, 

but  without  time  to  adapt  the  RV  quickly  fails  to 

Right  Ventricle  Physiology 

generate adequate pressure to maintain flow (Arrigo 

and  Huber  2014;  Alpert  et  a  l. 1974). 

The  primary  function  of  the  RV is  to  pump  deoxy-

Right  heart  failure  often  presents  with  com-

genated  blood  to  the  pulmonary  system  for  oxy-

plaints  of  shortness  of  breath,  edema,  palpitation, 

genation.  The  RV ejects  a  stroke  volume  into  a  low 

chest  discomfort,  abdominal  pain,  hepatic conges-

resistance, high capacitance pulmonary circulation. 

tion,  and  weight  gain  (Konstam  et  al. 2018; 

The  physiology  of  RV  is  best  defined  by  preload, 

Nikolaou  et  al. 2013). The  signs  and  symptoms 

afterload,  and  contractility  as  described  earlier. 

can  be  nonspecific.  A  thorough  history  and  phys-

ical  examination  are  mandatory.  Some  clinical 

exam  findings  include  jugular  venous  distention, 

RV  Dysfunction  and  Treatment 

hepatosplenomegaly,  hepatojugular  reflux,  asci-

tes,  peripheral  edema,  TR  murmur,  S3  gallop, 

Right  heart  failure  arises  when  there  is  right  ven-

and  paradoxical  pulse  (Konstam  et  al. 2018). 

tricular  dysfunction.  In  the  CHARITEM  registry, 

Severe  right  heart  failure  can  present  with  hypo-

2.2%  of  acute  decompensated  HF  admissions  are 

tension,  tachycardia,  poor  peripheral  perfusion, 

related  to  right  heart  failure,  of  which  one-fifth  of 

oliguria,  syncope,  or  presyncope  (Clark  2022). 

cases  are  due  to  acute  LV  failure  (Mockel  et  al. 

As  with  left  heart  failure,  serum  markers  such 

2013).  The  most  common  etiology  of  right  ven-

as  BNP,  pro-BNP,  troponin,  sodium  creatinine, 

tricular  dysfunction is left ventricular dysfunction. 

and  transaminase  can  be  elevated  with  right 

RV  dysfunction  from  pressure  overload  includes 

heart  failure  (Geenen  et  al. 2019). Electrocardiog-

pneumonia,  pulmonary  embolism,  mechanical 

raphy  in  right  heart  failure  might  reveal  right  axis 

ventilation,  ARDS,  primary  pulmonary  arterial 

deviation,  RV  hypertrophy,  low  voltage  QRS, 

hypertension,  COPD,  ILD,  and  some  congenital 

right  bundle  branch  block,  tachyarrhythmias,  or 

heart  diseases.  RV  dysfunction  from  volume  over-

bradyarrhythmias  (Alonso  et  al. 2015). Echocar-

load  includes  valvular  insufficiency  while  myo-

diography  can  be  used  to  observe  the  RV  size, 

cardial  disease  includes  ischemia,  infarction, 

hemodynamics,  and  function  (Sano  et  al. 2018). 

cardiomyopathy,  or  infiltrative  diseases  like 

Echocardiography  can  be  used  to  quantify  right
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atrial  enlargement  (RAE),  tricuspid  annular  plane 

address  pressure  overload  right  ventricular  dys-

systolic  excursion  (TAPSE),  right  ventricular 

function,  like  PAH.  In  mechanically  ventilated 

strain,  and  right  ventricular  function.  Other  tools, 

patients,  high  PEEP  and  tidal  volumes  will 

such  as  nuclear  angiography,  MRI,  and  right  heart 

increase  the  PAP,  RAP,  and  RV  afterload  which 

catheterization  can  also  be  used  to  diagnose  and 

can  worsen  right  heart  failure.  In  cases  of  medi-

characterize  right  heart  failure. 

cally  refractory  RV  dysfunction,  mechanical  cir-

Treatment  for  RV  dysfunction  involves  swift 

culatory  support  can  be  employed. 

volume  optimization,  perfusion  pressure  restora-

tion,  myocardial  contractility  improvement,  and 

rhythm  and  rate  control  (Konstam  et  al. 2018). 

Tandemheart  for  RV  Dysfunction 

Volume  status  in  RV  dysfunction  is  complex. 

The  RV  can  accommodate  large  variations  in  pre-

The  TandemHeart  in  RV  dysfunction  has  been 

load.  In  preload-dependent  RV  dysfunction,  fill-

reported  in  patients  with  MI,  severe  pulmonary 

ing  pressure  and  central  venous  pressure  should 

hypertension,  myocarditis,  and  cardiac  rejection 

guide  volume  loading.  In  cases  of  volume  over-

after  orthotopic  heart  transplantation  (Prutkin  et  al. 

load  RV  dysfunction,  the  congestion  can  increase 

2008; Atiemo et al. 2006; Giesler et al. 2006; Rajdev  

RV  wall  tension,  decrease  contractility,  and 

et  al. 2007;  Bajona  et  al  . 2010).  In  refractory  RV 

worsen  tricuspid  regurgitation  (Ishihara  et  al. 

dysfunction,  the  TandemHeart  diverts  blood  from 

2016;  Harjola  et  al. 2016). In  these  cases,  sodium 

the  RA  to  the  main  PA  by  bypassing  the  RV  (Kapur 

and  fluid  restriction,  diuretics,  and  continuous 

et  al. 2017).  The  TandemHeart  is  a  percutaneous 

renal  replacement  therapy  (CRRT)  can  assist  in 

right  atrial  to  pulmonary  artery  bypass  powered  by 

optimizing  volume  status  (Van  Aelst  et  al. 2018). 

an  external  centrifugal  pump  via  bilateral  femoral 

Adequate  perfusion  pressure  is  paramount  to 

vein  cannulation. 

maintaining  organ  function.  In  addition,  because 

the  RV  is  vulnerable  to  oxidative  stress,  it  has 

decreased  angiogenic  properties,  and  activates  cell 

Insertion  Techniques 

death  pathways  in  a  more  robust  way  than  the  LV,  it  

is  important  to  maintain  coronary  perfusion  (Red dy

Implantation  of  the  TandemHeart  involves  femoral 

and Bernstein 2015).  Systemic  and  coronary  perfu-

venous and arterial access. Initially, the left femoral 

sion  pressure  can  be  maintained  with  vasopressors 

vein  is  accessed  and  the  cannula  is  advanced  into 

(Ghignone  et  al. 1984; Kato  and  Pinsky  2015). In 

the  RA.  Next,  the  right  femoral  artery  is  accessed 

vases  of  RV  infarct  from  CAD,  revascularization  is 

and  the  cannula  is  advanced  into  the  pulmonary 

the  mainstay  therapy.  Myocardial  contractility  can 

artery.  TEE  can  be  used  to  confirm  the  position  of 

be  improved  with  inotropes  like  dobutamine  and 

the  cannulas.  Alternatively,  a  Protek-Duo  dual-

milrinone.  In  RV  dysfunction  and  cardiogenic 

lumen  coaxial  can  be  cannulated  into  the  right 

shock  cases,  inotropes  can  improve  contractility 

internal  jugular  vein.  This  cannulation  configura-

and  cardiac  output  (Harjola  et  al. 2016).  In  RV 

tion  affords  the 

patient  improved  mobility 

dysfunction,  the  contractile  reserve  is  limited  and 

(Aggarwal  et  al. 2016).  The  cannulas  are  then 

the RV is dependent on regular heart rate and rhythm 

de-aired  and  connected  to  the  centrifugal  pump. 

to  function.  Atrial  fibrillation,  atrial  flutter, and  atrial 

Anticoagulation  with  an  ACT  goal  of  200–250 

tachycardia  affect  the  atrial  kick  and  atrioventricular 

seconds  is  important  to  prevent  clots. 

synchrony  which  is  detrimental  to  RV  filling  and 

worsen  RV  dysfunction. 

Amiodarone,  digoxin,  electrical  cardioversion, 

Hemodynamic  Profile 

and  AV  synchronous  pacing  are  options  for  rate 

and  rhythm  control  (Goldstein  et  al. 1991; King 

In  RV  dysfunction,  the  TandemHeart  provides  sys-

et  al. 2014).  Afterload  reduction  with  pulmonary 

temic hemodynamic support and myocardial protec-

vasodilators,  like  inhaled  nitric  oxide  (iNO),  can 

tion.  The  TandemHeart  diverts  blood  from  the  RA
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to  the  pulmonary  artery  (PA)  which  decreases  the 

provide  short-term  support  in  LVand  RV  dysfunc-

RAP,  increases  the  PAP,  and  increases  LV  preload 

tion  patients.  The  TandemHeart  is  integral  in  the 

(Rajdev  et  al. 2007).  The  TandemHeart  drains  the 

paradigm  shift,  that  is,  percutaneous  cardiac  assist 

RA  and  reduces  the  CVP,  RV  EDP,  and  RV  EDV. 

devices.  In  time,  advances  in  technology,  speci-

RV  wall  tension.  The  decreased  pressure  and  vol-

ficity  in  patient  selection,  and  decreased  costs  will 

ume  lead  to  lower  RV  wall  tension,  microvascular 

lead  to  improvement  in  clinical  outcomes. 

resistance,  stroke  work,  and  oxygen  demand.  The 

TandemHeart  then  outflows  into  the  pulmonary 

artery,  increasing  pulmonary  blood  flow  and  left-
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Abstract 

support.  In  this  clinical  setting,  the  first  generation 

of  Left  Ventricular  Assist  Devices  (LVAD)  has  been 

Widespread  heart  failure  has  led  to  increased 

tested  for  their  superiority  against  optimal  medical 

dependence  on  left  ventricular  assist  devices 

therapy (Rose et al. 2001). In this trial, in fact, 50 out 

(LVAD).  However,  it  is  crucial  to  understand 

of  54  patients  in  the  optimal  medical  therapy  arm 

the  interaction  between  the  LVAD  and  the 

died  due  to  Left  Ventricular  Dysfunction  in  the 

patient’s  circulatory  system  for  optimal  care  and 

Rematch  Trial,  thus  highlighting  the  dreadfulness 

improved  outcomes.  This  chapter  on  LVAD 

of  the  left  ventricular  failure  before  the  spread  of 

physiology  describes  the  interdependence  of  the 

neurohormonal  blockade  therapy  and  implantable 

LVAD  and  the  circulation  from  the  context  of 

devices. 

LVAD  working  principles,  LVAD  speed  and 

The  basic  functioning  of  LVAD  is  based  on 

pressure-flow  relationships.  We  further  describe 

some  simple  assumptions:

the  physiological  underpinnings  of  hemody-

namic  optimization  including  afterload,  preload, 

• A  well-functioning  right  circulation  sustains 

ventricular  contractility,  flow  pulsatility,  LVAD 

the  left  circulation

speed,  and  achieving  regular  aortic  valve  open-

• A  stable  rhythm  allows  proper  function  of  the 

ing.  Within  the  same  narrative,  we  provide  an 

right  ventricle

in-depth  discussion  regarding  LVAD  operation 

• High  intraventricular  LV  pressures  facilitate 

in  extreme  conditions  such  as  suction  events  and 

LVAD  drainage  from  the  apical  cannula

managing  and  optimizing  LVAD  therapy  for 

• Dilated  LV  ventricle  allows  easy  drainage  from 

achieving  exercise  capacities.  We  discuss  how 

the  LV  cavity

these 

factors 

influence 

the 

chronotropic, 

• Low  aortic  pressure  due  to  LV  failure  facili-

ionotropic,  and  vascular  responses  towards 

tates  the  output  of  the  LVAD 

understanding  the  physiology  of  LVAD  therapy. 

The  “physiology”  of  LVADs  has,  however, 

Keywords 

been  completely modified  by  the  engineering  evo-

LVAD  ·  Heart  failure  ·  Cardiac  physiology  · 

lution  of  the  design  of  the  LVADs  from  the  first

Pulsatility  ·  Optimization  ·  Viscosity  · 

-generation  volume  displacement  pulsatile  pumps 

Suction  ·  Exercise 

toward  the  current  CF-LVAD.  Furthermore,  the 

evolution  from  axial  continuous  flow  rotors 

toward  centrifugal  levitating  pumps  has  further 

Introduction 

changed  the  paradigms  of  LVAD  physiology. 

The  capability  of  the  pump  to  work  against  the 

Since  the  inception  of  the  artificial-heart  program  at 

different  pressure  gradients  during  systole  and 

the  National  Institutes  of  Health  (NIH)  in  1964, 

diastole  is  described  by  the  H-Q  curves  that  will 

various  circulatory-support  devices  have  been 

be  discussed  thereafter  in  this  chapter  and  repre-

developed  for  supporting  patients  with  end-stage 

sent  the  fingerprint  of  the  function  of  each  device. 

heart  failure  (Institute  of  Medicine  (US)  Committee 

If  the  first-generation  volume  displacement 

to  Evaluate  the  Artificial  Heart  Program  of  the 

pulsatile  pumps  were  conceived  to  completely 

National  Heart,  Lung,  and  Blood  Institute  1991). 

replace  the  function  of  the  left  ventricle  trans-

Indeed,  left  ventricular  assist  devices  have  been 

forming  the  Left  Ventricle  in  the  inflow  chamber 

designed  to  deal  with  the  prevalent  pathophysio-

of  the  LVAD,  the  evolution  toward  axial  pumps 

logic  signature  of  heart  failure  over  50  years  ago. 

resulted  in  greater  unloading  in  the  clinical  setting 

The  epidemiology  at  that  time  was  dominated  by 

while  dealing  with  device  miniaturization  (Turer 

patients  suffering  from  left  ventricular  failure  due  to 

et  al. 2016). The  next  generation  of  centrifugal 

primitive or ischemic cardiomyopathy unresponsive 

pumps  allowing  for  LVOT  (Left  Ventricular  Out-

to  medical  therapy  and  undergoing  inotropic 

flow  Tract),  and  aortic  valve  washout  have  further
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changed  the  nature  of  desired  physiology  of  the 

Management  of  these  patients  is  complicated 

LVAD  once  implanted.  Indeed,  the  LVAD  pro-

by  the  altered  circulatory  physiology  because 

vides  an  alternate  parallel  path  for  blood  flow 

continuous-flow  LVADs  provide  a  parallel  circu-

from  the  left  ventricle  (or  atrium  depending  on 

lation  from  the  heart  to  the  aorta,  which  interacts 

the  inflow  cannula  site)  to  the  aorta.  Finally,  the 

with  the  native  left  heart  (systemic)  circulation 

current  design  of  centrifugal  impellers  (Mehra 

with  consequent  effects  on  the  right  heart  circula-

et  al. 2017;  Motomura  et  al. 2019)  (magnetically 

tion.  An  understanding  of  LVAD  physiology  can 

levitated  such  as  Heartmate  3  or  hydrodynami-

guide  clinicians  in  the  management  of  patients 

cally  lubricated  as  Evaheart  2)  warrants  versatile 

with  LVADs  (Rosenbaum  et  al. 2021). 

support  of  systemic  circulation  based  on  a  bal-

In  patients  suffering  from  heart  failure  with 

anced  circulation  within  the  LV  and  the  LVAD 

mainly  left-sided  failure,  looking  at  the  volume-

when  the  LV  function  is  less  severely  failing  and 

pressure  curves,  we  can  observe  a  downwards  and 

on  a  subtotal  replacement  of  the  LV  when  the 

rightwards  shift  of  the  left  ventricle  tele  systolic 

failure  is  more  severe.  This  apparently  small 

pressure.  During  the  clinical  trajectory  of  the 

change  has  been  the  price  paid  for  the  impressive 

patient  from  heart  failure  toward  advanced,  and 

miniaturization  of  LVADs  during  the  last  50  years 

then  toward  end-stage,  heart  failure,  the  stroke 

of  engineering  work  in  the  field. 

volume  tends  to  reduce  with  a  parallel  increase 

Contemporary  continuous-flow  LVADs  con-

in  tele- diastolic  and  tele- systolic  volumes.  With 

sist  of  a  blood  pump,  percutaneous  lead,  exter-

further  reduction  of  ventricular  function,  the 

nal  power  source,  and  system  controller.  The 

stroke  volume  decreases,  and  then  results  in  an 

blood  pump  consists  of  an  inflow  cannula 

augmentation  of  residual  intraventricular  vol-

(inserted  into  and  draining  from  the  left  ventri-

umes.  The  volume  overload  of  the  left  ventricle 

cle  [LV]),  an  impeller,  and  an  outflow  cannula, 

with  increased  wall  stress  causes  a  further  wors-

which  by  means  of  a  graft  delivers  the  blood  in to

ening  of  systolic  function.  The  hemodynamic 

the aorta. 

consequences  are  a  reduction  in  stroke  volume 

The  Heartmate  III  LVAD  is  a  centrifugal  pump 

and  cardiac  output  and  an  increment  of  left  ven-

with  a  magnetically  levitated  rotor.  A  combination 

tricular  diastolic  pressure.  In  the  setting  of  LVAD 

of  active  control  (rotation  and  radial  levitation)  and 

implantation,  the  LVAD  counteracts  the  progres-

passive  magnetic  support  (axial  motion  and  tilting) 

sive  increase  in  LV  dimensions.  The  LV  dimen-

warrants  rotor  stability.  This  magnetic  levitation 

sions  and  intraventricular  pressures  are  also 

system  can  withstand  more  than  seven  times  the 

crucial  to  warrant  an  easy  positioning  of  the  LV 

gravitational  acceleration.  Compared  with  hydrody-

apical  cannula.  Hypertrophic  and  restrictive  car-

namic  bearing,  the  stiff  suspension  of  this  magnetic 

diomyopathy  represents  a  surgical  challenge  due 

levitation  system  maintains  a  wide  blood  flow  path 

to  the  risk  of  impingements  of  the  apical  cannula 

at  different  speeds  avoiding  contact  between  the 

in  the  septum,  against  LV  walls,  or  in  the  mitral 

rotor  and  housing.  The  wide  blood  flow  path 

valve  thus  increasing  the  risks  of  postoperative 

improves  blood  flow  without  increasing  shear  stress 

malfunctions  and  thrombosis.  Since  left  atrial 

on  blood  elements.  The  sintering  with  titanium 

pressure  and  pulmonary  venous  pressure  raise 

microspheres  on  all  blood-contacting  surfaces  of 

consequently  to  the  prolonged  systolic  and  dia-

the  pump  (except  the  smooth  titanium  impeller) 

stolic  LV  failure,  pulmonary  artery  pressure  may 

promotes  the  development  of  a  biocompatible 

be  significantly  reduced  through  LV  unloading 

surface.  All  these  features  warrant  excellent 

due  to  LVAD  implantation. 

hemocompatibility  that,  merged  with  an  internal 

The  implantation  of  LVAD  provides  direct  LV 

pulsatility  function  at  a  rate  of  30  beats/min  pro-

unloading  reducing  the  LV  dimensions  and  reliev-

duced  by  an  automatic  reduction  in  pump  speed, 

ing  the  increased  pressures  in  the  LV  in  a  dose-

prevents  stasis  and  preserves  the  developing  of 

dependent  manner  (Morley  et  al. 2007).  Mechan-

thrombi  in  the  LVOT  and  in  the  proximity  of  the   ical  unloading  may  decrease  preload-mediated 

aortic valve (Bourque et al. 2016). 

increases  in  contraction  (Starling  response)  and
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reduce  the  LV  stroke  work  at  a  higher  speed. 

–  Vasodilation  and  medical  therapy 

Furthermore,  non-invasive  assessment  of  under-

–  Blood  viscosity 

lying  LV  contractility  is  impaired  on  LVAD  ther-

apy  as  ejection  fraction  can  vary  depending  on  the 

degree  of  LV  unloading  and,  on  the  afterload, 

LVAD  Operation  and  HQ  Curves 

induced  by  LVAD  flow  (Jain  and  Hayward 

2020).  Reverse  remodeling  can  be  obtained  in 

Current  generation  LVADs  are  centrifugal  pumps 

selected  patients  and  the  hemodynamic  effects  of 

(such  as  Heartmate  3  and  Evaheart  2),  with  either 

CF-LVAD  support  and  responsiveness  to  changes 

magnetically  levitated  or  hydrodynamically  lubri-

in  speed  are  associated  with  improved  outcomes 

cated  (or  a  combination)  impellers  (Mehra  et  al. 

(Anegawa  et  al. 2023). 

2017; Motomura  et  al. 2019). Similar  to  a  typical 

CF-LVAD  implantation  aims  primarily  to 

centrifugal  pump,  it  consumes  power  to  rotate  the 

directly  unload  the  failing  LV,  but  the  hemody-

impellers  at  a  specified  speed  to  provide  continuous 

namic  consequences  of  LVAD  implantation  on the 

flow  through  the  LVAD  (Rogers  et  al. 2010;  Lim  

RV  may  result  in  unpredictable  responses  to 

et al. 2017). Typically  implanted  apically  in  the 

LVAD  therapy.  Many  predictors  have  been  pro-

LV,  the  LVAD  is  subjected  to  a  pressure  head 

posed  and  investigated  extensively  for  over 

(or  pressure  differential)  between  the  outlet  and  the 

35  years;  despite  all  the  attempts,  no  single  values 

inlet.  The  aortic  pressure  at  the  outlet  provides  the 

or scores are able to fully predict postoperative RV 

afterload  and  the  LV  pressure  at  the  inlet  signifies 

failure  due  to  the  various  approaches  that  can  be 

the  preload.  For  any  specified  speed,  the  LVAD  can 

implemented  (sternotomy  vs.  thoracotomy;  pre-

provide  flows  according  to  the  LVAD  performance 

emptive  support  with  a  percutaneous  RVAD)  to 

curves,  also  referred  to  as  the  pressure-flow  curves 

improve  the  outcome  (Lo  Coco  et  al. 2021; Raina 

(or  head-flow  or  pressure-flow  relationships).  As 

et  al. 2013).  Currently,  a  multidimensional  evalu-

shown in Fig. 1, there  exists  an  inverse  relationship 

ation  involving  traditional  echocardiography,  new 

between  the  pump  pressure  head  and  the  flow—as 

imaging  techniques,  nuclear  magnetic  resonance, 

the  pump  pressure  head  increases,  the  flow  reduces. 

and  hemodynamic  data  concerning  the  morphol-

This behavior is replicated for each pump speed, and 

ogy  of  the  right  atrial  waveform  before  CF-LVAD 

thus  the  pressure-flow  curves  are  referred  to  as  the 

implantation  has  been  associated  with  RV  failure 

“LVAD  family  of  curves”  (Moazami  et  al. 2013). 

postimplant  (Samura  et  al. 2019). However,  there 

The  flow  through  the  LVAD  is  strongly 

is  a  physiologic  basis  for  later  RV  failure  that 

influenced  by  LV  contractility  (Jain  and  Cobey 

reflects  a  complex  interplay  among  several  factors 

2018). As  the  LV  contracts  during  systole,  LV  pres-

that  has  recently postulated  as  a multi-hit  phenom-

sure  increases,  and  the  pump  head  (i.e.,  difference 

enon  (Brahmbhatt  et  al. 2022). 

between  aortic  pressure  and  LV  pressure)  during 

Indeed,  during  the  postoperative  course,  the 


systole  (DPS)  reduces,  as  seen  in  Fig. 2.  The  

kind  of  flow  balances  between  LVAD,  native 

reduced  pump  head  causes  s  the  LVAD  operating 

heart,  and  a  balanced  parallel  circulation  changes 

point to move towards the right to point S, as shown 

continuously  based  on:

in  Fig. 2, temporarily  increasing  LVAD  flow  (QS). 

Contrarily,  during  diastole,  the  LV  pressure  reduces 

• Timing  of  implantation  (degree  of  left  ventric- and  the  pump  head  (DPD)  increases—causing  the 

ular  systolic  and  diastolic  dysfunction)

LVAD  operating  point  to  move to  the  left  to  point  D 

• Patient’s  preload 

in  Fig. 2, resulting  in  a  drop  in  the  LVAD  flow 

–  Empty/filling  state 

during  diastole  (QD)  as  shown.  During  typical 

–  Right  ventricular  function

LVAD operation, the LVAD flow oscillates between 

• Myocardial  residual  contractility

the  flow  corresponding  to  point  S  and  point  D  in 

• Patient’s  afterload 

each cardiac  cycle,  giving rise  to  a  periodicity  in  the

[image: Image 37]

4

LVAD Physiology

63

Fig.  1  Representative 

LVAD  pressure-flow 

curves,  showing  typical 

curves  for  low,  medium, 

and  high  LVAD  speeds 

LVAD  flow,  as  shown  on  the  schematic  at  the 

decrease.  The  nature  of  the  pressure-flow  curves 

bottom  of  Fig. 2.  It  is  to  be  noted  that  this 

plays  an  important  role—current  generation  cen-

“pulsatility”  in  the  LVAD  outflow  exists  even  trifugal  LVADs  have  relatively  flatter  curves  com-

though  the  LVAD  speed  remains  unchanged  in  a 

pared  to  the  previous  generation  axial  flow 

continuous  flow  LVAD  and  is  strongly  influenced 

LVADs—thus,  any  increase  in  pressure  head  can 

by  any  native  cardiac  pulsatility  (and  LVAD  speed 

drastically  drop  LVAD  flow,  leading  to  widespread 

change  algorithms). 

effects  (Shah  et al. 2016; Lampropulos et al. 2014). 

Consider  a  hypothetical  example  where  the  LVAD 

is  pumping  5  L/min  for  a  MAP  of  80  mmHg  at  a 

Patient  Afterload  Management 

certain  LVAD  speed  (Fig. 3)—i.e.,  operating  point 

A.  As  shown  in  Fig. 3,  increasing  pressure  head  to  

While the native ventricle is a pump highly sensitive 

~100  mmHg  can  drop  the  LVAD  flow  by  ~20%  to 

to  preload  and  less  sensitive  to  afterload,  the  LVAD 

4  L/min,  shifting  the  operating  point  to  point  B  in 

is  simply  influenced  by  the  pressure  drop  across  it, 

Fi g. 3.  Any  increase  in  afterload  beyond  that  can 

regardless  of  the  individual  hemodynamic  contribu-

result  in  LVAD  flows  dropping  to  2–3  L/min, 

tions  of  the  ventricular  chamber  and  of  the  aorta.  As 

which  is  inadequate  for  supporting  the  systemic 

a  result,  the  LVAD  is  too  sensitive  to  afterload  and 

circulatory  needs  of  the  patien t. 

too  little  sensitive  to  preload,  when  compared  to  a  

Currently,  there  are  no  standardized  guidelines 

healthy  ventricle.  Changes  in  patient  afterload  are 

governing  LVAD  operation  and  patient  manage-

discussed in this paragraph, while changes in patient 

ment,  as  reflected  by  the  varying  patient  MAP 

preload  are  described  elsewhere in this chapter. 

targets  and  management  procedures  at  each  insti-

Increasing  afterload  can  have  a  profound 

tution  (Shah  et  al. 2016, 2017; Chivukula  et  al. 

detrimental  effect  in  overall  LVAD  flow,  due  to 

2021; McNamara  et  al. 2021).  Patient  MAP  is  a 

the  LVAD  operating  characteristics  illustrated  in 

major  contributor  to  LVAD  performance  and 

the  previous  paragraph.  As  afterload  increases 

should  be  managed  carefully  in  the  clinics.  For  a 

(i.e.,  mean  arterial  pressure  (MAP)),  the  pump 

same  LVAD  speed  and  preload  condition,  a 

pressure  head  increases,  causing  the  LVAD  operat-

patient  with  a  MAP  of  70  mmHg  will  behave 

ing  point  to  move  towards  the  left  of  the  pressure-

very  differently  than  a  patient  with  a  MAP  of 

flow  curve,  that  ultimately  results  in  LVAD  flow  80  mmHg.  Specifically,  any  increase  in  MAP

[image: Image 38]
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Fig.  2  LVAD  operation.  The  pressure  difference  between 

happens  during  systole,  when  the  pressure  difference  is 

the  preload  (LV)  and  afterload  (aorta)  determines  the 

lower,  resulting  in  a  higher  LVAD  flow  (point  S).  The 

LVAD  operating  point.  During  diastole,  the  pressure  dif-

LVAD  operating  point  continuously  switches  between 

ference  is  higher,  which  results  in  a  lower  LVAD  flow 

points  D  and  S  over  the  cardiac  cycle,  resulting  in  a  some-

(point  D  on  the  pressure-flow  curve).  The  opposite 

what  pulsatile  LVAD  flow 

will  reduce  LVAD  flow  to  a  larger  extent  in  the 

(i.e.,  LVAD  physiology  dependence),  ultimately 

patient  with  the  higher  MAP  compared  to  the 

influencing  the  quality  of  life  of  the  patient. 

patient  with  the  lower  MAP  (Chivukula  et  al. 

2021;  McNamara  et  al. 2021).. Based  on  the  spe-

cific  design  and  construction  of  the  LVAD,  in 

LVAD  Hemodynamic  Optimization 

conjunction  with  the  LVAD  speed,  the  afterload 

sensitivity  of  an  LVAD  is  3–4×  higher  than  a 

LVAD  speed  is  an  important  parameter  to  ensure 

native  LV  (Argiriou  et  al. 2014;  Long  et  al. 

adequate  cardiac  output  to  the  patient.  The  com-

2019;  Miller  et  al. 2007).  Thus,  the  tolerance  for 

plex  interplay  between  the  patient’s  preload  and 

fluctuations  in  afterload  can  vary  significantly  afterload,  residual  left  ventricular  contractility 

based  on  patient  parameters  and  LVAD  settings 

and  pump  performance  is  under-explored  and

[image: Image 39]
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Fig.  3  Effect  of  afterload  on  LVAD  operation.  Initially 

in  reducing  the  flow  through  the  LVAD  due  to  the  pressure-

operating  at  point  A,  the  LVAD  operating  point  shifts 

flow  relationship 

towards  point  B  due  to  increasing  afterload.  This  results 

underappreciated  (Chivukula  et  al. 2021;  Argiriou 

speed  optimization  problem,  the  delicate  interac-

et  al. 2014;  Long  et  al. 2019;  Miller  et  al. 2007). 

tion  between  cardiovascular  physiology  and 

These  critical  aspects  of  determining  safe  and 

LVAD  working  characteristics  should  be  evalu-

appropriate  LVAD  hemodynamic  support  requires 

ated,  with  a  patient  individualized  approach  and 

on  one  hand  the  optimization  of  patient  hemody-

according  to  the  best  therapeutic  strategy  for  the 

namic  status,  and  on  the  other  hand  the  optimiza-

considered  subject.  The  varying  target  values  for 

tion  of  the  LVAD  speed  to  reach  the  desired 

the  MAP  will  dictate  the  approach  used  to  opti-

working  point  on  the  pressure-flow  curves.  As 

mize  patient  hemodynamic  and  determine  the  best 

patient  hemodynamic  status  evolves  continuously 

LVAD  speed.  In  a  recent  study  of  61  HVAD 

this  optimization  is  non-trivial  and  complex,  and 

patients,  51%  of  the  patients  had  a  MAP  greater 

therefore  difficult  to  achieve  in  practice.  A  recent 

than  the  target  MAP  of  70  mmHg  and  a  cardiac 

study  reported  that  more  than  half  of  LVAD 

output  (CO)  higher  than  the  target  of  5  L/min, 

patients  did  not  meet  optimum  hemodynamic  tar-

while  an  additional  33%  had  CO  lower  than  the 

gets  at  their  initial  pump  speed  settings  (Long 

target  (MAP  was  greater  than  target),  indicating 

et  al. 2019).  This  gives  rise  to  an  important, 

that  a  large  proportion  of  the  analyzed  patients 

oft-asked  question:  what  is  the  best  LVAD  speed 

could  benefit  from  LVAD  hemodynamic  optimi-

for  the  patient? 

zation  (Chivukula  et  al. 2021). 

In  this  paragraph,  we  will  try  to  answer  this 

From  the  standpoint  of  LVAD  working  princi-

question,  focusing  the  analysis  on  the  mutual 

ple,  LVAD  speed  and  pressure  head  are  the  two 

interplay  between  MAP,  LVAD  speed  and  CO, 

major  parameters  that  influence  LVAD  operation. 

and  assuming  a  constant  preload  level  in  the 

For  an  LVAD  patient  with  a  MAP  higher  than  the 

patient  for  simplicity.  In  solving  this  LVAD 

target  MAP,  blood  pressure  management  could  be

[image: Image 40]
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utilized  to  reduce  afterload.  However,  any  reduc-

(MAP  and  CO),  highlighting the  complex  interplay 

tion  in  afterload will most  likely result in  increased 

between  the  cardiovascular  physiology  and  LVAD. 

flow  through  the  LVAD  (and  thus,  overall  CO)  on 

Optimizing  hemodynamics  for  LVAD  patients 

account  of  the pressure-flow  behavior.  In  the virtual 

will  likely  involve  a  combination  of  blood  pres-

study  described  in  the  previous  paragraphs,  simu-

sure  management  and  LVAD  speed  adjustment. 

lating  blood  pressure  management  to  reduce  the 

As  shown  in  Fig. 4,  the  LVAD  operating  point 

MAP  for  meeting  the  MAP  target  resulted  in  sig-

does  not  move  along  a  horizontal  or  vertical  line 

nificantly  increased  CO—84%  of  patients  overshot 

when  parameters  are  adjusted;  rather,  it  moves 

the  CO  target  if  blood  pressure  management  is  the 

along  a  curve  in  a  diagonal  fashion.  This  behavior 

sole  strategy  employed  (Chivukula  et  al. 2021). 

can  be  leveraged  to  anticipate  the  degree  of 

LVAD  speed influences this  behavior profoundly— 

change  required  in  either  blood  pressure  manage-

a  higher  original  LVAD  speed  may  lead  to  a  larger 

ment,  LVAD  speed  adjustment,  or  both.  Due  to 

increase/overshoot  in  the  flow  due  to  the  nature  of 

this  behavior,  it  is  possible  that  the  LVAD  speed 

the  pressure-flow  curves.  As  shown  in  the  sche-

may  need  to  be  reduced  for  some  patients  along 

matic  in  Fig. 4,  blood  pressure  management  has 

with  blood  pressure  management  (afterload 

varying  effects  based  on  the  original  LVAD  speed 

reduction)  (Chivukula  et  al. 2021). Contrarily,  it 

and  the  initial LVAD  hemodynamic  operating  point 

is  likely  that  an  increase  in  LVAD  speed  may  be

Fig.  4  Interplay  between  LVAD  speed,  MAP,  and  Flow 

management  reduces  the  MAP  but  increases  the  flow  due 

for  LVAD  hemodynamic  optimization  (assuming  constant 

to  reducing  afterload  at  the  same  LVAD  speed,  causing  the 

patient  preload).  The  green  area  is  a  preferred  target  zone 

LVAD  operating  points  to  shift  as  shown  in  the  fig.  A 

for  a  representative  patient.  Depending  on  initial  LVAD 

strategy  involving  both  LVAD  speed  adjustment  and 

speed  and  patient  MAP,  increasing  LVAD  speed  (from  S1 

blood  pressure  management  may  be  necessary  to  meet 

to  S4)  increases  flow,  but  also  increases  MAP  as  shown. 

both  MAP  and  flow  targets,  i.e.,  in  order  to  get  the  LVAD 

For  each  LVAD  speed,  employing  blood  pressure 

operating  point  closer  to  the  green  zone 
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necessary  for  patients  to  meet  both  MAP  and  CO 

1000  s-1  (Connes  et  al. 2016).  An  increase  in 

targets,  depending  on  their  native  cardiovascular 

hematocrit  level  produces  an  increase  in  viscosity 

system  response.  Indeed,  preliminary  results  from 

and  in  non-Newtonian  behavior:  An  increase  in 

a  follow-up  study  to  the  one  described  above 

hematocrit  from  20%  to  50%  determines  a  nine-

indicate  that  nearly  75%  of  patients  may  benefit 

fold  increased  viscosity  at  a  shear  rate  of  0.1  s-1 , 

from  LVAD  speed  reduction.  It  is  important  to 

and  a  threefold  increased  viscosity  at  10  s-1  shear 

note  the  MAP  target  that  is  used  for  assessing 

rate  (Baskurt  et  al. 2007). 

hemodynamics—a 

lower 

map 

target 

(say 

When  considering  LVAD  patients,  the  hemat-

70  mmHg)  may  necessitate  a  different  strategy 

ocrit  can  vary  due  to  many  factors  as  dehydration, 

than  a  higher  MAP  target  (e.g.,  80  mmHg). 

volume 

depletion, 

gastrointestinal 

bleeding, 

Thus,  it  is  the  difference  between  the  current 

hemolysis  throughout  the  device  (especially  in 

patient  MAP  and  the  target  MAP  that  often  dic-

second-generation  pumps)  (Taylor  et  al. 2020; 

tates  the  adoption  of  one  strategy  over  another. 

Zayat  et  al. 2019; Ravichandran  et  al. 2014). 

The  other  side  of  the  hemodynamic  optimization 

Moreover,  rotary  blood  pumps,  due  to  their  intrin-

is the patient’s required CO. If the CO is less than the   sic  working  principle,  exert  high  shear  stress 

desired  (or  target)  CO,  one  approach  is  to  increase 

levels  on  red  blood  cells,  above  the  physiological 

the  LVAD  speed.  While  this  may  increase  the  flow 

range  of  2–8  P  (Fang  et  al. 2022).  All  these  factors 

through  the  LVAD,  it  will  also  increase  the  MAP,  as 

can  result  in  changes  of  the  blood  viscosity  and  in 

described  in  Fig. 4.  On  the  other  hand,  if  only 

turn  on  the  working  conditions  of  centrifugal 

afterload  reduction  is  used,  it  may  increase  the  CO 

pumps  as  reported  in  Fig. 5. 

to  meet  the  CO  target—but  this  will  reduce  the 

For  increasing  levels  of  viscosity,  the  impeller 

MAP.  Thus,  it  is  essential  to  take  the  interplay 

experiences  higher  friction  and  resistance  to  flow. 

between  LVAD  speed,  MAP,  pressure-flow  curves, 

The  power  needed  by  the  motor  increases  since  the 

and patient  physiology into account while determin-

device works  with a  reduced  efficiency,  and  overall 

ing  the  best  strategy  for  hemodynamic  optimization 

pump  head  and  flow  decrease  (Stewart  2019). 

(Burkhoff  et  al. 2015). 

These  viscosity-induced  changes  in  LVAD  work-

ing  conditions  have  a  direct  clinical  impact  on 

LVAD  flow  monitoring.  LVAD  flow  estimators 

Viscosity 

are  based  on  pump  rotational  speed  and  motor 

current  consumption  (Granegger  et  al. 2012;  Pen-

Besides  LVAD  speed  and  pressure  head,  another 

nings  et  al. 2013). Therefore  the  accuracy  of  the 

parameter  influencing  LVAD  hemodynamic  per-

estimated  flow  depends  on  the  correct  values  of 

formance  (and  thus  hemodynamic  optimization) 

hematocrit  inserted  into  the  monitor  (Reyes  et  al. 

is  blood  viscosity.  In  patients,  blood  viscosity  is  in 

2016;  Giridharan  and  Skliar  2006). A  correct 

the  range  3.5–5.5  cP.  However,  blood  is  a 

hematocrit  would  also  help  the  early  detection  of 

non-Newtonian  fluid  and  displays  a  shear  thin-

adverse  events  that  provoke  LVAD  flow  alter-

ning  behavior  due  to  the  erythrocytes  that  tend  to 

ations.  As  in  the  case  of  pump  thrombosis,  where 

agglomerate  at  low  shear  rates,  and  to  deform  and 

log  files  can  be  used  to  promptly  track  abnormal 

align  with  the  flow  field  at  high  shear  rates  (Galdi 

changes  in  both  LVAD  power  consumption  and 

et  al. 2008). As  such,  blood  viscosity  is  not  a  fixed 

flow  values  (Grabska  et  al. 2020).  In  clinical  prac-

value  but  depends,  among  other  factors,  on  the 

tice,  hematocrit  levels  are  measured  in  a  clinical 

concentration  of  erythrocytes  and on the  shear rate 

setting  and  therefore  not  updated  on  daily  basis. 

they  are  subject  to.  A  same  blood  shows  a  signif-

Other  methods  are  under  development  to  monitor 

icant  higher  viscosity  if  flowing  in  the  vena  cava 

hematocrit  at  home  in  a  sensorless  manner,  but 

with  a  shear  rate  of  a  few  s-1  compared  to  the 

further  evaluations  into  more  clinically  realistic 

microcirculation  where  shear  rate  is  more  than 

conditions  are  needed  (Hijikata  et  al. 2015). 
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Fig.  5  Effect  of  increased  blood  viscosity  on  LVAD  per-

LVAD  reduces  for  the  same  pressure  head.  Increase  in 

formance.  Blue—LVAD  pressure  flow  curve,  Red—LVAD 

viscosity  also  causes  an  increase  in  the  power  consumed 

power  consumed.  Dotted  lines  indicate  high  viscosity  sce-

by  the  device  to  pump  blood 

nario.  As  viscosity  increases,  the  resulting  flow  through  the 

It  is  important  to  underline  that  the  sensitivity 

relationship  between  the  preload,  LVAD  speed 

of  LVAD  performance  to  viscosity  depends  on  the 

and  afterload.  Any  increase  in  LVAD  speed  will 

pump  design  and  working  principles.  Centrifugal 

reduce  the  pressure  within  the  LV  (due  to  more 

pumps  are  generally  strongly  affected  by  fluid 

inflow  into  the  LVAD  inflow  cannula)—this  in 

viscosity  due  to  the  frictional  losses.  First  gener-

turn  will  “unload”  the  LV  thereby  conflicting 

ation  LVADs,  or  new  devices  concepts  more 

with  the  ability  of  the  native  LV  to  contract.  As  a 

resembling  to  positive  displacement  pumps 

result,  an  increase  in  LVAD  speed  may  lead  to  an 

(Bartoli  et  al. 2021;  Fresiello  et  al. 2019)  might 

overall  higher  CO,  but  this  is  due  to  more  flow 

show  less  dependency  to  blood  viscosity  changes. 

through  the  device  and  likely  not  through  the 

AV.  In  fact,  it  is  entirely  possible  that  an  increase 

in  LVAD  speed  may  prevent  the  AV  from  opening 

Aortic  Valve  Flow 

on  account  of  the  inability  of  the  LV  to  build  up 

enough  pressure  to  overcome  the  aortic  pressure 

An  important  aspect  of  LVAD  operation  is  that  it 

(John  et  al. 2010; Camboni  et  al. 2014).  From  a 

can 

operate 

either 

in 

serial 

configuration 

physiological  standpoint,  this  is  critical  not  only 

(i.e.,  complete  support,  all  flow  through  LVAD), 

for  the  potential  of  cardiac  recovery,  but  also 

or  in  parallel  with  the  aortic  valve  (AV),  where 

regarding  thrombogenicity.  If  the  AV  does  not 

partial  CO  support  is  provided  by  the  LVAD  and 

open  (or  opens  very  sporadically),  the  aortic  root 

the  remaining  by  the  patient’s  native  LV—the 

region  becomes  a  stagnation  zone  where  blood 

total CO is the sum of the individual flows through 

can  recirculate  and  pool.  This  slow-moving  vol-

the  AV and  the  LVAD  (John  et  al. 2010; Camboni 

ume  of  blood  can  precipitate  platelet  aggregation 

et  al. 2014).  In  the  case  of  partial  support,  the 

and  activation,  forming  a  microthrombi,  poten-

native  LV  contractility  plays  a  crucial  role  in  the 

tially  leading  to  aortic  root  thrombus,  which  in 

LVAD 

operation. 

This 

is 

because 

of 

the 

turn  can  increase  the  risk  of  stroke  and  other

[image: Image 42]
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adverse events  (Long et al. 2019; Fried et al. 2018; 

et  al. 2014).  The  LVAD  speed  reduction  temporar-

Veenis  et  al. 2020;  Tolpen  et  al. 2015;  Mahr  et  al. 

ily  reduces  the  inflow  into  the  LVAD,  thereby 

2017).  In  order  to  circumvent  this  critical  issue,  it 

allowing  the  pressure  in  the  LV  to  increase,  ideally 

is  beneficial  to  allow  for  regular  AV  flow—it  may 

sufficiently,  such  that  the  aortic  pressure  is  super-

even  be  possible  to  leverage  the  native  LV  con-

seded and the AVopens. Depending on the duration 

tractility  to  obtain  an  advantage.  This  can  be 

of  LVAD  speed  modulation  and  residual  contrac-

achieved  using  a  combination  of  two  strategies: 

tility,  AV  flow  can  be  encouraged  for  a  few  cardiac 

(i)  use  a lower  LVAD  speed  to  avoid  unloading  the 

cycles every few minutes. Shown in Figs. 6 and 7 is 

LV  too  much,  thereby  enabling  the  native  contrac-

a  schematic  of  the  LVAD  speed  change,  coupled 

tility  to  thrive,  and  (ii)  to  utilize  LVAD  speed 

with  the  change  in  LV  pressure  and  potential  AV 

modulation. 

opening  over  the  duration  of  speed  modulation. 

As mentioned  earlier,  a  lower  LVAD  speed  does 

This  can  be  programmed  in  an  individual  fashion 

not  unload  the  LV  too  much,  so  the  ventricular 

to  suit  each  patient  (or  group  of  patients)  based  on 

chamber  can  utilize  its  residual  contractility 

predetermined  criteria.  It  is  important  to  note  that 

(where  present)  to  reach  a  pressure  sufficient  to 

any  speed  change  should  be  gradual  to  avoid 

open  the  AV.  This  strategy  is  of  course  dependent 

unnecessary  mechanical  loading  and  adverse 

on  the  CO  needed  to  support  the  patient  and  the 

hemodynamic  stimuli  in  and  around  the  LVAD. 

extent  of  residual  contractility  after  LVAD  implan-

Furthermore,  the  different  LVAD  designs  and  the 

tation.  An  alternative  approach  is  to  utilize  LVAD 

corresponding  variations  in  the  pressure  flow  rela-

speed  modulation,  i.e.,  a  periodic  variation  of 

tionships  strongly  dictate  overall  hemodynamic 

LVAD  speed  in  a  gradual  fashion  to  allow  for  LV 

performance. 

Newer 

devices 

such 

as 

the 

pressure  to  build  up  and  for  the  AV  to  open.  This 

EVAHEART  2  LVAD  with  flatter  pressure-flow 

can be done by gradually reducing the LVAD speed 

curves  and  patient-specific  or  custom  designed 

over  a  few  seconds,  holding  this  slightly  reduced 

LVAD  speed  modulation  waveforms  may  help 

speed  for  a  few  seconds  before  gradually  regaining 

with  incorporating  and  enhancing  flow  pulsatility 

the  baseline  speed  (Mehra  et  al. 2017;  Fresiello 

and  AV  flow  (Martinez  et  al. 2024). 

Fig.  6  Interdependence  of  LVAD  speed  and  AV  flow. 

more  difficult  for  the  AV  to  open.  Reducing  LVAD  speed 

Higher  LVAD  speeds  causes  more  LV unloading,  reducing 

has  the  opposite  effect  (higher  LV  pressure,  lower  aortic 

LV  pressure  and  increasing  aortic  pressure—this  makes  it 

pressure),  enabling  the  AV  to  open 

Fig.  7  Schematic  for  LVAD  speed  modulation.  Tempo-

be  leveraged,  in  addition  to  LVAD  baseline  speed  and 

rarily  reducing  LVAD  speed  will  increase  LV  pressure 

speed  modulation  waveforms  to  obtain  desired  AV  flow, 

(lowering  aortic  pressure),  allowing  for  intermittent  or 

while  still  maintaining  adequate  total  cardiac  output

regular  AV  flow.  The  patient’s  native  LV  contractility  can 
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Patient  Preload  Management 

loss  occurred  during  the  surgery  and  the  reaction 

and  Suction  Events 

of  the  cardiovascular  system  to  the  LVAD  therapy. 

The  general  management  of  these  patients  fore-

Rotary  LVADs  show  a  poor  preload  sensitivity 

sees  the  adjustment  of  the  pump  speed  to  provide 

compared  to  the  left  ventricle.  This  characteristic 

sufficient  unloading  and  optimal  circulatory  sup-

can  lead  to  a  mismatch  between  the  preload  and 

port  before  hospital  discharge  (Long  et  al. 2019). 

the  outflow  of  the  ventricular  chamber  causing 

Once  the  patient  is  sent  home,  the  occurrence  of 

either  an  under-pumping  of  the  left  ventricle, 

suction  events  is  monitored  through  the  alarm 

with  subsequent  pulmonary  congestion,  or  an 

algorithm  embedded  in  the  LVAD  controller. 

over-pumping  of  the  left  ventricle,  leading  to  the 

However,  the  resolution  of  the  log  data  is  not 

emptying  of  the  ventricular  cavity.  This  would 

sufficient  to  collect  and  show  events  of  a  short 

ultimately  provoke  a  total  or  partial  collapse  of 

duration  such  as  suction. 

the  ventricular  walls,  a  phenomenon  named  suc-

Given  the  inadequacy  of  current  LVAD  moni-

tion  event  (Long  et  al. 2019;  Mahr  et  al. 2017). 

toring  systems  in  detecting  suction,  there  are  still 

Suction  events  should  be  avoided  as  they  are 

open  questions  on  the  mechanism  of  such  an 

dangerous  both  for  the  medical  device,  creating 

adverse  event,  on  the  reaction  of  the  LVAD 

impeller  instabilities  and  LVAD  flow  stoppage, 

parameters  to  it,  and  on  the  optimal  therapeutic 

and  for  the  patient  given  the  possible  detrimental 

management  to  implement  to  resolve  it.  These 

clinical  consequences.  Indeed,  an  occlusion  of 

three  main  topics  are  discussed  in  the  following 

inflow  cannula  can  generate  a  jet  stream  with 

paragraphs. 

high  shear  stress  which  may  damage  the  blood 

components  and  the  endocardial  layers,  create 

hematoma  or  necrosis,  and  lead  to  thrombus 

Phenomenology  of  Suction 

release  (Long  et  al. 2019; Reesink  et  al. 2007; 

Salamonsen  et  al. 2015). Another  common  con-

Overall,  suction  is  a  complex  phenomenon  show-

sequence  of  suction  events  is  the  development  of 

ing  a  wide  variability  across  patients  and  thus 

tachyarrhythmias  (Moss  et  al. 2017). The  onset  of 

posing  significant  challenges  for  its  identification. 

these  arrhythmic  events  are  sudden  and  usually 

In  Fig. 8  the  waveforms  of  an  HVAD 

cease  after  suction  clearance,  leading  to  the 

(Medtronic)  with  and  without  suction  are  showed 

hypothesis  that  trauma  induced  by  suction  is  the 

as  an  example.  The  waveforms  were  obtained 

cause  of  the  arrhythmias  (Vollkron  et  al. 2007). 

from  a  simulation  study  by  Rocchi  et  al.  (2021), 

In  literature  there  is  not  a  well-established  def-

who  validated  an  in  vitro  suction  module 

inition  for  suction  due  to  the  difficulty  in  monitor-

implemented  in  a  hybrid  simulator  representing 

ing  this  phenomenon  in  the  clinics  and  in 

the  cardiovascular  system.  In  the  study,  two  dif-

collecting  hemodynamic  and  echocardiographic 

ferent  patient  profiles  were  simulated  with  an 

data.  Salamonsen  et  al.  (2015)  investigated  suc-

HVAD  speed  of  2800  rpm:  a  dilated  cardiomyop-

tion  in  vivo,  and  defined  ventricular  suction  as 

athy  (DCM)  and  a  restrictive  cardiomyopathy 

occurring  when  the  difference  between  the  pump 

(RCM).  The  DCM  is  characterized  by  a  low  resid-

flow  at  end-systole  and  at  end-diastole  is  less  than  ual  ventricular  contractility  and  a  large  ventricular 0  L/min.  Other  studies  base  the  definition  on  the 

chamber,  whereas  the  RCM  is  characterized  by  a 

rate  of  drop  of  the  pressure  at  the  inflow  cannula 

high  residual  ventricular  contractility  and  small 

(Fritz  et  al. 2010). 

ventricular  chamber. 

High  occurrence  of  suction  is  observed  in 

All  parameters  in  Fig. 8  show  noticeable  dif-

LVAD  outpatients  (Gross  et  al. 2020a), and  an 

ferences when  comparing suction  and  non-suction 

even  higher  occurrence  is  reported  in  patients  in 

waveforms,  but  also  when  comparing  DCM  and 

the  early  postoperative  care  after  the  LVAD 

RCM  profiles.  In  a  normal  hemodynamic  condi-

implantation.  In  this  phase,  the  hemodynamics 

tion,  the  pressure  in  the  ventricular  chamber  and 

of  the  patient  is  more  unstable  given  the  blood 

the  pressure  at  the  LVAD  inflow  cannula  (Papex)

[image: Image 44]
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Fig.  8  Hemodynamic  and  LVAD  data  with  and  without 

yellow),  and  the  pressure  of  the  left  atrium  (Pla,  purple) 

suction  obtained  in  vitro  for  a  simulated  dilated  cardiomy-

are  shown.  The  corresponding  pump  data  are  plotted.  In 

opathy  (DCM)  profile,  and  a  restrictive  cardiomyopathy 

particular,  the  power  uptake,  the  current,  the  estimated 

(RCM)  with  a  LVAD  speed  of  2800  rpm.  In  the  first  row, 

pump  flow,  and  the  speed  are  shown  in  the  second,  third, 

the  pressure  of  the  left  ventricle  (Plv,  blue),  pressure  of  the 

fourth,  and  fifth  rows.  (Rocchi  et  al. 2021) 

apex  (Papex,  orange),  the  pressure  of  the  aorta  (Pao, 

are  superimposed  throughout  the  entire  cardiac 

characterized  by  a  symmetric  shape  in  the  rising 

cycle.  On  the  contrary,  when  a  suction  event  is 

and  falling  flanks  during  the  systolic  peak  when 

identified,  the  Papex  drifts  apart  from  the  left 

no  suction  is  identified.  In  case  of  suction,  the 

ventricular  pressure  reaching  negative  values. 

waveforms lose their symmetry, showing different 

This  was  also  observed  in  a  canine  model  by 

patterns  in  the  DCM  and  RCM  profiles  due  to  the 

Salamonsen  et  al.  (2015)who  showed  that  the 

influence  of  the  different  residual  contractility  of 

more  severe  the  suction  event  is,  the  lower  the 

the  simulated  ventricles.  The  DCM  is  character-

Papex  gets.  Moreover,  a  decrease  in  both  the  left 

ized  by  a  lower  contractility,  as  such  the  wave-

atrial  pressure  and  in  the  aortic  pressure  is 

forms  of  the  LVAD  current,  power  uptake  and 

observed  during  suction.  In  a  few  cases,  left  atrial 

estimated  flow  show  a  negative  peak  at  the  end 

suction  is  also  observed  (Salamonsen  et  al. 2015; 

of  systole,  followed  by  a  plateau  throughout  the 

Mason  et  al. 2008). 

rest  of  the  cardiac  cycle.  In  case  of  the  higher 

These  changes  in  the  pressure  at  the  inflow  and 

ventricular  contractility  of  the  RCM,  a  systolic 

outflow  of  the  LVAD  during  suction,  ultimately 

peak  is  observable  following  the  diastolic  plateau. 

also  cause  changes  in  the  LVAD  signals.  Signifi-

In addition to the patterns shown in Fig. 8, ascrib-

cant  alterations  in  the  waveforms  are  observed  for 

able  to  different  left  ventricular  residual  function, 

the  LVAD  estimated  pump  flow,  current  and 

other LVAD signal patterns can be found in patients. 

power  uptake  when  comparing  suction  and 

In particular, some patients  show a low-flow plateau 

non-suction  simulations  (Vollkron  et  al. 2006; 

that  persists  over  more  than  one  cardiac  beat,  ulti-

Hayward  et  al. 2015; Karantonis  et  al. 2006).  In 

mately  resulting  into  a  prolonged  suction  event 

Fig. 8,  the  aforementioned  waveforms  are 

(Vollkron  et  al. 2006;  Gross  et  al.  2020a). 
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Characteristic  suction  patterns  can  be  found 

pressure,  followed  by  a  second  drop  with  a  higher 

also  in  the  LVAD  speed  waveform.  In  normal 

amplitude  at  the  onset  of  the  suction  event  due  to 

conditions,  a  drop  in  the  speed  is  observed  in 

the  abrupt  reduction  of  Papex. 

systole  due  to  the  change  of  torque  on  the  impeller 

Figure  8  Hemodynamic  and  LVAD  data  with 

provoked  by  the  increase  in  the  head  pressure. 

and  without  suction  obtained  in  vitro  for  a  simu-

This  drop  is  then  followed  by  a  sharp  rise  at  the 

lated  dilated  cardiomyopathy  (DCM)  profile,  and 

end  of  systole  due  to  the  action  of  the  motor 

a  restrictive  cardiomyopathy  (RCM)  with  a  LVAD 

controller  implemented  in  the  pump.  In  case  of 

speed  of  2800  rpm.  In  the  first  row,  the  pressure  of 

suction,  a  different  LVAD  speed  pattern  is 

the  left  ventricle  (Plv,  blue),  pressure  of  the  apex 

observed  in  the  simulated  DCM  and  RCM 

(Papex,  orange),  the  pressure  of  the  aorta  (Pao, 

(Fig. 8). In  case  of  a  low  residual  contractility  of 

yellow),  and  the  pressure  of  the  left  atrium  (Pla, 

the  left  ventricle,  the  LVAD  speed  is  characterized 

purple)  are  shown.  The  corresponding  pump  data 

by  an  initial  drop  with  a  higher  amplitude  com-

are  plotted.  In  particular,  the  power  uptake,  the 

pared  to  the  non-suction  waveform.  This  LVAD 

current,  the  estimated  pump  flow,  and  the  speed 

speed  drop is due  to the  abrupt  reduction of  Papex, 

are  shown  in  the  second,  third,  fourth,  and  fifth 

that ultimately translates into  a high increase in the 

rows  (Rocchi  et  al. 2021) 

pressure  head.  The  compensation  action  of  the 

In  Fig. 9  the  transition  from  normal  hemody-

motor  controller  then  causes  an  increase  in  the 

namic  to  suction  in  a  simulated  progressive  hypo-

LVAD  speed.  In  case  of  a  higher  contractility,  a 

volemia is  showed both for  a DCM and a RCM. For 

first  drop  in  the  speed  is  observed  at  the  beginning  both  patients’  profiles,  LVAD  flow  waveforms  are 

of  systole  due  to  the  increase  in  the  ventricular 

characterized  by  a  decrement  in  the  flow  pulsatility

Fig.  9  Progressive  hypovolemia  obtained  in  vitro  for  a  simulated  profile  of  dilated  cardiomyopathy  (DCM)  and restrictive  cardiomyopathy  (RCM) 
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as  hypovolemia  progresses,  until  the  onset  of 

(hypovolemia,  tachycardia,  right  ventricular  failure, 

suction.  However,  the  difference  between  the  max-

and  vasodilation).  The  results  of  this  study  showed 

imum and minimum pump flow is more pronounced 

how  reducing  the  LVAD  speed  has  no  positive 

in  case  of  the  DCM  compared  to  the  RCM.  This  is 

impact/or  limited  beneficial  impact  on  the  hemody-

due  to  the  higher  contractility  of  the  left  ventricle 

namic  condition  of  the  patient,  even  while  mitigat-

simulated  in  case  of  the  RCM.  Indeed,  a  higher 

ing  suction.  As  such,  a  management  plan  tailored  to 

pulsatility in  the left  ventricular  pressure  is  observed 

the  underlying  cause  of  suction  was  proposed  as 

in  case  of  the  RCM  which  generates  a  higher 

showed  in  Fig. 10. 

pulsatility  in  the  flow  waveform. 

These  results  evidence  the  wide  variability  of  the 

suction  phenomenon  that  can  have  increasing  levels 

Exercise 

of  severity,  resulting  in  more  negative  and  time 

prologued low-pressure levels at the inflow cannula, 

Given  the  increasing  use  of  LVADs  for  destination 

ultimately  causing  progressively  lower  LVAD  flow 

therapy  or  bridge  to  transplantation,  it  has  become 

levels  for  longer  duration.  The  ventricular  mechan-

more  and  more  important  to  address  the  hemody-

ical  properties  also  influence  suction  phenomenol-

namic  performance  of  this  therapy  also  during 

ogy  since  they  strongly  affect  the  features  observed 

exercise  condition.  This  is  to  assure  a good  quality 

in  the  LVAD  signals  (e.g.,  rises,  decays,  slopes,  and 

of  life  to  patients  but  also  to  allow  the  implemen-

amplitude).  A  comprehensive  investigation  of  these 

tation  of  exercise  based  cardiac  rehabilitation  pro-

features  and  relative  variability  is  an  important  step 

grams,  to  support  the  improvement  of  the  general 

towards  the  development  and  testing  of  more  effec-

patient  condition. 

tive  and  sophisticated  suction  detection  algorithms, 

Maximal  exercise  capacity  is  commonly  mea-

that  would  ultimately  aim  at  resolving  suction  or 

sured  during  supervised  bicycle  tests  and  is 

even  better  at  preventing  it  (Vollkron  et  al. 2004). 

expressed  as  peak  oxygen  consumption  (VO2p). 

Other  methods  are  used  to  assess  the  submaximal 

exercise  capacity  as  the  6-min  walking  test,  an 

Therapeutic  Management  in  Case 

easier  test  to  be  conducted  but  rarely  accompanied 

of  Suction 

by  hemodynamic  measurements  (Del  Buono  et  al. 

2019). For  this  reason,  this  paragraph  will  focus 

Suction  events  can  have  multiple  underlying  patho-

only  on  studies  including  maximal  bicycle  exer-

physiological 

circumstances. 

Namely, 

hypo-

cise  tests  that  convey  information  about  patient’s 

volemia,  vasodilation,  right  ventricular  failure  or 

hemodynamic  status  and  LVAD  performance. 

tamponade,  LVAD  inflow  cannula  obstruction  pos-

Exercise  capacity  is  usually  impaired  in  the 

sibly due to a  non-optimal  positioning of  the LVAD, 

heart  failure  population  as  a  result  of  a  multi-

high  LVAD  speed,  or  a  combination  of  the  previous 

system  dysfunction,  including  impaired  cardiac 

conditions.  Currently  there  is  not  a  defined  protocol 

and  respiratory  reserves,  reduced  muscular  perfu-

to  manage  such  patients.  Possible  interventions  are 

sion  and/or  function,  and  other  comorbidities.  As 

pump  speed  change  and  adjustment  of  the  medical 

a  result,  exercise  intolerance  is  a  hallmark  of  heart 

management.  The  Incor  (Berlin  Heart,  Berlin,  Ger-

failure  and  retains  important  prognostic  informa-

many)  and  Heartmate  III  (Abbott  Laboratories,  IL) 

tion  on  the  quality  of  life  and  mortality  (Del 

are  provided  with  algorithms  that  temporary  reduce 

Buono  et  al. 2019). Similarly,  exercise  capacity, 

the  pump  speed  when  a  condition  close  to  suction  is 

measured  as  percentage  of  the  expected  VO2p 

identified.  However,  the  impact  of  speed  reduction 

according  to  age,  gender,  and  weight  (VO2%) 

on  suction  avoidance  and  hemodynamic  stability  is 

attains  around  46%  in  LVAD  patient.  Exercise 

limited.  Rocchi  et  al.  (2022)  conducted  a  simulation 

limitation  is  due  to  complex  and  multiorgan 

study  to  compare  the  effect  of  different  therapeutic 

impairments  (Loyaga-Rendon  et  al. 2015)  and 

interventions  to  LVAD  speed  reduction  in  multiple 

has  a  prognostic  value  for  long-term  survival 

pathophysiological  conditions  leading  to  suction 

after  LVAD  implantation  (Dorken  Gallastegi

[image: Image 46]
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Fig.  10  A  qualitative  decisional  tree  to  support  the  identification  of  a  therapeutic  intervention  based  on  the  underlying pathophysiological  cause  of  suction  events  (Rocchi  et  al. 2022) 

et  al. 2022).  The  LVAD  therapy  elicits  no  signif-

by  Heartmate  II,  Heartmate  III,  and  HVAD 

icant  improvement  of  exercise  capacity  (Dunlay 

devices  running  at  their  baseline  speeds.  It  is 

et  al. 2014; Rosenbaum  et  al. 2018)  or  limited  one 

therefore  a  heterogenous  summary  of  the  main 

when 

compared 

to 

heart 

transplantation 

findings  on  exercise  physiology,  but  it  carries 

(Grosman-Rimon  et  al. 2020)  so  that  VO2p  usu-

general  information  about  how  the  cardiovascular 

ally  remains  under  14  ml/kg/min. 

system  accommodates  the  increase  in  cardiac  out-

This  lack  of  substantial  improvement  in  exer-

put  needed  during  physical  exertion.  We  discuss 

cise  capacity  has  raised  the  interest  of  the  clinical 

each  variable  in  the  following  paragraphs. 

and  scientific  community  on  the  interaction 

Heart  rate  (HR)  typically  increases  during 

between the device  and the patient  during physical 

exercise  as  the  result  of  the  sympathetic  over-

exertion  (Kerrigan  et  al. 2022).  The  design  and 

stimulation,  vagal  withdrawal  and  the  stimulation 

development  of  an  LVAD  is  usually  conducted 

of  catecholamines  on  the  sinoatrial  node.  The 

considering  the  average  status  of  the  patient  at 

peak  heart  rate  a  subject  is  expected  to  achieve  at 

rest  as  hemodynamic  target.  This  translates  into 

maximal  exertion  depends also on the age linearly, 

a  cardiac  output  of  5.0  L/min  and  arterial  pressure 

with 

some 

correction 

factors 

in 

case 

of 

of  70–90  mmHg.  Hence,  from  a  hemodynamic 

β-adrenergic  blockade  therapy  administration 

point  of  view,  the  LVAD  is  not  properly  optimized 

(Keteyian  et  al. 2012). Heart  failure  patients  usu-

to  work  under  exercise  conditions,  where  a  major 

ally  do  not  achieve  the  predicted  peak  heart  rate 

increase  in  cardiac  output  is  desirable  for  a  con-

and  show  overall  a  poor  chronotropic  response, 

comitant  increasing  arterial  pressure  to  better  per-

due  to  the  reduced  β-receptors  density  and  sensi-

fuse  the  contracting  muscles. 

tivity  in  presence  of  chronic  high  levels  of  cate-

In  Table  1  the  main  hemodynamic  changes 

cholamines  (Colucci  et  al. 1989).  For  a  peak  HR 

observed  in  LVAD  patients  performing  maximal 

less  than  80%  of  the  expected  value,  the  patient  is 

exercise  tests  are  listed.  These  values  are  obtained 

labelled  as  chronotropic  incompetent,  a  condition 

as  an  average  of  the  hemodynamic  measurements 

usually  associated  with  exercise  intolerance  and 

reported  in  different  studies,  on  patients  supported 

increased  mortality  (Brubaker  and  Kitzman
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Table  1  Hemodynamic  changes  observed  in  LVAD 

pulmonary  arterial  pressure  (ΔPAPm),  LVAD  flow,  total 

patients  undergoing  maximal  exercise  tests.  Data  refer 

cardiac  output  (ΔCO).  Data  of  peak  O2  consumption 

to  changes  in  heart  rate  (ΔHR),  mean  systemic  arterial 

(VO2p)  and  its  percentage  age,  sex  predicted  value  are 

pressure  (ΔMAP),  mean  right  atrial  pressure  (ΔRAP), 

also  reported 

pulmonary  capillary  wedge  pressure  (ΔPCW),  mean 

Maximal 

exercise

Value

Units

References 

ΔHR

+37  ±  13

bpm

Dunlay  et  al. (2014), Rosenbaum  et  al.  (2018),  Grosman-Rimon  et  al. 

(2020),  Kerrigan  et  al. (2022), Fresiello  et  al.  (2020),  Gross  et  al.  (2019a), 

Moss  et  al. (2020), Jacquet  et  al. (2011),  Schmidt  et  al.  (2018),  Martina et  al.  (2013),  Brassard  et  al.  (2011), Lai  et  al. (2020), Muthiah  et  al. 

(2015),  Andersen  et  al. (2010) 

ΔMAP

+8.5  ±  4.0

mmHg

Fresiello  et  al.  (2020),  Moss  et  al. (2020), Jacquet  et  al. (2011),  Martina et  al.  (2013),  Lai  et  al. (2020), Muthiah  et  al. (2015) 

ΔRAP

+10.2 ±  4.5 

mmHg

Gross  et  al. (2019a),  Moss  et  al. (2020), Lai  et  al. (2020), Muthiah  et  al. 

(2015) 

ΔPCW

+12.0 ±  5.5 

mmHg

Moss  et  al. (2020), Jacquet  et  al. (2011),  Lai  et  al.  (2020),  Muthiah  et  al. 

(2015) 

ΔPAPm

+13.3 ±  4.3 

mmHg

Moss  et  al. (2020), Jacquet  et  al. (2011),  Brassard  et  al. (2011),  Andersen et  al.  (2010) 

ΔLVADflow 

+1.1  ±  0.4

L/min

Gross  et  al. (2019a),  Martina  et  al. (2013), Lai  et  al. (2020), Muthiah  et  al. 

(2015) 

ΔCO

+3.8  ±  2.1

L/min

Moss  et  al. (2020), Andersen  et  al.  (2010) 

VO2p

13.1  ±  2.7

ml/kg/min 

Dunlay  et  al. (2014), Grosman-Rimon  et  al. (2020),  Fresiello  et  al. (2020), 

Gross  et  al. (2019a) 

%VO2p

46  ±  6

%

Del  Buono  et  al. (2019), Dunlay  et  al.  (2014),  Kerrigan  et  al. (2022), 

Martina  et  al.  (2013) 

Age

52  ±  8

years

Dunlay  et  al. (2014), Rosenbaum  et  al. (2018),  Grosman-Rimon  et  al. 

(2020),  Fresiello  et  al.  (2020),  Gross  et  al. (2019a),  Moss  et  al. (2020), Jacquet  et  al.  (2011), Schmidt  et  al. (2018), Brassard  et  al. (2011),  Lai et  al.  (2020),  Muthiah  et  al.  (2015),  Andersen  et  al. (2010) Pump  type

Heartmate  II  (Dunlay  et  al. 2014; Rosenbaum  et  al. 2018;  Gross  et  al. 2019a; Moss  et  al. 2020;  Jacquet et  al. 2011;  Schmidt  et  al. 2018; Andersen  et  al. 2010;  Kerrigan  et  al. 2016), Heartmate  III  (Baskurt  et  al. 

2007;  Zayat  et  al. 2019;  Fang  et  al. 2022),  HVAD  (Rosenbaum  et  al. 2018; Grosman-Rimon  et  al. 2020; 

Fresiello  et  al. 2020; Gross  et  al. 2019a;  Moss  et  al. 2020; Schmidt  et  al. 2018;  Lai  et  al. 2020;  Muthiah et  al. 2015;  Kerrigan  et  al. 2016)

2011).  In  LVAD  patients,  HR  response  shows  a 

device  pumping  system.  In  healthy  subjects 

significant  improvement  after  the  device  implan-

performing  a  maximal  exercise,  the  cardiac 

tation, 

but 

too 

modest 

to 

normalize 

the 

index  increases  3.2-fold  as  the  result  of  a  2.5-

chronotropic  incompetence  of  the  underlying 

fold  increase  in  HR,  and  1.4-fold  increase  in 

heart  failure  condition  (Grosman-Rimon  et  al. 

stroke  volume  index  (Higginbotham  et  al. 1986). 

2020).  Chronotropic  incompetence  in  LVAD 

In  a  heart  failure  population,  the  impact  of  HR  on 

patients  was  reported  in  several  studies  and  corre-

cardiac  output  is  expected  to  be  even  more  signif-

lations  were  found  between  the  HR  reserve  (max-

icant,  given  the  reduced  capability  of  the  myocar-

imal  HR–resting  HR)  and  VO2p  as  well  as 

dium  in  accommodating  a  higher  stroke  volume 

between  the  predicted  HR  reserve  and  the  % 

(Brubaker  and  Kitzman  2013).  For  the  LVAD 

VO2p  (Grosman-Rimon  et  al. 2020; Fresiello 

population,  an  increase  in  HR  should  result  in  a 

et  al. 2020;  Mirza  et  al. 2020). This  suggests  a 

concomitant  increase  of  the  systole-to-diastole 

dependency  of  exercise  capacity  on  HR  in  LVAD 

ratio,  that  ultimately  translates  into  more  time 

patients,  but  it  is  not  trivial  to  quantify  such  an 

spent  in  systole  (at  a  higher  LVAD  flow  rate) 

effect,  given  the  complexity  of  the  native  heart-

than  in  diastole  (at  a  lower  LVAD  flow  rate). 
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This  would  intuitively  hint  at  an  increase  in  the 

Concerning  the  role  of  the  right  ventricle  in 

average  LVAD  flow,  but  clinical  evidence  don’t 

limiting  exercise  physiology,  several  studies  have 

support  this  postulate,  as  no  dependency  between 

looked  into  correlations  between  VO2p  and  param-

the  HR  and  pump  flow  has  been  found  in  subjects 

eters  related  to  the  right  ventricular  function.  Some 

during  increased  pacing  (Muthiah  et  al. 2014). 

studies  reported  significant  correlations  while  some 

The  study  was  conducted  at  rest  condition,  and  it 

others  did  not  show  dependency  of  VO2p  on  right 

would  be  interesting  to  assess  if  cardiac  pacing 

ventricular  functional  parameters  or  pressure  values 

during  exercise  might  elicit  different  conclusions. 

(Grosman-Rimon  et  al. 2020;  Fresiello  et  al. 2020; 

Also,  HR  might  play  an  important  role  in 

Mirza  et  al. 2020;  Kondo  et  al. 2021). If  we  narrow 

supporting  the  right  ventricle  in  coping  with  the 

the  analysis  to  the  hemodynamic  of  the  pulmonary 

increase  of  flow  from  both  the  LVAD  and  the 

circulation,  reported  in  Table  1,  we  notice  a  general 

native  left  ventricle  at  exercise.  Given  the  com-

increase in right atrial pressure (RAP), mean pulmo-

plex  physiological  system  of  native  ventricle  + 

nary  arterial  pressure  (PAPm)  and  pulmonary  capil-

LVAD,  dedicated  clinical  investigations  should 

lary  wedge  pressure  (PCW)  in  LVAD  patients 

be  performed  to  better  quantify  the  effect  of  HR 

performing  exercise.  In  most  of  these  studies,  the 

on  cardiac  output  and  in  turn  on  VO2p. 

PAPm  reaches  values  above  30  mmHg  at  maximal 

Mean  blood  pressure  (MAP)  is  in  general  terms 

exercise  (Moss  et  al. 2020;  Jacquet  et  al . 2011;  Lai  

the  result  of  the  product  of  cardiac  output  and  sys-

et  al. 2020; Andersen et al. 2010). The augmentation 

temic vascular resistance (CO × SVR). During exer-

in  PAPm  is  accompanied  by  a  similar  one  in  PCW, 

cise,  SVR  is  expected  to  decrease  as  a  result  of  the 

so  that  the  overall  transpulmonary  gradient  does  not 

considerable  vasodilation  occurring  in  the  arterioles 

vary  significantly  from  rest  to  exercise  (Andersen 

supplying  exercising  muscles  (Sullivan  et  al. 1989). 

et  al. 2010).  The  abrupt  increase  in  PCW  with 

On  the  other  hand,  CO  increases  up  to  a  level  that 

exercise  has  been  reported  to  be  steeper  in  LVAD 

predominates  over  the  drop  in  SVR,  overall  induc-

patients  than  in  heart  failure  and  healthy  subjects 

ing  an  increase  in  MAP.  In  healthy  subjects   (Hayward et al. 2016). Hypotheses on the reasons of performing  maximal  exercise,  MAP  increase  is 

this  phenomenon  have  been  formulated  that  involve 

about  25  mmHg (Holland et al. 2008)  and  it  is 

the  diastolic  filling  of  the  left  ventricle.  The  LVAD 

largely  attributable  to  the  increase  in  systolic  pres-

operates  a  mechanical  unloading  so  the  ventricular 

sure,  while  the  diastolic  pressure  remains  mostly 

chamber  volume  becomes  smaller.  Over  time,  this 

unchanged  (Ambardekar  et  al. 2015).  In  LVAD 

induces  a  reverse  remodeling  of  the  myocardial 

patients  the  increase  in  MAP  observed  is  more 

tissue  at  a  structural,  cellular,  and  molecular  level, 

modest  (8.5  ±  4.0  mmHg  Table  1), indicating  a 

resulting  into  a  stiffening  of  the  ventricular  diastolic 

different  evolution  of  CO  and  SVR  at  exercise. 

function  (Burkhoff  et  al. 2021).  In  this  situation,  the 

The  SVR  reduces  to  55–60%  of  its  baseline  resting 

left  ventricle  works  in  a  steeper  pressure-volume 

value  in  upright  maximal  bicycle  test  (Moss  et  al. 

characteristic  at  diastole,  so  that  for  an  increase  in 

2020; Jacquet et al. 2011; Martina et al. 2013) and to  

venous return, occurring during exercise, ventricular 

84%  in  supine  maximal  bicycle  test  (Ambardekar 

pressure  increases  substantially  (Fresiello  et  al. 

et  al. 2015).  The  observed  vasodilation  is  more 

2017). This  hypothesis  could  justify  the  increase  in 

constrained  than  what  measured  in  healthy  subjects, 

PCW  observed  for  concomitant  rather  unvaried 

and  in  line  with  the  tendency,  observed  in  heart 

end-diastolic  ventricular  diameters  at  exercise 

failure  patients,  of  peripheral  maladaptation  (Sulli-

(Muthiah  et  al. 2015). 

van  et  al. 1989). This  impaired  vascular  response 

The  increase  in  PCW  hints  to  an  increase  in 

denotes  the  incapability  of  the  LVAD  to  reverse 

ventricular  end-diastolic  pressure,  that  helps  reduc-

abnormalities  in  the  peripheral  vasculature  of  heart 

ing  the  pump  head  in  diastole.  In  this  regard,  Gross 

failure  subjects,  and  probably  even  the  tendency  to 

et  al. (2020b)  reported  an  increase  in  HVAD  dia-

exacerbate  some  of  them  due  to  the  lack  of 

stolic  flow  in  most  of  the  patients  performing 

pulsatility  in  the  arteries  (Ambardekar  et  al. 2015; 

upright  maximal  exercise.  Interestingly,  this  clinical 

Hayward  et  al. 2016). 

study  reported  also  an  augmentation  of  LVAD  flow
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in  systole,  indicating  a  reduced  pressure  difference 

These  clinical  investigations  have  the  common 

between  the  aorta  and  the  left  ventricle  during  car-

limitations  to  impose  a  same  LVAD  speed  step 

diac  contraction  at  exercise.  Similarly,  other  clinical 

change  across  the  patient  cohort,  regardless  specific 

investigations  have  reported  that  the  left  ventricle 

hemodynamic  needs.  It  is  likely  that  such  a  stan-

tends  to  eject  more  and  the  aortic  valve  is  more 

dardized  approach,  that  neglects  patient  specific 

likely  to  open  at  exercise  (Gross  et  al. 2019a). Phys-

condition  and  its  evolution  when  transitioning 

ical  exertion  increases  venous  return  and  stimulates 

from  rest  to  exercise,  provides  a  sub-optimal  hemo-

the  residual  positive  inotropic  response  in  the 

dynamic  therapy.  Interestingly,  Stapor  et  al.  (2022) 

assisted  ventricle,  two  phenomena  that  elicit  an 

conducted  a  study  where  the  LVAD  speed  was 

increase  in  ventricular  pressure  in  systole.  When 

optimized  during  the  exercise  test  with  the  support 

this  pressure  exceeds  the  aortic  one,  the  ventricle 

of echocardiography, with the goal to keep the aortic 

can eject directly through the aortic valve. In support 

valve  opening  ratio  between  25%  and  33%.  This 

of  this,  we  can  consider  the  average  changes  in 

approach  allowed  the  researchers  to  safely  increase 

flows  during  exercise  reported  in  Table  1:  total   the  HVAD  speed  of  an  average  +540  rpm,  overall cardiac output (CO) augments of +3.8 L/min against 

resulting  into  a  25%  increase  in  VO2p. 

a +1.1 L/min  increase in LVAD  flow.  The difference 

Indeed,  patients  can  show  different  hemody-

between  the  two  changes  is  attributable  to  the  left 

namic responses  to exercise, depending on a numer-

ventricle that starts to eject or augment its flow to the 

ous  muscular,  cardiovascular  and  respiratory  factor. 

systemic  circulation  during  exerc ise. 

These  variegate  responses  translate  into  different 

It  goes  without  saying  that  this  discrepancy 

LVAD  flow  adaptations.  The  majority  of  patients 

between  the  need  for  higher  CO  accommodation 

exhibit  an  increase  in  LVAD  flow  both  at  systole 

and  the  relatively  constrained  increase  in  LVAD 

and  at  diastole  at  exercise,  but  some  patients  show 

flow  has  roused  the  interest  of  several  groups.  The  an  increase  in  LVAD  flow  only  at  systole  (Gross 

main  questions  they  tried  to  answer  is  if  an  increase 

et al. 2020b). To sort out the reasons behind different 

in  LVAD  speed  during  exercise  could  better  support 

LVAD  flow  trends  and  understand  the  effect  of 

hemodynamics,  thus  contributing  to  augmented  CO 

LVAD  speed  modulation  during  exercise,  a  mecha-

and  in  turn  VO2p.  Several  protocols  on  how  to   nistic  cardiorespiratory  simulator  was  used  (Gross 

modulate  LVAD  speed  were  developed  for  the  pur-

et  al. 2019b;  Fresiello  et  al  2021).  A  myriad  of 

pose:  reduced  LVAD  speed  versus  baseline  LVAD 

factors  was  investigated  and  the  foremost  one 

speed (Jakovljevic et al. 2010;  Noor  et  al  . 2012), 

resulted  to  be  the  residual  left  ventricular  function. 

baseline  LVAD  speed  versus  stepwise  increasing 

According  to  Gross  et  al.  simulations,  the  same 

speed  (Brassard  et  al. 2011;  Jung  et  al. 2014; 

increase  in  LVAD  speed  would  elicit  much  more 

Fresiello  et  al. 2016),  reduced  LVAD  speed  versus 

benefits  into  a  patient  with  poor  inotropic  response 

increased  speed  (Salamonsen  et  al. 2013). Results 

compared  to  a  patient  with  a  good  residual  left 

were  not  unanimous  as  in  some  studies  a  significant 

ventricular  function  (Gross  et  al. 2020b).  This  sim-

increase  in  VO2p  was  reported  as  the  effect  of 

ulation  outcome  is  confirmed  also  by  clinical 

increasing  LVAD  speed  above  the  baseline  value 

observations  of  Noor  et  al. (2012)  that  a  drop  in 

during  cycling  (Jakovljevic  et  al. 2010;  Noor  et  al. 

LVAD speed below baseline impairs exercise capac-

2012;  Jung  et  al . 2014;  Salamonsen  et  al. 2013), in 

ity  in  patients  with  poorer  left  ventricular  function, 

other  studies  no  benefits  were  noticed  (Noor  et  al. 

not  capable  to  compensate  for  the  reduced  pump 

2012;  Fresiello  et  al. 2016).  The  observed  impact  of 

support. 

increasing  LVAD  speed  versus  baseline  speed  on 

A  final  comment  should  be  spent  on  the  type  of 

VO2p  was  always  below  10%  (Jung  et  al. 2015; 

rotary  blood  pump  that  would  better  support  exer-

Fresiello  et  al. 2016; Salamonsen  et  al. 2013; 

cise,  based  on  its  pressure-flow  characteristic.  Ded-

Mezzani  et  al. 2014).  A  higher  improvement  of 

icated  clinical  studies  on  the  differences  in  exercise 

VO2p  was  noticed  only  when  comparing  cycling 

tolerance  between  axial  and  centrifugal  LVADs 

at  baseline  LVAD  speed  versus  reduced  speed 

patients  are  missing  but  some  hypotheses  have 

(Jakovljevic  et  al. 2010). 

been  formulated  based  on  the  hemodynamic

78
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adaptations  observed  in  exercising  patients.  A  cen-

especially  important  in  determining  optimized 

trifugal  pump,  with  flatter  pressure-flow  curves, 

LVAD  speed  control  algorithms  to  enable  aortic 

should  produce  a  higher  flow  increase  compared  to 

valve  opening  and  achieving  regular  transaortic 

an  axial  pump,  as  the  result  of  the  reduced  pressure 

flow,  which  is  necessary  to  achieve  washout  of  the 

head  at  exercise  (Gross  et  al. 2019b).  This  theory 

aortic  root.  Considerations  regarding  blood  viscos-

was assessed in an in-silico simulator comparing the 

ity  and  its  association  with  power  and  LVAD  flow 

performance  of  a  HeartMate  II  and  of  a  ReinVAD 

were  also  discussed.  An  important  factor  in  LVAD 

GmbH  similar  pressure-flow  characteristics  pumps 

performance  is  balance  between  preload,  afterload 

(Jung  and  Gustafsson  2015).  The  study  showed  the 

and  LVAD  speed,  especially  in  the  context  of  suc-

benefit  of  a  pressure-sensitive  LVAD,  namely  a 

tion  events.  We  describe  in  detail  the  phenomeno-

pump  with  flatter  pressure-flow  characteristics,  in 

logical  contributions  towards  LVAD  suction  and 

supporting  exercise.  Clinical  studies  on  exercise 

measures  to  monitor  and  avoid  suction.  Further-

capacity  in  LVAD  patients,  performing  sub-group 

more,  exercise  physiology  for  LVAD  patients  is  an 

analysis  on  the  type  of  device  have  reported  no 

important  factor  to  achieve  quality  of  life.  These 

differences  among  axial  flow  pumps  (HeartMate 

limiting  factors  should  be  addressed  clinically  as 

II)  versus  centrifugal  flow  pumps  (HeartWare, 

they  are  concomitant  causes,  together  with  a 

DuraHeart,  and  HeatMate  III)  (Grosman-Rimon 

non-optimized  LVAD  therapy,  to  a  poor  exercise 

et  al. 2020;  Kerrigan  et  al. 2022).  Surprisingly, 

performance.  Inter-subject  diversities  are  observed 

Moss  et  al.  reported  higher  LVAD  flow  and  CO 

in  terms  of  chronotropic,  inotropic,  and  vascular 

and  better  VO2p  in  patients  assisted  by  HeartMate   responses,  ultimately  affecting  the  interaction 

II  compared  to  those  assisted  by  HeartMate  III  and 

patient-LVAD  at  a  hemodynamic  level.  These  dif-

HVAD.  Overall,  it  has  to  be  underlined  that  these 

ferences  should  be  taken  into  account  when  aiming 

between-pumps  clinical  comparisons  usually  rely 

at  optimizing  the  LVAD  hemodynamic  support  dur-

on  rather  small  sub-groups.  Moreover,  for  some 

ing  exercise,  and  more  specifically,  at  developing 

studies  a  type  of  device  is  preferably  implanted  in 

LVAD  speed  control  algorithms  (Fresiel lo et al

a  specific  class  of  patient,  thus  creating  biases  when 

2021). 

comparing  exercise  intolerance  in  receivers  of  dif-

ferent  pump models (Gross et al. 2019a). To  con-

Competing  Interest  Declaration  The  author(s)  has  no 

clude,  exercise  limitation  in  LVAD  patient  is  the 

competing  interests  to  declare  that  are  relevant  to  the  con-

tent  of  this  manuscript. 

result  of  multiple  complex  phenomena  and  of 

multi-organ  impairments  involving  the  muscular, 

cardiac,  and  respiratory  systems. 
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Abstract 

therapeutic  option  for  the  treatment  of  patients 

Nowadays,  durable  mechanical  circulatory 

with  end-stage  heart  failure.  These  devices  can 

support  (MCS)  in  form  of  ventricular  assist 

support  patients  waiting  for  a  suitable  donor 

devices 

(VADs) 

represents 

a 

successful 

(bridge  to  transplant)  or  non-transplant  candi-

dates  failing  medical  therapy  (as  destination 

therapy).  Over  the  past  several  decades,  vari-

ous 

innovations 

and 

concepts 

were 
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implemented  and  tested.  First  generation  of 
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VADs  (e.g.,  TCI  HeartMate,  Novacor  N100) 

consisted  of  large  pumps  with  complex 
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mechanical  systems  that  generated  a  pulsatile 
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flow  to  match  the  physiological  hemodynam-

ics  as  good  as  possible.  However,  these  pumps 

DZHK  (German  Centre  for  Cardiovascular  Research), 

were  plagued  with  high  complication  rates. 
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Subsequent  generations  of  rotational  blood 

moving  parts  made  the  pump  subject  to  tear  and 

pumps  were  smaller,  allowed  intrathoracic 

wear  and  reduced  the  device’s  durability  (Dasse 

implantation,  and  required  only  a  fraction  of 

et  al. 1987). 

power,  which  resulted  in  a  huge  improvement 

The  Novacor  (World  Heart  Inc.,  Oakland,  CA, 

in  the  quality  of  life  for  patients.  Nonetheless, 

USA),  a  similar  volume-displacing,  electromag-

different  complications  such  as  thrombosis, 

netically  driven  LVAD  without  surface  texturing, 

infection,  or  bleeding  still  occur  frequently. 

was  first  implanted  in  1984  (Portner  et  al. 1989). 

Wireless  energy  transfer  to  avoid  infections, 

Both  devices  were  bulky  and  required  a  large 

preservation  of  pulsatile  blood  flow,  or  endo-

preperitoneal  pocket.  While  the  goal  was  to  pro-

thelialization  of  the  inner  surfaces  of  the  pump 

vide  long-term  support  for  patients  not  eligible  for 

to  increase  hemocompatibility  are  just  few 

HTX,  yet  similarly  to  the  XVE  the  durability 

examples  of  the  latest  promising  research  pro-

limited  its  service  life.  These  shortcomings  were 

jects.  At  last,  at  the  pinnacle  of  LVAD  stands 

addressed  by  the  continuous-flow  devices  devel-

the  idea  of  a  fully  self-regulating  smart-pump 

oped  in  the  1990s.  The  new  era  began  when  a 

with  incorporated  sensors  enabling  the  pump 

Berlin-based  team  implanted  the  continuous-flow 

to  adequately  adjust  to  the  patient’s  momentary 

MicroMed  DeBakey  LVAD  (MicroMed  Technol-

physiologic  needs. 

ogy,  The  Woodlands,  TX)  (Potapov  et  al. 2000), 

developed  under  the  supervision  of  M.  DeBakey, 

Keywords 

for  the  first  time  in  November  1998.  The  follow-

ing years  saw  the development  of the HeartMate II 

Mechanical  circulatory  support  ·  LVAD  · 

(Thoratec  Corp.,  Pleasanton,  CA)  and  the  Jarvik 

History  ·  Innovations 

2000  (Jarvik  Heart,  Inc.;  New  York,  NY,  USA). 

All  these  pumps  had  only  one  moving  part,  inher-

ently  increasing  their  mechanical  safety,  and  were 

Introduction 

smaller  than  displacement  pumps  because  there 

was  no  need  for  a  displacement  chamber.  Follow-

The  first  implantable  device  to  be  allowed  for 

ing  the  initial  euphoria,  this  continuous-flow 

clinical  practice  by  the  Food  and  Drug  Adminis-

pump’s  main  problem  was  recognized:  pump 

tration  was  the  pulsatile,  volume-displacing, 

thrombosis  mainly  in  the  area  of  the  mechanical 

pneumatically  driven  Thermo  Cardiosystems 

bearings  (friction,  heat  development,  limited 

(TCI) 

HeartMate 

LVAD 

(Thoratec 

Corp., 

washout,  and  stagnation  area). 

Woburn,  MA,  USA)  back  in  1994,  firstly 

implanted  in  1986.  With  a  highly  innovative 

titanium-textured  internal  surface  combined  with 

Past  Experiences 

a  textured  polyurethane  velour  membrane,  the 

pump  was  able  to  run  with  a  low  level  of  anti-

A  first  step  in  the  right  direction  was  the  intro-

coagulation  through  the  formation  of  a  pseudo-

duction  of  full  magnetic  levitation  in  the  Berlin 

neointima  –  a  biological  thin  layer  covering  both 

Heart  INCOR  (Berlin  Heart  GmbH,  Berlin  Ger-

the  metallic  and  fabric  surfaces  of  the  pump, 

many;  axial  flow)  (Hetzer  et  al. 2004)  and  Dura-

although  unclear  if  the  intima  was  primarily 

Heart  LVADs  (Terumo  Corporation,  Shibuya-ku, 

formed  by  fibrin  polymerization  and  platelet  deg-

Tokyo,  Japan;  centrifugal  flow)  (Morshuis  et  al. 

radation  and  to  which  extent  endothelial  cells  as 

2010). Full  magnetic  levitation  aims  to  avoid  wear 

well  as  red  and  white  blood  cells  were  involved 

and  tear  of  the  rotor  in  order  to  prolong  the  pump’s 

(Harasaki  et  al. 1979).  In  the  next  version  of  the 

service  life  without  limit,  while  at  the  same  time 

pump,  which  was  first  implanted  in  1991,  the 

avoiding  thrombus  formation  in  the  blood  stagna-

pneumatic  driver  was  replaced  by  an  electrome-

tion  zone  around  the  mechanical  bearings.  The  full 

chanical  actuator  that  was  integrated  into  the 

magnetic  levitation  worked  as  expected,  but 

pump  (HeartMate  XVE),  thus  allowing  patient 

thrombi  trapped  in  the  gaps  between  the  impeller 

mobility  and  discharge  home;  however,  many 

and  the  housing  caused  hemolysis  and  pump
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dysfunction  (Schmid  et  al. 2005). The  DuraHeart 

until  2020  (Frazier  et  al. 2007). This  lesson  had  an 

LVAD  was  equipped  with  a  fully  magnetically  lev-

immediate  and  major  impact  on  MCS:  today,  all 

itated  impeller,  but  the  driving  motor  with  its  con-

continuous-flow  pumps  have  a  polished  impeller 

ventional  ball  bearings  led  to  mechanical  contact  of 

and  internal  housing,  except  for  HeartMate  3  with 

multiple  moving  parts  (balls  of  the  bearing),  which 

a  titan  sintered  housing. 

subsequently  limited  the  device’s  service  life.  The 

The  next  deadlock  development  was  hydro-

lesson  was  learned  and  Abbot  finally  succeeded  in 

magnetic  levitation,  which  is  possible  only  in 

developing  a  fully  magnetically  levitated,  continu-

centrifugal  pumps,  and  was  used  in  the  HeartWare 

ous  centrifugal-flow  pump  with  the  HeartMate3 

HVAD 

(HeartWare 

International, 

Inc, 

later 

(Abbott  Laboratories,  Chicago,  IL,  USA)  with 

Medtronic  [Medtronic,  Minneapolis,  MN,  USA]) 

only  one  moving  part,  no  mechanical  contacts, 

and  the  VentrAssist  LVAD  (Ventracor  Ltd., 

and  wide  gaps  to  prevent  pump  thrombosis  (Uriel 

Chatswood,  Australia).  The  small  gaps  required 

et  al. 2017;  Potapov  et  al. 2021a; Bourque  et  al. 

for  hydromagnetic  levitation  caused  the  same 

2016). 

problem  as  in  the  Incor  –  pump  thrombosis  with 

A  dead-end  development  was  the  sintering  of 

subsequent  hemolysis  and  need  for  pump 

the  whole  blood-contacting  surface.  Despite  the 

exchange  (Ozalp  et  al. 2014).  In  case  of  a  pump 

initial  success  in  the  TCI  HeartMate  LVAD  with  a 

stop,  hydrodynamic  bearings  have  to  overcome 

totally  textured  blood  contact  surface,  complete 

stiction  (static  friction),  which  requires  high 

coverage  of  the  inner  blood  contact  surface  of 

amounts  of  electric  energy.  In  rare  situations,  this 

rotary blood pumps  is not possible. An assessment 

may  lead  to  a  restart  failure,  as  became  evident  in 

of  explanted  pumps  did  not  show  uniform  cover-

the  HeartWare  HVAD. 

age  with  endothelium  or  other  biological  material, 

A  further  futile  design  was  the  idea  of  a 

but  rather  patchy  or  blotted  formations  or  even 

nuclear  power  source  as  an  alternative  energy 

uncontrolled  neointimal  growth  at  the  brim  of  the 

supply  for  artificial  hearts  and  VADs.  Given  the 

inflow  cannula. 

very  short  life  expectancy  of  batteries  at  the  time 

No  or  low  anticoagulation  could  and  cannot  be 

of  the  first  VADs  and  TAHs,  nuclear  fuels  such  as 

achieved  in  rotary  blood  pumps  because  of  the 

the  radioactive  isotope  Plutonium-238  with  a  high 

inevitable  activation  of  the  coagulation  system 

energy  density  and  long  half-time  were  expected 

due  to  high  shear  stresses  in  the  impeller  (Muslem 

to  provide  energy  for  the  entire  patient’s  lifetime 

et  al. 2018).  Polished  parts  are  unavoidable  in  this 

(Tchantchaleishvili  et  al. 2012). However,  there 

region  as  well  as  at  the  tip  of  the  cannula  to 

were  high  concerns  in  the  safety  and  technical 

prevent  loosening  of  microspheres  and  also  to 

feasibility  of  such  nuclear  batteries  as  well  as  a 

minimize  the  risk  of  endocardial  lesions  in  case 

negative  public  opinion  toward  those,  so  that  the 

of  severe  suction.  It  has  not  yet  been  investigated 

interest  in  nuclear  powered  VADs  and  TAH  faded 

whether  a  smooth  inner  surface  is  superior  to  a 

(Phillips  2015).  In  the  last  decade,  the  rising  inter-

sintered  surface  in  regions  with  undefined  or  high 

est  in  a  fully  implantable  device  without  the  need 

flow  velocities. 

for  a  driveline,  which  poses  a  high  risk  for  chronic 

The  first  generation  of  the  continuous-flow 

infections  and  tissue  trauma,  briefly  reawakened 

axial  HeartMate  II  LVAD  (Thoratec  Corp.,  later 

the  interest  in  a  nuclear  power  source. 

Abbott  Laboratories,  Chicago,  IL,  USA)  also  fea-

tured  a  completely  textured  inner  surface  (with 

exclusion  of  the  impeller),  but  first  clinical  cases 

Inflow  Cannula 

performed  in  2000  showed  an  uncontrolled  grow 

of  the  neointima  inside  of  the  pump  with  a  subse-

The  development  of  LVAD  inflow  cannulas  went 

quent  stop  of  the  impeller  rotation  and  pump 

from  polished  titanium  (introduced  by  MicroMed 

dysfunction  (Rose  et  al. 1994).  The  pump  was 

DeBakey  LVAD)  to  smooth  silicone  (INCOR  and 

redesigned  and  the  next  release  in  2003  showed 

VentrAssist)  all  the  way  to  textured  (HeartMate  II). 

very  good  results  and  was  used  in  clinical  routine 

Over  the  course  of  this  development,  the
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superiority  of  external  sintering  of  the  cannula 

design  improvements.  After  years  of  use,  the 

(TCI,  HeartMate  II  and  3)  over  polished  and  sili-

design  of  the  proximal  part  of  the  pump  cable  and 

cone  cannulas  with  regard  to  thrombus  formation 

the  material  of  the  bend  relief  were  revised,  which 

was  established.  A  smooth  silicone  (VentrAssist) 

led to a nearly complete elimination of the problem. 

or  polished  titanium  (DuraHeart,  first  version  of 

In  the  next-generation  HeartMate3  pump,  a  new 

HeartWare  HVAD)  inflow  cannula  without  any 

cable  design  eliminating  these  flaws  was  intro-

texturization  on  the  outer  surface  caused  consid-

duced.  However,  after  some  years  of  clinical  use, 

erable  thrombus  growth  around  the  inflow  can-

the  new  cable  showed  higher  driveline  infection 

nula,  with  the  risk  of  the  thrombus  being 

rates  due  to  mechanical  irritation  of  the  exit  site 

mobilized  and  ingested  into  the  pump  (Glass 

because  of  higher  stiffness  (Kranzl  et  al. 2021). 

et  al. 2019). In  case  of  a  long  rigid  cannula,  the 

Interestingly,  the  cable  of  the  HeartWare  HVAD 

mechanical  load  on  the  apical  area  increases  the 

pump  was  robust,  and  the  vast  majority  of  cable 

risk  of  thrombus  development  around  the  inflow 

defects  were  caused  by  an  external  power  impact 

cannula  due  to  relative  movements  between  the 

(Soltani  et  al. 2015).  However  there  was  a  step  to 

pump  and  the  contracting  heart  (May-Newman 

step  improvement  of  this  cable  respective  to  its 

et  al. 2017). 

polyurethane  (PU)  cover.  It  was  learned  that  UV 

Texturization,  usually  by  titanium  microsphere 

radiation  from  the  sun  deteriorated  the  material 

sintering,  provides  good  healing  conditions  as 

severely.  To  overcome  this  environmental  crack-

long  as  the  sintered  surface  fully  covers  the  myo-

ing,  the  PU  tubing  was  made  of  thicker  material. 

cardial  wound  (Kaufmann  et  al. 2022). 

Recognizing  that  the  resulting  increased  stiffness 

In  2011,  a  revised  version  of  the  HeartWare 

did  negatively  impact  the  percutaneous  exit  site 

HVAD  was  launched  with  a texturing  that  covered 

wound,  in  a  second  step  a  more  flexible  PU  mate-

half  of  the  polished  cannula,  which  resulted  in  a 

rial  was  chosen.  The  ultimate  solution  will  be  the 

reduction  in  thromboembolic  events  (Soltani  et  al. 

elimination  of  the  driveline  in  full  through  the  use 

2015).  Viewed  retrospectively,  texturing  of  only 

of  transcutaneous  energy  transfer. 

half  of  the  inflow  cannula  did  not  prove  long 

enough  to  eliminate  the  problem.  The  company 

recognized  the  problem  and  extended  the  sintered 

Outflow  Graft  Design 

length  to  three-quarters  of  the  inflow  cannula 

(instead  of  full  sintering  as  recommended  by 

The HeartMate 3 outflow graft flange was designed 

some  experts);  however,  shortly  before  its  clinical 

to  be  rotated  by  the  surgeon  during  implantation  to 

application,  the  HeartWare  HVAD  was  withdrawn 

easily  align  the  graft  in  an  optimal  way  (Bourque 

from  the  market  in  2021  because  of  an  inferior 

et  al. 2016).  It  was  not  anticipated  that,  under 

survival  and  higher  incidence  of  thromboembolic 

certain  conditions  that  are  not  yet  fully  understood, 

events  compared  to  the  HeartMate3  (Potapov 

the  graft  flange  —despite  being  forcefully 

et  al. 2021a;  Cho  et  al. 2021). Another  serious 

tightened—  would  rotate  incrementally  in  the 

issue 

with 

the 

HeartWare 

was 

unsolved 

long  run,  twisting  the  graft  and  even  leading  to 

manufacturing  problems  that  led  to  failure  of  the 

total  occlusion.  The  design  of  the  pump  was  mod-

pump  to  restart  after  a  pump  stop  due  to  controller 

ified to prevent rotation by mechanical engagement 

exchange  in  isolated  cases. 

(Gruger  et  al. 2018; Potapov  et  al. 2018). 

Cable  Design 

Bend  Relief  of  the  Outflow  Graft 

The  increased  number  of  cases  involving  cable 

An  ongoing  process  is  the  modification  of  the 

damage  in  the  typical  location  (at  the  feedthrough 

bend  relief  of  the  HeartMate  3  pump  due  to  exter-

of  the  cable  into  the  pump  body)  (Kalavrouziotis 

nal  outflow  graft  obstruction  by  gelatinous  masses 

et  al. 2014)  in  HeartMate  II  devices  warranted 

accumulating  between  the  outflow  graft  (OG)  and
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the  bend  relief  (Wert  et  al. 2021).  All  implantable 

in  the  pump  itself;  thus  there  is  no  matching  or 

rotary  VADs  featuring  a  (gelatin- or  collagen-

programming  of  the  external  controller  necessary. 

presealed)  woven  polyester  OG  carry  the  risk  of 

In  conclusion,  following  the  introduction  a 

obstruction  by  accumulation  of  gelatinous  masses 

wide  range  of  different  implantable  rotary  blood 

between  the  OG  and  the  bend  relief  caused  by 

pumps  during  the  first  decade  of  the  century,  the 

graft  leak.  The  risk  is  considerably  higher  if  the 

choice  has  meanwhile  been  narrowed  down  to 

graft  is  covered  by  a  impermeable  layer,  e.g.,  of 

currently  only  one  dominating  the  commercial 

the  polytetrafluoroethylene  (PTFE)  kinking  pro-

market  – the  HeartMate3.  No  doubt  at  the  moment 

tector  (HeartMate  pump  family)  or  additional 

the  best  available  system,  but  also  a  monopoly  on 

wrapping  to  prevent  adhesions  to  cage-like 

the  market.  While  the  first  generation  of  left  ven-

kinking  protectors  (Schweiger  et  al. 2010;  Cohn 

tricular  assist  devices  demonstrated  a  1-year  sur-

et  al. 2007;  Potapov  et  al. 2014). The  mechanism 

vival  of  52%  and  2-year  survival  of  23%  during 

behind  why  and  when  graft  leak  occurs  is  not 

the  REMATCH  trial  (Rose  et  al. 2001), patients 

completely  understood  yet.  However,  during  or 

nowadays  have  1- and  2-year  survival  rates  of 

immediately  after  lysis  of  intra-pump  thrombosis, 

over  80%  (Molina  et  al. 2021), showing  a  remark-

the  risk  is  multifold  (10%  of  lysis  cases).  Perhaps 

able  improvement  in  the  mechanical  circulatory 

the  manufacturer  will  modify  the  design  of  the 

support  therapy  during  the  last  50  years. 

bend  relief  and  in  the  future  integrate  the  bend 

relief  into  a  permanently  sealed  outflow  graft. 

Unfortunately,  However,  Some 

Lessons  from  the  Past  Have  Not 

Lessons  Learned  from  the  Past 

Been  Learned 

A  textured  inflow  cannula  at  the  entry  site  signif-

Alternative  energy  transfer.  In  the  past,  transcu-

icantly  reduces  thrombus  formation  around  the 

taneous  energy  transfer  (TET)  was  implemented 

cannula  and  subsequently  the  risk  of  pump  throm-

in  the  AbioCor  Total  Artificial  Heart  (Abiomed 

bosis  through  ingested  thrombi  mobilized  from 

Inc.,  Danvers,  MA,  USA)  and  in  the  LionHeart 

this  area.  The  combination  with  wide  gaps 

LVD  2000  (Arrow  International,  Inc.,  Reading, 

between  the  impeller  and  the  housing,  subse-

PA,  USA)  with  good  success  (Pae  et  al. 2007; 

quently  reducing  shear  stresses  and  improving 

Dowling  et  al. 2004). Though  the  companies 

washout  conditions,  diminishes  the  risk  of 

developing  and  producing  continuous-flow  rotary 

in-pump  thrombosis.  However,  thrombi  may 

blood  pumps  announced  the  development  of  TET 

pass  the  pump  and  cause  thromboembolic  events 

systoms  long  ago,  these  systems  are  yet  to  be 

(Potapov  et  al. 2021a; Cho  et  al. 2021; Colombo 

incorporated  into  new  devices  such  as  the 

et  al. 2019)  –  a  disadvantage  of  this  feature,  as  we 

HeartMate3  or  the  HeartWare  HVAD.  TET  sys-

have  learned.  Furthermore,  it  was  observed  that 

tems  are  used  widely  in  the  medical  field,  e.g.,  for 

not  just  the  pump,  but  also  other  components  like 

cochlear  implants.  However,  its  use  in  the  field  of 

the  cable  and  the  outflow  graft,  represent  possible 

MCS  is  challenging  because  of  its  crucial  role  in 

weak  spots,  and  that  failures  may  contribute  to 

providing  life  support  and  the  high  energy  rates  to 

morbidity  and  mortality  on  the  device  and  should 

be  transmitted.  The  first  TET  system  was  used 

therefore  be  addressed.  Improvements  of  external 

20  years  ago  in  a  pulsatile  displacement  pump 

components  and  a  change  in  design  concepts 

and  thus  required  a  considerably  high  amount  of 

enhance  the  intrinsic  safety  of  devices,  like  a 

energy  (Pae  et  al. 2007;  Dowling  et  al. 2004), 

small  battery  integrated  into  the  controller  for 

which  highlighted  the  limitations:  the  primary 

emergency  operation  and  integration  of  the  elec-

and  secondary  coils  had  to  be  aligned  very  pre-

tronic  circuitry  which  is  controlling  the  levitation 

cisely  and  securely  fixed  in  place  to  ensure  a 

and  rotation  of  the  impeller  into  the  pump  –  both 

continuous  and  safe  energy  supply.  In  some 

of  which  were  first  introduced  in  the  HeartMate  3. 

cases,  overheating  of  the  coils  was  observed. 

Also  parameterization  and  logfile  data  are  stored 

Today,  implanted  rotary  blood  pumps  consume
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3–5  times  less  energy  than  volume  displacement 

practice, and  so  the plug  was  buried along with the 

pumps  that  used  TET in  the  past.  The  combination 

MVAD  (Hanke  et  al. 2021). 

of  a  more  effective  electrical  circuit  and  a  high-

capacity  battery,  both  of  which  were  not  available 

20 years  ago, may  significantly increase  the  power 

Future  Outlook 

autonomy  of  VADs  (Kim  et  al. 2021; Tan  et  al. 

2021). 

The  future  of  mechanical  circulatory  support  is 

The  primary  goal  of  eliminating  the  driveline 

uncertain.  In  fact,  the  number  of  patients  in  devel-

will  not only be  the  tremendous increase  in  quality 

oped  countries  who  would  benefit  from  long-term 

of  life  of  VAD  patients  but  also  the  improvement 

MCS  is  reasonably  high  for  a  commercial  devel-

in  survival  on  support  through  a  reduction  of 

opment;  the  actual  number  of  patients  who  are 

driveline  infection  rates.  Independent  companies 

referred  for  long-term  MCS,  however,  is  10–100 

have  already  developed  several  (isolated)  TET 

times  lower.  In  our  opinion,  this  is  due  to  the  high 

systems  for  commercially  available  LVADs; 

complication  rate  and  the  subsequently  high 

unfortunately,  these  systems  were  rejected  by 

re-admission  rate  and  the  diminished  quality  of 

VAD  manufacturers.  Recently,  the  coplanar 

life.  Therefore,  new  developments  should  be 

energy  transfer  system  developed  by  Leviticus 

geared  primarily  toward  eliminating  complica-

Cardio,  Ltd.  (Petach  Tikva,  Israel)  was  success-

tions.  Abiomed  Inc.,  the  manufacturer  of  the 

fully  tested  in  combination  with  the  Jarvik  2000 

Impella  family  of  temporary  support  devices,  is 

LVAD,  but  the  well-known  issues  with  the  out-

currently  in  the  process  of  developing  a  pump  that 

dated  pump  and  the  lack  of  interest  from  larger 

does  not  require  a  purge  solution.  Such  a  pump 

manufacturers  precluded  the  distribution  of  the 

would  be  suitable  for  long-term  support,  and 

Leviticus  Cardio  system  (Pya  et  al. 2019).  For 

patients  could  potentially  be  discharged  home 

the  time  being,  TET  in  VAD  patients  remains  a 

after  implantation.  The  implantation  technique 

future  perspective;  however,  at  least  the  technical 

will  remain  the  same  –  no  sternotomy,  small  sub-

issues  with  this  technology  seem  to  have  been 

clavicular  incision,  in  selected  cases  even 

eliminated  and  TET  is  ready  to  be  implemented 

performed  under  local  anesthesia.  In  conjunction 

in  existing  VADs. 

with  TET,  this  pump  would  revolutionize  the  field 

The  recovery  plug,  which  allows  an  elegant 

of  implantable  LVADs.  However,  the  well-known 

explantation  of  a  LVAD,  has  not  been  considered 

shortcomings  of  MCS  technology,  namely,  cable 

in  past  pumps  but  is  becoming  more  important 

infection,  pump  thrombosis,  and  the  need  for  anti-

since  myocardial  recovery  is  reached  more  fre-

coagulation  with  a  subsequent  risk  of  bleeding, 

quently,  although  still  seldom,  allowing  for 

still  have  to  be  addressed. 

weaning  and  explantation  of  the  MCS.  Such 

The  CorWave  VAD  (CorWave,  Clichy, France) 

plugs  were  developed  in  Berlin  for  the  HeartWare 

(Martinolli  et  al. 2021a,  b)  is a  new  pump  type  that 

HVAD  and  the  HeartMate3  (Mulzer  et  al. 2019) 

uses  a  propulsion  wave  membrane  to  generate 

and  independently  in  Hannover  (Hanke  et  al. 

blood  flow.  The  wave  membrane  is  a  biomimetic 

2020).  The  plug  has  been  widely  used  worldwide 

technology  inspired  by  the  undulating  movement 

in  more  than  300  cases  in  the  past  12  years 

of  marine  animals.  This  movement  provides  an 

(Potapov 

et 

al. 

2021b). 

Interestingly, 

the 

efficient  way  for  the  animals  to  move  fluid,  pro-

HeartWare  MVAD,  which  was  developed  by 

pelling  them  through  water.  In  CorWave  pumps,  a 

HeartWare  as  a  successor  of  the  HVAD,  was 

polymer  membrane  reproduces  a  similar,  though 

used  in  a  clinical  study  with  the  recovery  plug  as 

reversed,  interaction:  the  membrane  is  fixed,  and 

part  of  the  implantation  kit.  Unfortunately,  the 

the  blood  is  propelled.  The  wave  membrane  tech-

MVAD  failed  to  demonstrate  sufficiently  good 

nology  is  capable  of  reaching  near  physiological 

outcomes  (due  to  the  same  problem  as  the 

flow,  especially  in  terms  of  pulsatility.  The  com-

HVAD,  see  above)  to  be  introduced  into  clinical 

pany  develops  pumps  for  full  (a  discoidal  mem-

brane)  and  partial  (a  rectangular  membrane)
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support.  Both  pumps  offer  pulsatile  flow  with 

with  implanted  cardiac  devices  such  as  pace-

probably  minimal  damage  of  blood  components. 

makers,  defibrillators,  or  implantable  sensors  like 

Animal  studies  are  scheduled  to  commence  in 

CardioMems (Abbot  Laboratories) (Abraham et  al. 

January  2022.  The  technology  promises  pulsatile 

2021)  may  further  enable  the  pump  to  adapt  to  the 

blood  flow  and  increased  hemocompatibility  with 

patient’s  heart  rhythm  as  well  as  adequately 

subsequently  less  anticoagulation. 

respond  to  spontaneously  occurring  arrhythmias, 

One  technology  that  promises  to  improve 

hence  resulting  in  a  smart  pump  that  can  be 

hemocompatibility  may  be  the  endothelization  of 

adjusted  to  the  patient’s  current  situation.  In  this 

all  blood  contacting  surfaces;  first  experiments  are 

regard,  artificial  intelligence  may  be  the  solution.  It 

underway  (Ferrari  et  al. 2021;  Wu  et  al. 2021). 

would  adjust  the  algorithm  and  thereby  adapt  the 

One  step  in  this  direction  is  the  hybrid  biological 

pump  function  to  the  patient  with  individual  pat-

surface  of  Aeson  TAH  (CARMAT,  Vélizy-

terns,  thus  also  completely  controlling  the  cardiac 

Villacoublay,  France)  (Latremouille  et  al. 2018). 

output  and  function,  therefore  improving  the 

The  atrial  cuffs  and  the  pump  membranes  of  both 

patient’s  resilience  and  thereby  the  patient’s  life. 

ventricles  are  layered  with  pericardium;  all  four 

Finally,  the  pump  would  communicate  with  physi-

valves  are  biological.  The  housing  is  made  from 

cians  directly  and  report  abnormal  or  near  abnor-

highly  hemocompatible  ePTFE.  In  fact,  patients 

mal  conditions  to  allow  a  swift  and  preventive 

supported  with  Aeson  require  anticoagulation 

response . 

with  oral  ASA  and  low-molecular  heparin,  but 

no  vitamin  K  antagonist.  Additionally,  the  Aeson 

TAH  produces  pulsatile  blood  flow  and  has  sen-

Conclusion 

sors  that  allow  the  system  to  respond  to  hemody-

namic  changes  (Netuka  et  al. 2021). Incorporating 

Although  several  decades  have  passed  since  the 

sensors  into  the  VAD  or  TAH  is  both  the  present 

first  successful  implantation  of  an  LVAD,  there  is 

and  the  future. 

still  room  left  for  improvement.  While  several 

TET should  be  the  future;  in  fact  it  should  have 

ideas  to  improve  the  LVAD  efficiency  and  reduce 

already  been  the  present  for  many  years  and  is 

complications  failed  and  were  deemed  futile, 

already the  past.  TET  has  already  worked  success-

other 

constantly 

progressed 

throughout 

the 

fully  in  two  large  implantable  MCS  systems  –  the 

years.  However,  though  initially  dismissed,  some 

Abiocor  TAH  (Abiomed)  and  the  LionHeart 

proved  to  be  successful  in  the  end;  TET  being  one 

LVAD  (Arrow)  (Pae  et  al. 2007;  Dowling  et  al. 

prominent  example  for  such  an  idea  which  was 

2004),  as  well  as  in  combination  with  a  CF-VAD 

forgotten  for  several  years  (Maher  et  al. 2001)  yet 

(Jarvik2000).  However,  new  technologies  are 

now  represents  a  potential  major  breakthrough  in 

constantly  being  developed.  Ideas  reaching  far 

the  field  of  MCS.  This  shows  that  involvement 

into  the  future  are,  for  example,  the  use  of  5G 

with  the  past  and  history  of  technical  progress 

technology  to  remotely  charge  the  implanted 

may  be  beneficial  as  some  ideas  although  promis-

pump  simply  by  walking  near  a  mobile  5G  base 

ing  could  not  be  implemented  in  the  past  and 

station  (Eid  et  al. 2021).  The  development  of  a 

however  were  successfully  realized  later  due  to 

transmitters  with  20  GHz  and  higher  that  is  stored 

technical  progress. 

in  a  backpack  and  would  be  able  to  power  an 

Finally,  with  the  possibility  of  incorporating 

implanted  MCS  as  well  as  charge  the  internal 

different  cardiac  devices  as  well  as  pressure/flow 

battery  is  within  reach  (Eid  et  al. 2021). 

or  other  sensors  into  the  LVAD  pumps,  the  reali-

The  next  step  would  be  a  smart  pump  with  a 

zation  of  a  self-regulating  pump  which  adjusts  the 

self-regulation  algorithm  that  responds  to  meta-

pump  function  to  the  patient’s  situation  and  also 

bolic  demands,  changes  in  the  volume  status,  or 

reports  abnormal  or  near  abnormal  conditions 

physical  exercise.  This  would  be  made  possible  by 

may  be  feasible  in  the  near  feature.  The  develop-

incorporating  pressure/flow  and  other  sensors  into 

ment  of  such  an  intelligent  pump,  combined  with 

the  implanted  MCS.  Furthermore,  communication 

an  advanced  TET  system,  would  allow  us  to
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realize  the  dream  of  having  an  implantable  MCS, 

Harasaki  H,  Snow  J,  Gerrity  R,  et  al.  Powdered  metal 

much  like  a  cardiac  valve  replacement  –  implant 

surface  for  blood  pump.  Trans  Am  Soc  Artif  Intern 

Organs.  1979;25:225–31. 

and  forget. 

Hetzer R, Weng Y, Potapov EV, et al. First experiences with 

a  novel  magnetically  suspended  axial  flow  left  ventric-

ular  assist  device.  Eur  J  Cardiothorac  Surg.  2004;25: 
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therapy  for  advanced  heart  failure  continues  to 

to  be  heart  transplantation,  which  is  substantially 

be  orthotopic  heart  transplantation,  which  is 

limited  by  the  scarcity  of  the  available  donor 

substantially  limited  by  the  profound  shortage 

organs.  Mechanical  circulatory  support  devices 

of  the  available  donor  organs.  Mechanical  cir-

(MCS),  including  durable  left  ventricular  assist 

culatory  support  devices  (MCS),  including 

devices  (LVADs),  have  emerged  as  an  alternative 

durable 

left 

ventricular 

assist 

devices 

intended  to  fill  the  growing  gap  between  available 

(LVADs),  have  emerged  as  an  alternative 

organs  and  the  rising  need  for  cardiac  replace-

intended  to  fill  the  growing  gap  between  avail-

ment.  In  this  chapter,  we  review  the  preclinical, 

able  organs  and  the  rising  need  for  cardiac 

clinical,  and  post-approval  development  of  the 

replacement. 

last  generation  and  most  implanted  ventricular 

HeartMate  3  (HM3)  left  ventricular  assist 

assist  device,  the  Abbott  HeartMate  3. 

device  is  the  newest  device  to  receive  worldwide 

approval  for  the  surgical  therapy  of  advanced 

heart  failure.  The  HM3  is  a  fully  magnetically 

Evolution  of  LVADs 

levitated  centrifugal  flow  VAD  that  has  been 

engineered  for  enhancing  hemocompatibility. 

The  first  report  of  mechanical  circulatory  support 

Three  key  design  features  –  an  artificial  pulse, 

was  by  John  Gibbons  in  1953;  he  used  cardiopul-

wide  blood  flow  passages,  and  a  bearing-less 

monary  bypass  (CPB)  during  cardiac  surgery  in  a 

rotor  –  minimize  shear  force  on  the  blood  and 

patient  who  underwent  atrial  septal  defect  repair. 

minimize  stasis  within  the  pump.  Multiple  stud-

At  the  same  time,  Kolff  was  working  on  the 

ies have shown improved survival, fewer adverse 

development  of  a  total  artificial  heart  (TAH)  at 

events,  and  improved  hemocompatibility  com-

the  Cleveland  Clinic.  In  the  1960s,  Michael 

pared  to  earlier  designs.  In  this  chapter,  we 

DeBakey  described  temporary  ventricular  support 

review the preclinical, clinical, and post-approval 

in  the  form  of  extended  postoperative  CPB  in 

development  of  the  most  implanted  ventricular 

patients  who  could  not  be  weaned  from  the  bypass 

assist  device,  the  Abbott  HeartMate  3. 

circuit  during  cardiac  surgery.  Three  years  later,  in 

1963,  the  first  implantable  LVAD  was  developed 

Keywords 

at  Baylor  College  of  Medicine  in  Houston.  In 

HeartMate  3  ·  LVAD  ·  Heart  failure  ·  Durable 

1971,  DeBakey  described  the  Baylor  experience 

support 

with  left  ventricular  support  devices,  highlighting 

several  challenges  that  limited  the  widespread  use 

of  LVADS;  the  lack  of  a  portable  power  source 

Introduction 

and  control  mechanism,  the  substantial  cost  of 

implantation  and  maintenance,  and  the  inability 

Heart  disease  is  a  major  cause  of  mortality  in  the 

to  create  an  atraumatic  blood–biomaterial  inter-

United  States,  with  more  than  659,000  attributed 

face  (DeBakey  1971). 

deaths annually (Virani et al. 2021). More than 30% 

Dr.  William  Pierce  developed  the  first  pneu-

of  the  deaths  are  related  to  decompensated  heart 

matic  heart  assist  device  at  Penn  State  University 

failure  despite  significant  advances  in  medical 

(Stewart  and  Mehra  2014). This  device  ultimately 

care,  coronary  revascularization,  and  electrophysi-

became  the  Thoratec  pneumatic  VAD,  one  of 

ological  interventions  (cardiac  resynchronization 

the  first  Food  and  Drug  Administration  (FDA)-

therapy  and  automated  implantable  cardioverter-

approved  devices  for  bridge-to-transplant  (BTT). 

defibrillators).  Heart  failure  is  the  final  common 

This 

technology 

ultimately 

evolved 

into 

pathway  of  a  large  variety  of  disorders  that  result 

HeartMate  I  –  a  pulsatile  LVAD  that  was  used 

in  profound  myocardial  dysfunction.  The  defini-

both  as  BTT  and  for  destination  therapy 

tive  therapy  for  advanced  heart  failure  continues 

(DT)  (Stewart  and  Mehra  2014). 
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Initial  Experience  and  Clinical 

Continuous-Flow  Dischargeable  LVADs 

Application  with  Dischargeable  LVADs 

Pulsatile  pump  technology,  as  was  used  in 

Pulsatile  LVAD:  HeartMate  I 

HeartMate  I,  was  designed  to  deliver  pulsatile 

flow,  like  the  native  circulation,  with  an  appropri-

HeartMate  I  was  a pulsatile,  positive  displacement 

ately  large  stroke  volume  (50–70  cc  per  full-pump 

device  that  contained  a  pusher-plate  actuator  that 

systole).  This  approach  created  a  significant 

was  driven  either  electrically  or  pneumatically. 

design  limitation:  the  size  of  the  pulsatile  flow 

The  inflow  cannula  went  into  the  LV  apex  and 

pump  had  to  be  large  enough  to  accommodate 

was  connected  to  a  Dacron  graft  with  an  incorpo-

the  required  stroke  volume.  The  introduction  of 

rated  porcine  valve.  This  graft  was  attached  to  the 

the  continuous-flow  pumps  was  a  major  design 

pump,  and  ultimately  the  blood  was  returned  to 

milestone  in  the  development  of  durable  heart 

the  aorta  via  the  outflow  graft  that  also  contained  a 

support  technology.  Continuous-flow  pumps 

porcine  valve.  The  blood-contacting  surfaces 

have  the  significant  advantage  of  a  smaller  size 

within  HeartMate  were  lined  with  titanium  micro-

and  improved  mechanical  reliability. 

spheres  and  a  fibrillar  textured  inner  surface 

intended  to  create  a  biological  interface,  pseudo-

intima,  which  was  resistant  to  thrombogenesis, 

HeartMate  II 

enabling  patients  to  be  managed  with  aspirin 

alone  rather  than  with  a  vitamin  K  antagonist. 

While  HeartMate  II  was  approved  by  the  FDA  in 

While  HeartMate  I  provided  excellent  hemody-

2007  as  a  bridge  to  transplant  (BTT);  the  origin  of 

namic  support,  the  long-term  durability  was  very 

the  device  dates  to  the  early  1990s.  The  pump  was 

limited.  In  addition,  a  large  driveline  and  signifi-

significantly  smaller  than  its  predecessors  (dimen-

cant  device  motion  contributed  to  infections  that 

sions:  length  7  cm,  diameter  4  cm,  weight  290  g, 

were  associated  with  substantial  morbidity. 

implant  volume  63  ml).  With  only  one  moving 

A  survival  benefit  from  an  implantable  left 

part,  the  rotor,  the  device  has  improved  durability. 

ventricular  assist  device  was  first  demonstrated 

The  rotor  itself  contains  a  magnet,  creating  a  mag-

in  the  REMATCH  trial  (Rose  et  al. 1999).  Rose 

netic  field  between  the  motor  and  the  rotor  that 

et  al.  randomly  assigned  a  total  of  129  patients 

results  in  rotary  motion  with  subsequent  creation 

with  end-stage  heart  failure,  who  were  not  candi-

of  torque  and  blood  flow.  The  direction  of  the 

dates  for  transplantation,  into  two  groups:  optimal 

blood  flow  is  from  the  LV  apex  through  the  inlet 

medical  management  or  implantation  of  the  pul-

cannula  to  the  LVAD  and  subsequently  to  the 

satile  left  ventricular  assist  device  (HeartMate  I). 

outflow  graft  (sutured  to  the  ascending  aorta). 

At 1 year, the survival  of patients who received the 

The  inner  surfaces  of  the  inlet  cannula,  the  inflow, 

LVAD  was  52%  versus  23%  in  the  medical  group. 

and  the  outflow  elbows  are  covered  with  a  tex-

However,  serious  adverse  events  occurred  2.35 

tured  surface  that  was  considered  to  simulate  the 

times  more  frequently  in  the  LVAD  group  with 

formation  of  pseudo-endothelial  layer  that  is  more 

infection,  bleeding,  and  device  malfunction  being 

biocompatible.  During  the  in  vitro  development, 

the  most  common  ones.  This  was  the  first  trial  to 

the  rotor  was  able  to  produce  flow  rates  >10  L/min 

demonstrate  that  long-term  support  with  an  LVAD 

at  resolutions  between  8000  and  15,000  rpms. 

could  result  in  both  a  survival  benefit  and  an 

However,  in  clinical  application  at  high  flow  rates 

improvement  in  quality  of  life.  Despite  these 

there  is  a  risk  of  creation  of  negative  intraventricu-

results,  the  wider  application  of  LVADs  for 

lar  pressure  with  associated  ventricle  collapse, 

advanced  heart  failure  patients  continued  to  be 

arrhythmia,  thrombus  formation,  and  interven-

limited  by  the  large  size  of  the  pump,  driveline 

tricular  septal  shift  that  may  exacerbate  RV  failure. 

infection,  and  limited  device  durability. 

In  normal  clinical  use,  the  pump  speeds  are  set  in
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the  range  of  8600–9600  rpms,  which  generates 

specifically  designed  to  minimize  these  adverse 

flows  of  4–6  L/min  depending  on  the  right  ventric- events  by  focusing  on  reducing  the  shear  stress  on 

ular  function  and  associated  pulmonary  vascular 

blood  components  and  reducing  the  blood–-

resistance. 

biomaterial  interface.  Several  key  design  elements 

were  included  to  accomplish  this  goal:  a  fully  mag-

Clinical  Application 

netically  levitated  rotor,  textured  blood  contact  sur-

The  first  study  to  demonstrate  the  successful  use 

faces,  wide  blood  flow  pathway,  and  creation  of  an 

of  HeartMate  II  was  published  in  2007  in  the 

artificial  pulse. 

New  England  Journal  of  Medicine  (Rogers 

HeartMate  3  is  an  intrapericardial  left  ventric-

et  al. 2007).  Miller  et  al.  reported  the  outcomes 

ular  assist  device  (Fig. 1)  designed  for  chronic 

from  a  prospective  multicenter  study  that 

treatment  of  advanced  heart  failure  patients  (Far-

included  133  patients  with  end-stage  heart  failure 

rar  et  al. 2007).  The  implanted  device  includes  the 

who  underwent  the  implantation  of  continuous-

inflow  cannula  (placed  in  the  left  ventricular 

flow  LVAD  as  a  bridge  to  transplant.  The  authors  apex),  the  pump  housing  (containing  the  motor 

demonstrated  a  survival  rate  of  75%  at  6  months 

and  control  electronics),  and  the  outflow  graft 

and  68%  at  12  months  with  improved  functional 

including  the  bend  relief  and  the  percutaneous 

status  and  quality  of  life.  This  study  was  the  basis 

driveline.  HeartMate  3  has  a  maximum  flow  rate 

for  the  subsequent  FDA  approval  of  HeartMate 

of  10  L/min. 

II  pump. 

The  rotor  in  HeartMate  3  is  fully  magnetically 

The  results  of  the  first  multicenter  randomized 

levitated  (Fig. 2)  without  a  need  for  mechanical  or 

trial,  including  patients  with  end-stage  heart  failure 

fluid  bearings,  eliminating  mechanical  wear  as  a 

who  were  not  eligible  for  transplant  [destination 

source  of  device  failure  or  pump  thrombosis.  The 

therapy  (DT)]  comparing  the  pulsatile  HeartMate 

large  blood  flow  gaps  around  the  rotor  are  10–20 

XVE  and  HeartMate  II,  were  reported  in  2009 

times  larger  than  what  is  typically  found  in 

(Miller  et  al. 2007). In  a  2:1  ratio,  134  patients 

devices  with  hydrodynamic  bearings.  The  rotor 

underwent  implantation  of  continuous-flow  device 

contains  a  permanent  magnet  that  allows  both 

and  66  patients  received  the  commercially  avail-

levitation  and  rotation  to  be  driven  by  a  single 

able  pulsatile HeartMate  XVE. The  survival  free  of 

stator.  The  stator  is  comprised  of  eight  electro-

disabling stroke or reoperation to replace the device 

magnets  and  position  sensors.  Measuring  the 

was  achieved  in  46%  of  the  patients  who  received 

position  of  the  rotor  and  controlling  the  current 

continuous-flow  device  versus  only  11%  of  the 

in  the  electromagnets  sets  the  rotor  position  and 

patients  in  the  HeartMate  XVE  group. 

rate  of  rotation.  The  electronics  and  software  nec-

In  addition,  adverse  events  as  well  as  device 

essary  to  control  the  rotor  is  contained  within  the 

replacements  occurred  less  frequently  in  the 

base  of  the  stator. 

HeartMate  II  group.  This  landmark  trial  solidi-

Most  of  the  HeartMate  3  blood-contacting  sur-

fied  the  role  of  continuous-flow  LVADs  as a  faces  are  textured.  Sintered  titanium  covers  the 

reliable  therapy  for  patients  with  end-stage 

entire  inflow  cannula,  outflow  cannula,  and  all 

heart  failure . 

surfaces  within  the  pump  except  the  rotor,  the 

rotor  well,  and  the  backflow  paths.  Historically 

sintered  surfaces  have  promoted  the  growth  of  a 

HeartMate  3 

biological  layer  that  has lowered the risk  of  throm-

boembolic  events.  The  inflow  cannula  is  20.5  mm 

Device  Design 

in diameter and is rigidly fixed to the pump casing. 

Despite  continued  declines  in  major  adverse  events 

The  outflow  graft  is  14  mm  in  diameter  and 

and  improvement  in  quality  of  life,  adoption  of 

supported  by  a  removable  bend  relief.  The  percu-

LVAD  therapy  has  been  limited  by  hemocom-

taneous  cable  is  permanently attached  to  the  pump 

patibility-related  adverse  events  (pump  thrombosis, 

housing  and  contains  three  duplicate  sets  of  con-

thromboembolism,  bleeding).  HeartMate  3  was 

ductors,  one  each  for  power,  ground,  and  control. 

[image: Image 47]

[image: Image 48]
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Fig.  1  Main  components 

of  the  HM3  system.  HM3, 

HeartMate  3 

Fig.  2  (a)  Implanted  components  of  the  HM3  include  the 

HM3  expose:  the  pump  cover  screw  ring  (A),  pump  cover 

pump  with  an  integral  inflow  cannula,  cuff  lock  for  quickly 

(B),  rotor  (C),  o-ring  (D),  motor  assembly  (E),  cuff  lock 

securing  the  pump,  outflow  graft  and  bend  relief,  and 

(F),  cuff  lock  cover  (G),  cuff  lock  cover  screws  (H),  inflow 

percutaneous  driveline.  (b)  Enclosed  in  the  pump  housing 

cannula  (J),  and  sealing  washers  (K  and  L).  HM3, 

is  a  rotor  and,  hermetically  sealed  from  the  blood  flow,  a 

HeartMate  3

motor  and  control  electronics.  (c)  An  exploded  view  of  the 

The  external  portion  of  the  driveline  is  attached  to 

interface  and  receives  power  from  either  the 

a  modular  cable  that  attaches  to  the  external  con-

mobile  power  unit,  portable  batteries,  or  the 

troller.  The  external  controller  is  the  primary  user 

power  module. 

[image: Image 49]
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The  operating  range  of  HeartMate  3  is  from 

Preclinical  Testing 

3000  to  9000  rpm.  The  pump  has  an  artificial 

Prior  to  the  start  of  the  CE-Mark  trial,  extensive 

pulse,  which  is  always  on,  and  it  is  designed  to 

preclinical  testing  was  performed,  including  com-

enhance  the  continuous  flow  and  eliminate  stasis 

putational  fluid  dynamics, in  vitro  hemolysis  stud-

within  the  pump.  The  artificial  pulse  is  created 

ies,  and  in  vivo  implant  studies  (Bourque  et  al. 

by  decreasing  the  pump  speed  every  2  s  by 

2016). When  appropriate,  comparisons  were 

2000  rpm,  for  0.15  s  then  increasing  the  pump 

made  to  HeartMate  II  to  verify  that  the  HeartMate 

speed  by  4000  rpm  for  0.20  s  before  returning  to 

3  design  would  yield  an  improved  ventricular 

the  set  speed  (Fig. 3).  The  large  pump  gaps 

assist  device. 

enable  the  sharp  speed  changes  necessary  to  pro-

A  transient  computational  fluid  dynamics 

duce  the  artificial  pulse.  An  accurate  pump  flow 

model  was  created  to  analyze  blood  flow  and 

estimate  is  calculated  from  the  relationships 

drive  the  design  toward  a  low  shear  stress  pump 

between  power  consumption,  pump  speed,  and 

with  adequate  washing  of  the  secondary  flow 

hematocrit. 

paths.  Using  this  model,  HeartMate  3  compared

Fig.  3  (a)  Schematic  diagram  of  the  artificial  pulse  rela-

effect  of  the  artificial  pulse  can  be  seen  superimposed  upon 

tive  to  the  speed  set  by  the  clinician, ωc.  Every  2  s,  the  rotor 

the  simulated  native  pulse  in  an  in  vitro  mock  circulatory 

speed  decreases  by  2000  rpm  for  0.15  s,  then  increases  by 

loop.  The  effect  is  more  prominent  when  artificial  and 

4000  rpm  for  0.20  s,  then  returns  to  the  set  speed.  (b)  The 

native  pulses  coincide  (labeled  “A”),  and  less  otherwise 
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favorably  to  HeartMate  II,  demonstrating  a 

After  12  months,  74%  of  the  patients  remained  on 

smaller  area  of  high  shear  stress,  a  lower  maxi-

support,  mortality  was  18%,  6%  of  the  patient 

mum  wall  shear  stress,  and  a  smaller  fluid  volume 

population  were  transplanted,  and  1  LVAD  was 

exposed  to  high  shear  stress.  Part  of  this  analysis 

explanted.  The  most  frequent  adverse  events 

included  the  calculation  of  a  hemolysis  index;  in 

included

this  calculation,  the  HeartMate  3  hemolysis  index 

was  only  14%  that  of  HeartMate  II. 

• Strokes  18%

A 

biological 

hemolysis 

assessment 

was 

• Driveline  infection  16%

performed  using  bovine  blood  in  a  circulatory 

• Gastrointestinal  bleeding  12%

loop;  the  results  of  six  HeartMate  3  devices  were 

• Outflow  graft  thrombosis  2% 

compared  to  six  HeartMate  II  devices.  The 

devices  were  tested  over  a  variety  of  flow  and 

This  study  demonstrated  survival  and  adverse 

pressure  conditions  within  the  anticipated  clinical 

event  profile  that  was  comparable  to  the  previ-

operating  range.  The  average  plasma-free  hemo-

ously  approved  continuous-flow  devices. 

globin  and  the  modified  index  of  hemolysis  at  the 

This  study  was  followed  by  the  hallmark 

end  of  the  6-h  test  consistently  showed  less  hemo-

MOMENTUM  3  trial  (The  Multicenter  study  of 

lysis  for  HeartMate  3. 

MagLev  Technology  in  Patients  Undergoing 

Preclinical  in  vivo  studies  consisted  of  chronic 

Mechanical  Circulatory  Support  Therapy  with 

bovine  implants  (Bourque  et  al. 2016).  In  each  case, 

HM3)  (Krabatsch  et  al. 2017). This  randomized 

HeartMate  3  was  implanted  via  a  left  thoracotomy. 

US  trial  compared  patients  with  advanced  heart 

While  using  cardiopulmonary  bypass,  HeartMate 

failure  who  received  the  new  centrifugal  continu-

3  sewing  cuff  was  attached  to  the  LV apex  and  the 

ous-flow HeartMate 3 to the already commercially 

outflow  graft  was  anastomosed  to  the  descending 

available  axial  continuous-flow  HeartMate  II. 

aorta.  The  pumps  were  operated  in  the  pulse  mode, 

and the speed was  set  to achieve flows in the normal 

operating  range.  Anticoagulation  with  heparin  was 

MOMENTUM  3  Trial  Design 

started on postoperative day 0, and the subjects were 

ultimately transitioned to chronic coumadin therapy. 

The  trial  was  designed  as  a  prospective,  multicen-

Eight  of  the  ten  animals  survived  to  the  prespecified 

ter  (n  =  60),  randomized  pivotal  evaluation  com-

target  time  of  60  days.  Two  studies  terminated  early 

paring  the  new  HM3  fully  magnetically  levitated 

in  the  postoperative  period,  one  for  intractable  atrial 

study  device  with  the  approved  HMII  axial  flow 

fibrillation  and  the  other  due  to  excessive  iatrogenic  pump.  The  design  for  this  1028-patient  trial  called blood  loss.  Pump  flow  averaged  4.4–6.4  L/min  for 

for  several  innovations  that  were  grounded  on 

each  animal.  For  the  entire  group,  plasma-free 

clinical  real-world  practice  of  MCS  in  the  United 

hemoglobin  and  LDH  levels  suggested  that  hemo-

States.  These  included  the  following: 

lysis did not occur. Necropsy studies did not identify 

any  adverse  systemic  effects  from  HeartMate  3,  and 

1.  All-comer  inclusivity,  allowing  patients  with 

the  device  inspections  demonstrated  pannus  forma-

any  preimplant  strategy,  BTT  or  DT,  to  be 

tion  typically  seen  on  textured  surfaces. 

enrolled  under  a  single  set  of  inclusion  and 

exclusion  criteria. 

Clinical  Results 

2.  A  prespecified  safety  phase  consisting  of 

About  2  years  after  HeartMate  3  was  approved  in 

30  randomized  patients  (at  five  clinical  sites) 

Europe,  Krabatsch  et  al.  reported  the  results  of  a 

that  were  then  rolled  into  the  total  enrollment 

prospective,  nonrandomized  study  that  included 

and  followed  accordingly. 

50 patients with advanced heart failure and ejection 

3.  Three  prespecified  cohorts  were  chosen: 

fraction  (EF)  <25%  who  underwent  HeartMate 

A.  A  short-term  (ST)  cohort  consisted  of  the 

3  implantation  as  a  bridge  to  transplant  (54%)  or 

first  294  randomized  patients  and  evaluated 

destination  therapy  (46%)  (Slaughter  et  al. 2009). 

clinical  outcomes  and  adverse  events  up  to
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6  months  of  support.  This  analysis  was 

assessed  by  the  EQ -5D,  EQ-5D-5L,  EQ-VAS, 

powered  to  demonstrate  noninferiority  of 

as  well  as  the  KCCQ  questionnaire.  All  secondary 

the  study  device  compared  to  HMII. 

endpoints  were  evaluated  in  the  per-protocol  pop-

B.  A  long-term  (LT)  cohort  consisted  of  the 

ulation  – those  patients randomized  and implanted 

ST  cohort  patients  plus  an  additional 

with  the  assigned  device. 

72  patients  (for  a  total  of  366  randomized 

patients) 

followed 

for 

outcomes 

and 

adverse  events  up  to  2  years  of  support. 

MOMENTUM  3  Results 

This  analysis  was  powered  to  demonstrate 

noninferiority  of  the  study  device  com-

In  the  short-term  analysis  of  the  MOMENTUM 

pared  to  HMII. 

3  trial,  a  significantly  greater  number  of  HM3 

C.  A  full  cohort  (FC)  included  the  LT  cohort 

patients  reached  the  primary  endpoint,  which 

plus  an  additional  662  patients  for  a  total  of 

was  composite  survival  free  of  disabling  stroke 

1028  randomized  patients  followed  for 

or  reoperation  to  replace  or  remove  the  pump 

2  years  of  support.  This  analysis  was 

(86.2%  HM3  vs.  76.8%  in  the  HM2).  This  pri-

powered  to  demonstrate  superiority  of  the 

mary  endpoint  difference  occurred  because  of  the 

study  device  compared  to  HMII. 

much  higher  incidence  of  pump  thrombosis  in  the 

D.  An  adaptive  design  was  incorporated  to 

HM2  (10.1%)  versus  the  HM3  group.  No  differ-

include  an  interim  analysis  conducted  by 

ences  between  the  groups  were  observed  in  terms 

an  independent  statistician  to  assess  appro-

of  rates  of  death  or  disabling  stroke.  In  addition, 

priateness  of  sample  size  and  statistical 

the  HM3  was  associated  with  fewer  reoperations 

power. 

for  pump  malfunction  (0.7%  vs.  7.7%  in  the  HM2 

group).  The  MOMENTUM  3  trial  led  to  the  FDA 

approval  of  HM3  as  a  short-term  device  in 

Patients  and  Endpoints 

September  2017. 

Further  reports  have  demonstrated  excellent 

The  patient  population  included  those  with  severe 

long-term  results  with  the  HM3  LVAD.  Mehra 

systolic  dysfunction  (LVEF  <25%)  and  with 

et  al.  reported  2-year  outcomes  in  2018.  The 

NHYA  111b  or  IV  symptoms  who  were  refractory 

authors  reported  that  at  2  years  79.5%  of  the 

to  medical  therapy.  Randomization  occurred  in  1: 

HM3  patients  and  60.2%  of  the  HM2  remained 

1 fashion stratified  by  center  and  adjusted  to  main-

alive,  without  disabling stoke  or  need to  replace  or 

tain  the  1:1  ratio  over  the  course  of  the  trial. 

remove  a  malfunctioning  device  (Mehra  et  al. 

The  primary  endpoint  of  the  trial,  which  was 

2018a).  Furthermore,  89.1%  of  the  HM3  patients 

assessed  for  all  three  above  cohorts  (ST,  LT,  FC), 

remained  free  of  any  stroke  at  24  months  and  the 

was  a  composite  of  survival  free  from  disabling 

HeartMate  3  required  fewer  reoperations  for 

stroke  (Modified  Rankin  Score  >  3  at  60  days 

pump  malfunction  (1.6%  vs.  17%).  The  full 

post-stroke)  and  the  need  for  reoperation  to 

cohort  final  report  demonstrated  very  similar 

exchange  or  remove  the  pump.  Importantly, 

results  in  favor  of  the  HM3  patients  (76.9% 

patients  who  required  urgent  transplantation  due 

HM3  vs.  64.8%  HM2)  reaching  the  composite 

to  device  complications  before  a  prespecified  end-

endpoint  (Mehra  et  al. 2019).  When  the  trial 

point  were  study  failures.  The  primary  endpoint 

enrollment  was  complete  a  continuous  access  pro-

was  analyzed  in  the  intent-to-treat  population. 

tocol  (CAP)  allowed  ongoing  HM3  implants  until 

Secondary  endpoints  captured  included  rates  of 

FDA  approval  was  granted.  A  comparison  of  the 

major  adverse  events  such  as  stroke  (of  all  types), 

CAP  patients  to  the  trial  patients  demonstrated  a 

right-heart 

failure, 

infection, 

bleeding, 

and 

lower  adverse  event  burden  and  similar  survival 

arrhythmias,  among  others.  Functional  status 

(Mehra  et  al. 2021). 

was  evaluated  by  NYHA  classification  and 

Multiple  other  analyses  of  the  MOMENTUM 

six-minute  walk  test,  while  quality  of  life  was 

3  data  have  been  made.  Uriel  et  al.  demonstrated
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that  when  compared  to  the  HM2  patients,  the 

patients  suffered  a  major  infection,  only  27%  had 

HM3  patients  had  a  greater  freedom  (69% 

a  driveline-associated  infection.  The  authors 

vs.  55%)  from  hemocompatibility-related  adverse 

suggested  the  possibility  that  chronic  mechanical 

events  (HRAE),  where  HRAEs  are  defined  as 

circulatory  support  has  a  negative  immunomodu-

nonsurgical  bleeding,  thromboembolic  events, 

latory  effect  (Gosev  et  al. 2020). 

pump  thrombosis,  or  neurological  events  (Uriel 

An  economic  analysis  of  the  MOMENTUM 

et  al. 2017).  An  elegant  analysis  completed  by 

3  trial  demonstrated  that  HM3  patients  experi-

Goldstein  looked  at  the  interactions  of  several 

enced  a  reduction  in  rehospitalizations,  hospital 

subgroups  on  primary  endpoint  success  (Gold-

days  during  rehospitalization,  and  significant 

stein  et  al. 2020).  These  authors  found  that  youn-

cost  savings  (Mehra  et  al. 2018b). The  main 

ger  age (<65) and  use  of the  HM3  were  associated 

driver  for  those  differences  between  the  groups 

with  a  higher  likelihood  of  reaching  the  primary 

were  the  hospitalization  for  suspected  pump 

endpoint.  In  addition,  the  intent  of  device  implant, 

thrombosis  (HM3:  0.6%  vs.  HMII:  12.5%; 

BTT  versus  DT,  did  not  impact  the  outcomes.  A 

P  <  0.001)  and  stroke  (HM3:  2.8%  vs.  HMII: 

report  by  Sheikh  et  al.  specifically  looked  at  the 

11.3%;  p  =  0.002).  When  the  average  cumula-

impact  of  race  on  HM3  outcomes.  This  analysis 

tive  cost  per  patient  year  was  calculated,  the  post-

did  not  demonstrate  that  race  had  an  impact  on  the 

discharge  costs  for  patients  who  received  centrif-

primary  endpoint;  however,  black  HM3  patients 

ugal  flow  pump  group  were  51%  less  than  the 

experienced  a  higher  morbidity  burden  and 

patients  in  the  axial-flow  HeartMate  II  cohort 

smaller  gains  in  functional  capacity  and  quality 

(HeartMate  3:  $37,685  ±  4251  vs.  HeartMate 

of  life  compared  to  white  HM3  patients  (Sheikh 

II:  $76,599  ±  11,889,  P  <  0.001).  The  cost 

et  al. 2021). 

saving  was  independent  of  payer,  insurance 

Two  studies  have  attempted  to  further  investi-

type,  and  was  seen  across  all  subgroups. 

gate  improved  hemocompatibility  seen  with 

Quality  of  life  and  functional  capacity  were 

HM3.  First,  Bansal  et  al.  compared  the  structure 

also  investigated.  In  a  subgroup  assessment  of 

and  function  of  von  Willebrand  factor  (vWF) 

the  MOMENTUM  3  trial  patients,  Cowger  et  al. 

high-molecular-weight-multimers  (HMWMs)  in 

reported  a  detailed  analysis  of  health-related  qual-

HM3  and  HM2  patients  in  the  MOMENTUM 

ity  of  life  (HR-QOL)  and  functional  capacity 

3  trial  (Saeed  et  al. 2020).  In  this  prospective 

(FC)  (Cowger  et  al. 2018).  The  authors  obtained 

multicenter  substudy,  the  authors  demonstrated 

FC  (New  York  Heart  Association  [NYHA]  and 

that  the  fully  magnetically  levitated  pump,  HM3, 

6-minute  walk  test  [6MWT])  and  HR-QOL 

was  associated  with  greater  preservation  of  vWF 

(European  Quality  of  Life  [EQ-5D-5L]  and  the 

HMWMs.  They  suggested  that  the  changes  in 

Kansas  City  Cardiomyopathy  [KCCQ])  assess-

vWF  may  serve  as  a  biomarker  for  changes  in 

ments  at  baseline  as  well  as  at  6  months  after 

the  circulatory  system  that  predisposed  patients 

HeartMate  3  (n  =  151)  or  HeartMate  II  (n  =  138) 

to  nonsurgical  bleeding.  Second,  Saeed  looked  at 

implantation. Although the median KCCQ (change 

the  effects  of  aspirin  dosage  on  HRAEs  in  HM3 

for  HM3:  +28  [10–46];  HMII:  +29  [9–48])  and 

patients  (Patel  et  al. 2020). In  this  analysis  of 

EQ-5D-5L  (change  for  HM3: -1  [-5  to  0 ; 

]  

HM3-supported  patients  within  the  MOMEN-

HMII: -2  [-6  to  0])  scores  improved  from  base-

TUM  3  trial,  there  was  no  difference  in  bleeding 

line  to  6  months  ( p  <  0.05),  there  were  no 

or  thrombotic  events  based  on  aspirin  dosage 

statistically  significant  differences  between  both 

(81  mg  vs.  325  mg).  Raising  the  question  of 

devices.  Similarly,  there  was  a  comparable  im-

whether  aspirin  therapy  provides  a  meaningful 

provement  in  the  6MWT  distance  at  6  months  in 

therapeutic  effect  in  HM3  LVAD  patients,  Patel 

HeartMate  3  (+94  [1–274  m])  and  HeartMate  II 

et  al.  reported  that  the  incident  of  infection  is  the 

(+188[43–340  m])  from  baseline.  If  the  patients 

most  common  adverse  event  in  HM3  patients, 

were  reported  to  experience  serious  adverse  events 

with  most  events  unrelated  to  the  pump  or  its 

(SAE),  6MWTs  did  increase  from  the  reported 

peripheral  components.  While  58%  of  the  HM3 

baseline,  but  gains  for  both  LVADs  were  less  than

[image: Image 50]
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Fig.  4  MOMENTUM  3  composite  endpoint 

the patients without SAE. At the 6-month mark, the 

either  a  mixed  or  an  ischemic  cardiomyopathy. 

occurrence  of  serious  adverse  events  did  not  influ-

Routine  blood  work  should  include  an  assessment 

ence  the  6-month  HR-QOL  scores. 

of  renal  function,  hepatic  function,  and  evaluation 

Mehra et  al. recently presented and published the 

of  either  a  bleeding  diathesis  or  hypercoagulable 

5-year  outcomes  of  the  MOMENTUM  3  trial.  This 

state. 

was  a  5-year  extended  study  following  the  FDA-

mandated 2-year follow-up. A separate protocol was 

developed  and  approved  by  the  FDA.  The  objec-

Assessing  Preoperative  RV  Function 

tives  of  this  study  were  to  look  at  the  effect  of  a  full 

mag  lev  pump  on  long-term  survival  and  see 

Optimal  LVAD  function  requires  adequate  pre-

whether  the  reduction  in  HRAE  was  maintained  at 

load  (provided  by  the  right  ventricle).  There  are 

5 years. The authors reported a significant difference 

several  pathophysiological  mechanisms  leading 

in  overall  5-year  survival  for  the  HM3  versus  the 

to  post-LVAD  right-heart  failure.  While  the  initial 

HMII  (58.4%  vs.  43.7%),  and  an  even  larger  differ-

LV 

decompression 

(associated 

with 

LVAD 

ence  in  achieving  the  composite  endpoint  (54% 

implantation)  does  potentially  decrease  RV  after-

vs.  29.7%)  (Mehra  et  al. 2022).  The  differences  in 

load,  increased  cardiac  output  may  increase  RV 

mortality  were  primarily  related  to  the  significantly 

preload.  Additionally,  a  leftward  septal  shift  can 

lower  rate  of  HRAE  in  the  HM3  cohort  (Fig. 4). 

result  in  decreased  RV  contractility  or  increased 

tricuspid  valve  regurgitation.  Multiple  groups 

have  identified  pre-LVAD  clinical  factors  that  are 

HeartMate  3  Clinical  Application 

suggestive  of  post-LVAD  RV  failure:  tricuspid 

annular  motion  <7.5  mm,  spherical  RV  (short/ 

Preoperative  Planning 

long  axis  >  0.6),  severe  TR,  increased  RV  to  LV 

end-diastolic  diameter,  high  CVP  with  low  mean 

While  being  evaluated  by  a  multidisciplinary 

PAP,  and  low  PA  pulsatility  index  (<2).  Kormos 

team,  a  thorough  preoperative  evaluation  should 

et  al.  reported  their  experience  with  484  patients 

include  an  echocardiogram,  CT  scan  of  the  chest, 

who  underwent  LVAD  as  a  bridge  to  transplanta-

abdomen,  and  a  right-heart  catheterization.  A  left-

tion  (Goldstein  et  al. 2018). Also,  6%  of  the 

heart  catheterization  is  helpful  in  patients  with 

patients  required  RVAD  placement,  7%  required

6
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extended  inotropes,  and  7%  required  late  inotro-

sternotomy.  Initial  results  suggest  that  the  thora-

pic  support.  A  significantly  greater  number  of 

cotomy  approach  has  at  least  equivalent  results 

patients  without  RV  failure  survived  and  reached 

and  maybe  associated  with  decreased  RV  failure 

the  point  of  transplantation,  recovery,  or  ongoing 

and  length  of  stay  (Gosev  et  al. 2020). 

device  support  at  180  days  compared  to  patients 

The  preoperative  transthoracic  echocardio-

with  RV  failure  (89%  vs.  71%,  P  <  0.001).  After  a 

gram  is  intended  to  identify  any  valve  or  struc-

multivariate  analysis  was  conducted,  the  authors 

tural  abnormalities  that  might  need  to  be 

identified  the  following  independent  predictors  of 

addressed  at  the  time  of  LVAD  implant.  Aortic 

RV  failure  after  LVAD  implant:  need  for  preoper-

valve  regurgitation  should  be  evaluated  under 

ative  ventilatory  support  (OR  5.5),  blood  urea 

physiological  conditions  with  mean  arterial 

nitrogen  >39  mg/dl  (OR  2.1),  and  central  venous 

pressure  >80  mmHg.  The  mitral  valve  exam 

pressure/pulmonary  capillary  wedge  pressure 

should  look  for  both  mitral  stenosis  and  regurgi-

ratio  of  >0.63  (OR  2.3).  The  cumulative  inci-

tation.  If  significant  mitral  regurgitation  is 

dence  of  RV  failure  (RVAD  and/or  prolonged 

found,  identifying  the  mechanism  of  regurgita-

inotropes)  was  13%.  Patients  who  were  diagnosed 

tion  can  be  helpful  in  deciding  whether  repair  is

with  early  right  ventricular  failure  had  a  20% 

warranted. 

reduction  in  1-year  survival.  Clinical  strategies 

The  tricuspid  valve  exam  should  include  an 

to  minimize  post-LVAD  right  ventricular  failure 

assessment  of  regurgitation  (both  severity  and 

include  inotropic  support  (dobutamine,  epineph-

mechanism)  and  annular  size.  The  left  atrium 

rine),  inhaled  nitric  oxide  or  alternative  pulmo-

and  left  ventricle  should  be  thoroughly  examined 

nary  vasodilators,  and  diuresis  (goal  CVP 

to  identify  any  thrombus  within  the  cavity.  Pro-

<15  mmHg).  If  these  measures  fail,  planned  vocative  efforts  should  be  used  to  confidently 

RVAD  support  would  likely  be  indicated.  In  a 

evaluate  for  a  patent  foramen  ovale. 

retrospective 

review 

of 

398 

patients 

who 

The  preoperative  CT  scan  can  identify  signifi-

underwent  unplanned  RVAD,  Takeda  demon-

cant  vascular  abnormalities  that  may  impact  can-

strated 

that 

the 

likelihood 

of 

successful 

nulation  or  the  outflow  graft  anastomosis.  In  cases 

unplanned  RVAD  wean  may  be  only  50%. 

where  the  LVAD  implant  is  performed  as  a  redo 

operation,  the  preoperative  CT  could  be  vital  for 

successful  operative  planning.  Occasionally,  a 

Preoperative  Imaging 

noncardiac-related  pathology  (malignancy,  pul-

monary  process)  could  be  identified,  which  sig-

The  HM3  is  placed  entirely  within  the  thoracic 

nificantly  alters  the  plan  to  move  forward  with 

cavity.  No  pump  pocket  is  required;  however, 

LVAD  implant.  In  addition,  a  preoperative  left-

adequate  planning  and  space  are  required  to  opti-

heart  catheterization  is  strongly  recommended. 

mize  inflow  cannula  positioning  and  outflow  graft 

Consideration  should be  given to treating a critical 

orientation.  The  HM3  is  approved  for  implanta-

right  coronary  artery  lesion  (either  before  or  dur-

tion  either  through  a  median  sternotomy  or  a 

ing  HM3  implant).  In  addition,  a  thorough  under-

lateral  thoracotomy.  The  merits  of  each  approach 

standing  of  coronary  artery  bypass  graft  anatomy 

are  being  currently  evaluated  in  the  ongoing  HM3 

is  helpful  for  operative  planning. 

SWIFT  trial  (HeartMate  3  in  Subjects  With  heart 

Many  centers  use  the  results  of  a  right-heart 

Failure  using  Surgical  Techniques  other  than  full 

catheterization  to  guide  the  exact  time  of  the  oper-

median  sternotomy).  As  mentioned  above,  preop-

ation  since  preoperative  volume  optimization  may 

erative  imaging  is  imperative  if  one  is  considering 

decrease the incidence of post-left ventricular assist 

a  thoracotomy  approach  to  fully  identify  anatomic 

device  right-heart  failure.  Percutaneous  temporary 

challenges  and  the  need  for  any  potential  concom-

mechanical  circulatory  support  (intra-aortic  bal-

itant  procedures.  There  is  growing  experience 

loon  pump,  Impella  [Abiomed],  Tandem  Heart 

with  LVAD  implantation  via  thoracotomy,  espe-

[Livanova],  ECMO)  may  be  used  both  as  a  tool 

cially  in  patients  with  hostile  chest  and  previous 

to  aid  preoperative  optimization  and  as  a  bridge  to
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HM3  implantation.  When  temporary  support  is 

dissection  is  required.  As  mentioned  previously, 

used,  vascular  access  should  be  carefully  chosen 

the  standard  approach  for  implantation  of  the  HM3 

to  not  limit  future  options  for  cardiopulmonary 

is  via  median  sternotomy.  Immediately  following 

bypass  cannulation,  inhibit  rehabilitation,  or  create 

the  sternal  incision  and  placing  the  sternal  retractor, 

difficulty  for  temporary  device  removal. 

the  driveline  is  tunneled  before  heparin  administra-

The  driveline  exit  site  location  has  been  identi-

tion.  The  HM3  pump  should  be  wrapped  in  an 

fied as  a potential  risk for  future driveline infections.  antibiotic-soaked  gauze  and  carefully  secured  on 

New  data  from  the  MOMENTUM  3  trial  has  dem-

the  patient.  The  driveline  should  be  tunneled  to 

onstrated  that  the  driveline  infection  rate  was  lowest 

create  a  silicone-to-skin  interface  as  burying  all  the 

when  the  driveline  exited  in  the  abdominal  left 

driveline  velour  has  been  previously  shown  to 

upper  quadrant.  To  further  decrease  infection,  the 

decrease  driveline  infections.  The  driveline  should 

driveline  itself  is  covered  with  woven  polyester  that 

remain  outside  of  the  peritoneal  cavity  and  maintain 

is  intended  to  encourage  tissue  ingrowth  at  the  skin 

a  course  through  the  rectus  abdominus  muscle. 

line.  Prior  to  HM3  implant,  the  exact  driveline  exit 

After  the  driveline  has  been  addressed,  the 

site  should  be  chosen  based  on  body  habitus.  A 

pericardium  is  opened,  with  a  standard  “T”  inci-

thorough  discussion  regarding  the  patient’s  habits, 

sion  along  the  diaphragm.  To  accommodate  the 

activities,  and  attire  will  help  select  a  site  that  will 

pump  in  a  thin  or  smaller  patient,  a  pericardial 

allow  the  patient  to  be  compliant  with  driveline  care 

relaxing  incision  could  be  made  anterior  to  the 

and provide the greatest quality of life. Some centers 

phrenic  nerve.  This  relaxing  incision  usually 

have  used  a  team,  consisting  of  the  surgeon,  a  VAD 

does  not  extend  into  the  left  pleural  space.  In 

coordinator,  and  an  experienced  stoma  therapist,  to 

very  small  patients,  it  may  be  necessary  to  detach 

help  choose  the  most  optimal  driveline  exit  site. 

the  diaphragm  from  the  anterior  costal  margin. 

If  the  patient  has  an  AICD,  the  defibrillator 

Molina  et  al.  reported  on  outcomes  in  HM3 

should  be  inactivated  just  prior  to  surgery.  The 

patients  will  a  small  BSA  (<1.8  m2 ).  In  a  single-

pacer  settings  should be  adjusted  to  optimize  post-

center  cohort  of  220  patients,  the  authors  reported 

operative  right  ventricular  function. 

similar  outcomes  in  patients  with  smaller  body 

size  despite  a  greater  number  of  females  and 

smaller  LV  size  (Molina  et  al. 2022). They 

Intraoperative/Pre-cardiopulmonary 

suggested  that  a  smaller  body  size  should  not  be 

Bypass 

an  exclusion  for  HM3  therapy.  Any  additional 

intrapericardial  dissection  is  completed  prior  to 

After  the  induction  of  general  anesthesia,  a  thor-

giving  heparin.  The  field  should  be  flooded  with 

ough  transesophageal  echocardiogram  (TEE)  is 

carbon  dioxide. 

performed.  Provocative  measures  should  be 

taken  to  evaluate  the  aortic,  mitral,  and  tricuspid 

Cardiopulmonary  Bypass 

valves.  The  atrial  septum  should  be  examined  to 

and  Concomitant  Procedures 

rule  out  any  atrial  septal  defects.  A  search  for 

For  most  cases,  standard  cardiopulmonary  bypass 

thrombi  either  in  the  left  atrial  appendage  or  the 

cannulation  is  used.  After  administration  of  hepa-

left  ventricular  apex  should  also  be  undertaken. 

rin,  the  arterial  cannula  is  positioned  in  the  distal 

After  the  TEE  is  complete,  the  patient  is  posi-

ascending  aorta  and  a  two-stage  venous  cannula  is 

tioned  to  facilitate  the  surgical  exposure. 

placed  in  the  right  atrium.  When  a  concomitant 

The  operation  should  be  kept  as  “simple”  as 

tricuspid  or  mitral  valve  procedure  or  a  PFO  clo-

possible  both  to  minimize  operative  time  but  to 

sure  is  indicated,  a  bicaval  cannulation  is  used 

also  facilitate  any  future  cardiac  operations.  As 

(John  et  al. 2014; Pal  et  al. 2009). In  situations 

much  dissection  as  possible  should  be  completed 

where  the  patient  has  known  preoperative  pulmo-

prior  to  administering  heparin  for  cardiopulmonary 

nary  hypertension  and/or  presence  of  at  least  trace 

bypass,  especially  if  the  patient  had  a  previous  sur-

aortic  insufficiency,  a  right  superior  pulmonary 

gery  via  sternotomy  and  extensive  mediastinal 

vein  vent  is  used  to  minimize  the  risk  of
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postoperative  RV  failure.  After  reaching  an  ade-

circulatory  loop,  resulting  in  a  steal  phenomenon 

quate  activated  clothing  time  (ACT),  cardiopul-

and  a  falsely  elevated  estimation  of  the  LVAD 

monary  bypass  is  initiated,  and  the  patient  is 

flow.  Correction  of  significant  AI  at  the  time  of 

placed  in  Trendelenburg  position.  When  possible, 

LVAD  implant  is  mandatory.  Most  authors  recom-

ventilation  should  be  continued  during  the  entire 

mend  replacement  with  a  bioprosthetic  valve; 

operation.  We  generally  recommend  frequent, 

however,  valve  repair  has  also  been  shown  to  be 

small  tidal  volume  ventilation.  Inhaled  pulmonary 

effective.  Unfortunately,  concomitant  valve  pro-

vasodilators  may  help  minimize  the  risk  of  post-

cedures  during  LVAD  implant  have  historically 

operative  RV  failure  and  when  used  should  be 

been  associated  with  increased  mortality  and  mor-

delivered  throughout  the  entire  operation.  It  is 

bidity  (Netuka  2018;  Beyersdorf  2017; Johnson  Jr 

imperative  that  adequate  perfusion  be  maintained 

et  al. 2018). 

during  the  entire  case,  and  cerebral  oximetry, 

urine  output,  and  the  base  deficit  should  be  closely 

monitored.  When  necessary,  vasopressors  and 

Mitral  Valve 

transfusion  can  be  used  to  maintain  physiological 

perfusion. 

Repair  of  severe  mitral  regurgitation  at  the  time  of 

If  any  concomitant  procedures  are  planned, 

LVAD  implantation  is  controversial.  While  placing 

those  are  usually  performed  prior  to  the  actual 

an  edge-to-edge  repair  of  the  mitral  valve  through 

LVAD  implant.  Most  procedures  (tricuspid  valve 

the  apical  ventriculostomy  appears  as  a  technically 

repair,  mitral  valve  repair,  PFO  closure,  left  atrial 

straightforward  and  brief  procedure  without  the 

appendage 

ligation, 

RCA 

bypass) 

can 

be 

need  to  arrest  the  heart,  its  value  is  unproven.  In 

performed  with  the  heart  beating  on  bypass.  Aor-

most  cases,  mitral  regurgitation  improves  once  the 

tic  valve  procedures  that  require  a  brief  period  of 

LV  is  decompressed  without  the  need  for  surgical 

cardiac  arrest  should  be  performed  immediately 

correction. An analysis derived from the MOMEN-

after  going  on  bypass  to  allow  the  right  ventricle 

TUM  3  trial  investigated  the  impact  of  LVAD 

adequate  time  to  recover  prior  to  transitioning  to 

placement  on  clinically  significant  mitral  regurgi-

LVAD  support. 

tation  and  its  contribution  to  long-term  outcomes 

(Kanwar  et  al. 2020). Out  of  927  patients  who 

underwent  LVAD  implant,  43.5%  had  clinically 

Valve  Considerations 

significant  mitral  regurgitation  before  the  start  of 

the  procedure.  After  about  a  month  of  left  ventric-

In  some  instances,  coexisting  valvular  heart  dis-

ular  support,  the  residual  MR  was  present  in  only 

ease  needs  to  be  treated  at  the  time  of  LVAD 

6.2%  of  the  patients  who  underwent  HM3  and 

implant.  Although  some  guidelines  exist,  it  is 

14.3%  of  the  patients  who  underwent  HM2  place-

likely  that  LVAD-specific  therapies  are  required. 

ment.  This  residual  mitral  regurgitation  post 

As  the  HM3  experience  grows,  more  specific  rec-

implantation  did  not  affect  the  2-year  mortality 

ommendations  will  develop.  The  following  rec-

for  any  of  the  patients.  In  addition,  the  authors 

ommendations  represent  the  current  state  of 

reported  that  the  presence  or  absence  of  clinically 

knowledge  base. 

significant  mitral  regurgitation  preoperatively  did 

not  affect  the  outcomes. 

Aortic  Valve 

Tricuspid  Valve 

Native  aortic  valve  (AV)  pathology  and,  in  partic-

ular, 

moderate-to-severe 

aortic 

regurgitation 

There  are  several  single-institution  studies  that 

(AI)  have  been  previously  considered  as  contra-

showed  that  adding  tricuspid  valve  procedures  to 

indication 

for 

LVAD 

implantation 

without 

the  LVAD  placement  is  associated  with  decreased 

planned  correction.  Significant  AI  creates  a 

rates  of  right-heart  failure  and  shorter  hospital

[image: Image 51]
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length  of  stay;  however,  no  mortality  benefit  has 

sewing  cuffs provides  superior  outcomes.  Regard-

been  identified  (Mehra  et  al. 2017; Hanke  et  al. 

less  of  which  cuff  is  chosen,  it  is  imperative  that  a 

2017).  In  a  recent  STS  database  analysis,  concom-

hemostatic  attachment  is  performed.  This  can  be 

itant  tricuspid  valve  surgery  led  to  increased  rates 

accomplished  using  either  interrupted  or  running 

of  renal  failure,  ventilator  days,  ICU  length  of 

suture.  Care  must  be  taken  to  incorporate  enough 

stay,  and  more  transfusions  (Mehra  et  al. 2021). 

cardiac  muscle  to  assure  firm  apposition  of  the 

sewing  ring  to  the  ventricular  surface.  If  the  cuff 

is  loose  or  there  are  noticeable  gaps,  additional 

LVAD  Implant 

sutures  should  be  placed  to  compensate  for  those 

gaps.  If  the  sutures  are  placed  very  wide  and  the 

The  apex  of  the  heart  is  elevated,  and  the  apical 

left  ventricular  muscle  is  “squeezed”  together,  it 

cannulation  site  is  chosen.  Data  from  the 

may  be  challenging  to  secure  the  pump  to  the 

MOMENTUM  3  trial  suggest  that  coring  at  the 

small  cuff.  Myocardial  tears  should  be  repaired 

true  apical  dimple  may  be  beneficial  (Mehra  et  al. 

prior  to  pump  insertion.  A  sealant  can  be  applied 

2018b). In  most  cases,  the  apical  dimple  is  visible 

to  aid  with  hemostasis  and  minimize  the  possibil-

and/or  palpable.  When  the  apex  is  not  readily 

ity  of  entering  air  once  the  pump  is  started.  Tita-

identified,  intraoperative  transesophageal  echo-

nium  fasteners  (Cor- Knot  –  LSE  Solutions)  can 

cardiography  may  be  helpful.  Placing  the  pump 

be  safely  used  to  secure  interrupted  sutures  (John-

in  the  true  apical  dimple  helps  to  mitigate  the 

son  et  al. 2018). 

adverse  effects  of  potential  poor  pump  position-

The  apical  core  is  removed  either  before  or 

ing.  There  are  two  main  techniques  described  that 

after  attachment  of  the  apical  cuff  using  the 

can  be  used  for  attaching  the  apical  cuff: “Cut  then 

HeartMate  3  coring  knife.  The  knife  should  be 

Sew”  and  “Sew  then  Cut”  (Figs. 5  and  6).  Both 

directed  toward  the  mitral  valve  and  parallel  to 

techniques  were  found  to  be  equally  effective  at 

the  ventricular  septum.  After  removal  of  the  core, 

reaching  the  primary  endpoint  of  the  MOMEN-

the  ventricular  cavity  should  be  inspected. 

TUM  3  trial.  However,  the  Sew  then  Cut  method 

Obstructing  muscle  bands  and  thrombi  should  be 

is  associated  with  a  shorter  cardiopulmonary 

removed.  The  inflow  cannula  can  then  be  inserted 

bypass  run  and  a  shorter  operative  time.  There  is 

and  the  LVAD  pump  is  secured  within  the  apical 

no  data  to  suggest  that  either  of  the  two  available 

cuff. HeartMate  3 is  secured to  the  apical  cuff with

Fig.  5  HeartMate  3  implant  technique,  “Sew  Than  Core” 

[image: Image 52]

6

HeartMate 3

109

Fig.  6  HeartMate  3  implant  technique,  “Core  Than  Sew” 

a  unique  slide-lock  mechanism  that  is  fully 

As  a  next  step,  the  outflow  graft  should  be 

engaged  when  the  yellow  marks  are  no  longer 

measured  and  cut  to  the  appropriate  length.  Ide-

visible.  A  special  tool  is  available  to  facilitate 

ally  the  graft  should  course  parallel  to  the  dia-

opening  the  slide  lock  as  needed.  If  needed,  the 

phragm  until  the  acute  margin  of  the  heart  where 

pump  can  be  slightly  rotated  after  being  secured to 

it turns  cephalad  lying  lateral to  the  right  atrial free 

the  apical  cuff.  If  the  outflow  graft  and  bend  relief 

wall.  The  outflow  graft  should  not  compress  the 

are  attached  prior  to  engaging  the  pump,  the  heart 

right  atrium,  right  ventricle,  or  inferior  vena  cava. 

can  be  placed  back  in  the  pericardium  and  not 

If  the  outflow  graft  is  already  attached  to  the 

manipulated further in order  to decrease the poten-

pump,  allowing  it  to  fill  with  blood  and  transiently 

tial  for  cardiac  injury. The  driveline  should make  a 

filling  the  heart  with  volume  will  aid  in  determin-

gentle  curve  before  exiting  the  pericardium.  The 

ing  the  correct  length.  The  orientation  of  the  black 

driveline  should  be  secured  internally  to  the  peri-

line  mark  should  remain  constant  to  avoid  poten-

cardium  with  a  single  interrupted  suture.  When 

tial  twisting.  Once  the  exact  length  has  been  deter-

attaching  the  outflow  graft  to  the  pump,  it  should 

mined,  the  distal  end  of  the  graft  should  be  cut  to 

be  securely  hand  tightened  and  the  position  of  the 

an  angle  of  between  45°  and  60°. 

black  line  should  be  noted  prior  to  attaching  the 

The  aorto-outflow  graft  anastomosis  is  of  critical 

bend  relief.  The  heart  and  LVAD  should  lie  in 

importance.  The  anastomosis  should  be  positioned 

such  a  fashion  so  that  the  ventricle  is  not  com-

on  the  lateral  aspect  of  the  ascending  aorta  approx-

pressed  or  kinked  in  any  way.  If  necessary,  the 

imately  2  cm  above  the  sino- tubular  junction.  An 

previously  performed  pericardial  relaxing  inci-

anastomotic angle of between 45° and 60° is ideal to 

sion  could  be  extended  into  the  left  pleural 

minimize  stasis  in  the  aortic  root  and  optimize 

space.  The  intraoperative  echocardiogram  should 

downstream  perfusion  (Hanke  et  al. 2017).  The 

confirm  that  the  inflow  of  the  HM3  is  directed 

anastomosis  should  remain  tension  free.  After  plac-

toward  the  mitral  valve.  Data  from  the  MOMEN-

ing  a  partial  occlusion  aortic  clamp,  an  arteriotomy 

TUM  3  trial  demonstrates  a  trend  toward  less 

is  performed.  We  use  an  aortic  punch  to  round  out 

postoperative  right-heart  failure  and  ventricular 

the  proximal  and  distal  ends  of  the  aortotomy.  The 

arrhythmia  when  the  inflow  portion  of  the  HM3 

anastomosis  is  created  with  a  simple  running  4–0  or  

is  directed  toward  the  mitral  valve  (Mehra  et  al. 

5–0  monofilament  suture.  Prior  to  removal  of  the 

2017). 

partial  occlusion  aortic  clamp,  the  outflow  graft  is
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unclamped  and  deaired  after  turning  the  pump  on  at  

When  the  patient  is  stable  off  CPB  and  on 

3000  RPM  and  making  several  deairing  punctures 

LVAD  support,  protamine  is  administered,  and 

(18G needle) in the outflow graft. After assuring that 

bypass  cannulas  are  removed.  Meticulous  hemo-

the  patient  is  in  steep  Trendelenburg,  the  outflow 

stasis  is  paramount  prior  to  leaving  the  operating 

graft is re-clamped and the partial occlusion c lamp is

room.  In  the  previously  mentioned  MOMEN-

removed. 

TUM  3  trial  (Mehra  et  al. 2017),  a  little  more 

than  40%  of  the  patients  required  transfusion 

with  blood  products  or  platelets.  When  a  patient 

Weaning  from  Cardiopulmonary 

does  not  have  a  permanent  pacemaker,  placing  a 

Bypass 

temporary epicardial  leads  may  prove  helpful if  an 

increase  in  RV  cardiac  output  is  needed  in  the 

Preparations  are  then  made  to  transition  from  car-

early  postoperative  period.  Chest  tubes  should  be 

diopulmonary  bypass  to  LVAD  support.  It  is  nec-

placed  to  widely  drain  the  pericardial,  pleural,  and 

essary  to  ensure  that  the  patient  is  being  fully 

substernal  spaces.  Deairing  holes  in  the  outflow 

ventilated,  inotropes  are  initiated,  the  IABP  is 

graft  should  be  closed  with  a  5-0  or  6-0  monofil-

restarted  (when  applicable),  calcium  is  given, 

ament  suture. 

and  the  TEE  monitoring  is  available.  If  the  TEE 

Pericardial  closure  either  primarily  or  with  a 

demonstrates  a  significant  amount  of  air  within 

PTFE  membrane  will  help  mitigate  RV  dysfunction 

the  left  ventricle,  an  additional  root  vent  could  be 

and  ease  sternal  re-entry.  Most  centers  anchor  the 

placed  distal  to  the  outflow  graft  anastomosis. 

driveline  at  the  exit  site  using  either  a  simple  suture 

Deairing  is  a  continuous  process  that  is  guided 

or  a  wound  VAC.  The  incisions  are  closed,  and  the 

by  TEE  and  RV  function. 

patient  is  watched  closely  prior  to  transport. 

During  the  period  of  weaning  the  CPB,  one 

should  keep  in  mind  that  the  patient  enters  the 

operating  room  without  a  durable  support  device 

Initial  Postoperative  Period 

and  if  needed  should  be  able  to  tolerate  a  short 

period of  time  with  minimal LVAD  support during 

Transport  of  the  patient  to  the  ICU  should  be  a 

the  transition  from  CPB.  Prior  to  weaning,  a  mean 

carefully  executed  full  team  “exercise.”  Use  of  a 

arterial  pressure  of  at  least  60  mmHg  should  be 

transport  ventilator  will  help  maintain  delivery  of 

obtained  through  volume  loading,  vasopressors, 

any  inhaled  agents  while  maintaining  tidal  vol-

and  inotropes.  Once  it  is  confirmed  that  the  patient 

ume  and  preventing  atelectasis.  Upon  arrival  at 

is  in  a  stable  cardiac  rhythm,  is  normothermic, 

the  ICU,  a  CXR  is  obtained  and  pump  orientation 

there  is  no  surgical  bleeding,  and  that  both  pleural 

is  documented.  The  AICD  should  be  reactivated 

spaces  have  been  drained,  the  cardiopulmonary 

as  soon  as  possible,  and  the  IABP  can  be  removed 

bypass  is  then  weaned  to  a  flow  of  1–2  LPM  at 

once  coagulation  parameters  are  normal  and  the 

which  time  the  outflow  graft  is  unclamped  and  the 

patient is hemodynamically stable. Heparin can be 

HM3  speed  is  increased  to  4000  RPM.  After 

started  at  a  low  dose  once  the  chest  tube  output  is 

complete  separation  from  bypass,  the  pump 

less  than  50  cc/hr.  We  consider  removing  the  chest 

speed  is  slowly  up-titrated  to  a  speed  of 

tubes  usually  until  the  drainage  is  minimal  (less 

5200–5600.  The  frequency  and  amplitude  of 

than  100  cc  per  day  per  tube). 

IABP  inflations  (if  applicable)  may  need  to  be 

reduced  to  improve  LVAD  flow.  The  TEE  will 

guide  pump  speed  adjustment,  with  a  goal  of  a 

Conclusion 

midline  septum,  minimal  mitral  valve  and  tricus-

pid  valve  regurgitation,  and  an  intermittently 

HeartMate  3  (HM3)  is  the  last  generation  of 

opening  aortic  valve.  A  final  TEE  should  assure 

FDA-approved  left  ventricular  assist  device 

correct  pump  position,  adequate  RV  function,  and 

(VAD)  that  functions  as  a  fully  magnetically 

no  new  valve  pathology  or  PFO. 

levitated  centrifugal  flow  VAD,  specifically
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engineered  to  enhance  hemocompatibility.  Over 

fastener  utilization  during  HeartMate  3  left  ventricular 

the  years,  the  pump  demonstrated  superior  sur-

assist 

device 

implantation. 

Innovations 

(Phila). 

2018;13(5):361–4. 

vival  outcomes,  morbidity  profile,  and  improved 

Kanwar  MK,  Rajagopal  K,  Itoh  A,  Silvestry  SC,  Uriel  N, 

quality  of  life.  Future  pump  generations  are 

Cleveland  JC  Jr,  et  al.  Impact  of  left  ventricular  assist 

expected  to  further  decrease  adverse  events  and 

device  implantation  on  mitral  regurgitation:  an  analysis 

expand  the  implant  eligibility  criteria. 

from  the  MOMENTUM  3  trial.  J  Heart  Lung  Trans-

plant.  2020;39(6):529–37. 

Krabatsch  T,  Netuka  I,  Schmitto  JD,  Zimpfer  D,  Garbade  J, 

Rao  V,  et  al.  Heartmate  3  fully  magnetically  levitated 

left  ventricular  assist  device  for  the  treatment  of 
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Abstract 

idea  of  durable  mechanical  support  as  a  bridge 

While  heart  transplant  still  predominates  as  the 

to  transplant  has  gained  considerable  momen-

gold  standard  final  therapy  for  patients  with 

tum.  With  the  FDA  approval  of  left  ventricular 

end-stage  heart  failure  in  the  United  States,  the 

assist  devices  in  1994  and  the  approval  of  total 

artificial  heart  in  2004  as  a  bridge  to  transplan-

tation,  the  use  of both types  of devices  is used in 

R.  Gopalan  (✉) 

supporting  end-stage  heart  failure  patients  to 

University  of  Arizona  College  of  Medicine,  Phoenix, 

transplant.  As  a  result,  the  concept  of  durable 

AZ,  USA 

support  for  transplants  has  departed  in  two  dis-

e-mail:  radha.gopalan@bannerhealth.com 

tinct  pathways  based  on  whether  the  patient 

S.  Yenigalla 

requires  univentricular  or  biventricular  support 

Banner  University  Medical  Center,  University  of  Arizona 

to  survive  the  transplant.  Due  to  severe  left

College  of  Medicine  –  Phoenix,  Phoenix,  AZ,  USA 

e-mail:  sowjanya.yenigalla@bannerhealth.com 

©  Springer  Nature  Switzerland  AG  2025 

113

F.  A.  Arabía  (ed.),  Mechanical  Circulatory  Support, 

https://doi.org/10.1007/978-3-031-09048-6_11

114

R. Gopalan and S. Yenigalla

ventricular  failure  being  more  prevalent  than 

represents  2–5%  of  the  symptomatic  heart  failure 

severe  right  ventricular  failure  or  biventricular 

population  in  the  United  States  (Go  et  al. 2014). 

failure,  the  growth  of  the  use  of  univentricular 

Heart  transplantation  remains  the  gold  standard 

support  as  a  bridge  to  transplant  has  surpassed 

therapy  for  selected  patients  with  demonstrable 

the  use  of  biventricular  support.  However,  the 

improvements  in  quality  of  life,  functional  status, 

development  of  right  ventricular  failure  and  its 

and  longevity  compared  to  conventional  treatment 

associated  mortality  post  left  ventricular  assist 

(Mehra 2017). One-year survival following cardiac 

device  implant  poses  a  significant  concern, 

transplantation  is  now  >90%,  with  a  median  sur-

suggesting  that  our  pre-implant  ability  to  iden-

vival  of  12.2  years,  though  patient  selection 

tify  the  presence  or  absence  of  biventricular 

remains  a  critical  component  of  achieving  satisfac-

failure  is,  at  best,  limited. 

tory  posttransplant  outcomes  (Mehra  et  al. 2016). 

Furthermore, 

with 

rapid 

technological

However,  organ  scarcity  continues  to  limit  the 

advances,  the  idea  of  these  two  devices  becom-

number  of  transplants  performed  annually.  To 

ing  serious  contenders  to  take  the  gold  standard 

limit  waitlist  death,  the  transplant  community  has 

spot from heart transplant to offer a final therapy 

increasingly  considered  mechanical  circulatory 

can  become  a  reality.  With  the  additional  evo-

support  (MCS)  as  an  alternative  to  bridge  patients 

lution of xenotransplantation, we are at a pivotal 

until  a  suitable  donor  organ  becomes  available. 

period  in  establishing  more  reliable  treatment 

While  clinical  severity  of  the  heart  disease 

options  for  patients  with  end-stage  heart  failure. 

remains  the  single  primary  determinant  of  a 

Whether  univentricular  support,  biventricular 

patient’s  need  for  heart  transplantation,  several 

support,  or  xenotransplantation  becomes  an 

other  factors,  such  as  medical  and  surgical  comor-

alternative  for  orthotopic  heart  transplantation 

bid  conditions,  psychosocial  concerns,  and  patient-

remains  to  be  seen.  This  chapter  explores  the 

specific  factors,  such  as  medical  noncompliance, 

clinical  situations  where  biventricular  support 

influence a patient’s eligibility for transplant. When 

as  a  bridge  to  transplantation  may  be  warranted 

these  unfavorable  eligibility  factors  are  considered 

as  an  option.  It  analyses  the  difficulties  and 

nonreversible,  a  patient  is  not  eligible  for  a  heart 

challenges  in  making  sound  decisions  that  ben-

transplant  and  is  offered  alternative  options,  such 

efit  patients  requiring  advanced  therapies. 

as  MCS  with  a  left  ventricular  assist  device 

(LVAD)  as  destination  therapy  (DT)  (Rose  et  al. 

2001).  If  a  patient  declines  MCS  as  DT,  options  are 

Keywords

limited  to  continued  palliative  medical  treatment 

Heart  transplant  ·  Mechanical  circulatory 

with  or  without  continuous  inotropic  support,  if 

support  ·  Left  ventricular  assist  devices  ·  Total 

tolerated,  or  hospice  care.  Conversely,  a  patient 

artificial  heart  ·  Heart  failure  ·  Durable 

with  nonreversible  biventricular  failure  with  unfa-

circulatory  support  ·  Temporary  mechanical 

vorable  eligibility  factors  does  not  have  a  DT 

circulatory  support 

option  and  is  offered  hospice  with  withdrawal  of 

care. Suppose the unfavorable eligibility factors are 

expected  to reverse  in  a  short  period of time.  In  that 

Introduction

case,  these  patients  may  be  offered  a  multitude  of 

temporary  non-dischargeable  or  select  discharge-

The  prevalence  of  heart  failure  (HF)  is  increasing 

able  biventricular  MCS  as  a  bridge  to  transplanta-

as  the  population  ages.  As  a  result  of  advances  in 

tion  (BTT).  If  the  unfavorable  eligibility  concerns 

medical  therapy  for  heart  failure,  more  patients  are 

are  reversible  and  require  long  term  for  such  rever-

living  longer  and  with  more  end-stage  disease. 

sal,  a  patient  with  left  ventricular  failure  can  be 

Estimating the  prevalence  of  advanced  HF  remains 

offered  an  option  of  a  durable  dischargeable  MCS 

a  challenge  due  to  the  lack  of  a  precise  definition 

such as LVAD as a bridge to transplantation (BTT). 

and  the  dependence  of  the  definition  on  an  evolv-

However, for patients with biventricular failure, the 

ing series of therapies. It is estimated that this group 

only  option  is  a  dischargeable  total  artificial  heart

7

Why an Artificial Heart? 

115

(TAH).  However,  some  centers  with  limited  TAH 

transplant.  Significant  advances  have  been  made 

experience 

have 

implanted 

two 

HeartMate 

in  temporary  nondischargeable  or  durable  dis-

3  (HM3)  (Abbott,  Chicago,  IL)  devices  as  BTT 

chargeable  univentricular  MCS  devices.  However, 

for  end-stage  patients  requiring  biventricular  sup-

the  options  available  for  end-stage  HF  patients 

port  (Marasco  et  al. 2024;  McGiffin  et  a  l. 2021). 

requiring  biventricular  support  are  limited.  Several 

MCS  devices  are  divided  into  temporary  and 

approaches  have  been  attempted.  Most  approaches 

durable,  dischargeable  and  nondischargeable. 

for  biventricular  support  are  driven  by  clinical 

Currently,  there  are  no  comparable  MCS  alterna-

deduction  rather  than  robust  clinical  studies.  The 

tives  in  any  category  to  the  gold  standard,  heart 

most  studied  and  approved  option  for  biventricular 

transplantation.  However,  durable  univentricular 

support  is the implantation of TAH  (Copeland et al. 

mechanical  circulatory  support  devices,  such  as 

2004;  Henn  and  Mokadam  2022).  Currently,  only 

HM3  LVAD,  have  been  approved  as  DT  for 

SynCardia TAH is FDA-approved for  biventricular 

patients  not  eligible  for  heart  transplants  (Mehra 

support  as  a  BTT  option  (Fig. 1).  A  DT  study 

et  al. 2019). Currently,  only  HM3  LVAD  is 

commenced  in  2016  (SynCardia  Systems.  LLC 

approved  for  DT  and  BTT  in  the  United  States 

2016)  and  was  subsequently  stopped  due  to  the 

for  adult  patients  with  end-stage  heart  failure. 

slow  enrolment  of  study  subjects  into  the  trial.  As 

In  addition  to  the  durable  dischargeable  HM3 

a  result,  the  SynCardia  TAH  is  approved  by  the 

LVAD,  nondischargeable  univentricular  temporary 

FDA  only  as  a  BTT  option  for  patients  with  end-

mechanical  circulatory  support  devices  (t-MCS) 

stage  heart  failure  due  to  irreversible  biventricular 

are  used  as  BTT  under  the  new  heart  allocation 

failure  facing  imminent  death  and  cannot  survive 

system  that  came  into  effect  in  2018.  For  patients 

the  unpredictable  wait  time  of  weeks  to  months  or 

who require biventricular support, three options  are 

even  years  for  transplant. 

available.  These  include  nondischargeable  extra-

Other  approaches  have  been  reported  for  man-

corporeal  membrane  oxygenation  (ECMO)  with 

aging  irreversible  biventricular  failure,  such  as  BTT 

or  without  an  additional  left  ventricular  venting 

or  recovery.  Transplant  programs  have  placed  two 

device,  two  simultaneous  temporary  univentricular 

temporary MCS devices for short-term biventricular 

t-MCS  devices,  or  a  dischargeable  total  artificial 

support  (Burzotta  et  al. 2015).  For  example,  a  left-

heart.  In  the  United  States,  the  SynCardia  total 

sided  Impella  device  concurrent  with  an  Impella  RP 

artificial  heart  (TAH)  (SynCardia  Systems,  LLC, 

(Abiomed,  Danvers,  MA)  or  the  ProtekDuo 

Tucson,  AZ)  is  dischargeable  but  considered  tem-

(LivaNova,  London,  UK)  has  been  considered  for 

porary  biventricular  support  as  it  is  approved  only 

short-term  support.  Another  option  is  temporary 

as  a  BTT  device,  not  a  DT  device. 

MCS  with  ECMO  and  LV  venting  with  an  Impella  

Rapid  technological  advances,  continuous 

(ECPELLA)  or  LV  venting  with  an  IABP.  In  most 

improvement  of  available  MCS  devices,  the 

instances,  this  temporary  strategy  is  considered 

development  of  newer  devices,  differing  device-

when  potential  recovery  of  one  or  both  ventricles 

specific  complication  profiles,  changing  heart 

is  expected,  but  additional  time  is  needed  for  a  final 

allocation  systems, and  a  sicker  patient  population 

determination.  In  other  instances,  this  strategy  was 

make  the  decision-making  process  highly  compli-

used  as  a  BTT  (Haddad  et  al. 2023). More  recently, 

cated  and  challenging  for  teams  providing  care  for 

Impella RP Flex was introduced for RV support. For 

patients  with  advanced  heart  disease. 

patients  that  have  required  long-term  biventricular 

support,  implantation  of  two  HM3  LVADs  (HM3 

BVAD)  and  two  HeartWare  (Medtronic,  Minneap-

MCS Support in Biventricular Failure

olis,  MN)  left  ventricular  assist  devices  (HVAD) 

have  been  performed  (Fig. 2)  (Marasco  et  al.  2024; 

Univentricular or biventricular MCS support, 

McGiffin et al. 2021). Neither of these strategies has 

either temporary or durable, has become the alter-

undergone  rigorous  clinical  investigation  for  use  in 

nate treatment of choice as BTT or DT for

biventricular  failure  for  bridging  to  heart  transplan-

end-stage heart failure patients who do not meet

tation. Furthermore, while the HVAD is no longer in 

the criteria for immediate listing for a heart

production,  the  HM3  LVAD  has  not  yet  been

[image: Image 53]

[image: Image 54]
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Fig.  1  SynCardia  Total  Artificial  Heart  50  cc  and  70  cc 

comparative  data,  and  significant  comorbidities 

that are  present  in patients that require  this bridging 

strategy  in  addition  to  the  severity  of  the  clinical 

condition  at  the  time  of  consideration.  Most 

patients  are  at  INTERMACS  level  I  when  this 

strategy  is  entertained  (Cheng  et  al. 2016).  How-

ever,  clinical expert consensus  does not favor  using 

this  strategy  as  rescue  therapy  at  INTERMACS 

level  I.  Patients  often  receive  temporary  ECMO 

support  as  a  rescue  strategy,  expecting  improved 

clinical  conditions  to  be  considered  for  a  durable 

biventricular  bridging  strategy  at  a  more  favorable 

INTERMACS  level,  such  as  level  II  or  III.  Addi-

tionally, the use of a temporary rescue strategy with 

ECMO  allows  time  to  determine  the  irreversible 

nature  of  the  biventricular  failure  in  patients  pre-

senting  with  circulatory  collapse  due  to  acute  eti-

Fig.  2  HeartMate  6 

ology.  Some  examples  of  such  acute  etiology  are 

acute  myocardial  infarction,  cardiac  arrest,  acute 

studied  as  a  durable  right  ventricular  assist  device 

myocarditis,  recurrent  ventricular  arrhythmias, 

(RVAD)  for  irreversible  RV  failure. 

and cardiogenic shock from stress cardiomyopathy. 

No 

head-to-head 

comparison 

has 

been 

conducted  about  the  differences  between  the  two 

approaches  (see  Table  1).  Available  data  are  histor-

Indications  for  Mechanical 

ical  from  original  device-specific  trials,  single-

Biventricular  Support 

center  experience,  device-specific  registry  dat , 

a  

and  analysis  from  pooled  data.  The  decisio -

n

It  should,  at  the  outset,  be  noted  that  heart  trans-

making  as  to  what  device  to  use  for  biventricu r 

la

plantation  is  the  only  ultimate  lifesaving  option

support  as  BTT  has  become  a  complicated  proc s 

es

for patients with biventricular failure. However, a

due  to  the  significant  difference  in  devices,  lack  f 

o
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Table  1  Significant  differences  exist  between  the  two  approaches  for  long-term  biventricular  support,  such  as  BTT with either  two  HM  III  devices  or  SynCardia  TAH 

Characteristic

SynCardia  TAH-t

HM3  BVAD 

Flow

Pulsatile

Continuous 

Pump  mechanism

Pneumatic  pulse  generator

Magnetic  levitating  rotor 

Number  of  devices

Single  device

Two  separate  devices 

Blood  pressure  measurement

Systolic  and  diastolic  measurement  with 

Requires  Doppler  for  measurement 

sphygmomanometer 

of  mean  pressure 

Cardiac  output

8–10  l

3–6  l  

Approved  by  FDA  as  BTT  for 

Yes

No 

biventricular  support 

Approved  by  FDA  as  DT

No

Yes,  for  LV  failure  only 

Stroke  risk

Yes

Yes 

Driveline  infection  risk

Yes

Yes 

GI  bleed  risk

No

Yes 

Dischargeable

Yes

Yes 

Differences  between  the  two  durable  solutions  as  BTT  for  biventricular  failure 

temporary or durable bridging strategy could be

disease,  and  isolated  irreversible  right  ventricular 

considered  for  survival  to  transplant  and  to  opti-

failure. 

mize posttransplant outcomes. If a temporary

strategy  is  used,  factors  determining  the  transition 

from  temporary  biventricular  support  to  durable 

The  Decision  for  TAH 

biventricular  support  are  largely  related  to  requir-

ing  more  time  to  resolve  the  patient’s  immediate 

While  most  indications  for  biventricular  support 

clinical  and/or  psychosocial  concerns.  These 

requiring  a  TAH  are  forward,  decision-making  for 

include  end-organ  recovery,  improving  frailty, 

biventricular support in patients with RV dysfunc-

improving  nutritional  status,  ascertaining  medical 

tion following left ventricular failure remains the

noncompliance,  confirming  reliable  social  sup-

most  complex  area  for  clinicians.  This  is  related  to 

port  system,  long  expected  waiting  time  on  the 

challenges  in  assessing  the  degree  of  existing  RV 

transplant  list,  high  levels  of  panel  reactive  anti-

failure,  predicting  recovery  of  RV  function,  and 

bodies,  and  time  needed  to  complete  physical  or 

predicting  RV  failure  in  patients  receiving 

addiction  rehabilitation  processes. 

univentricular  support  with  an  LVAD. 

Current  indications  for  biventricular  support 

with  TAH  include  irreversible  biventricular  failure 

refractory  to  optimal  medical  therapy  who  were 

RV  Failure  (RVF) 

approved  for  transplant  requiring  longer  waiting 

time  (longer  than  that  can  be  provided  by  other 

The  most  common  cause  of  RVF  is  LV  dysfunc-

t-MCS  devices)  for  a  compatible  heart  that  is  not 

tion.  All  myocardial  diseases  that  involve  the  left 

currently available. Other unique clinical scenarios

ventricle may affect the right ventricle; these

include  a  bridge  to  transplant  in  incessant  recurrent 

include ischemia/infarction, myocarditis, hyper-

ventricular  arrhythmias,  retransplant  due  to  cardiac 

trophic  cardiomyopathy,  and  dilated  and  restric-

allograft  vasculopathy  or  rejection,  end-stage 

tive  cardiomyopathies.  Some  cardiomyopathic 

restrictive  cardiomyopathy  (such  as  amyloid  car-

processes  preferentially  involve  the  right  ventri-

diomyopathy),  inoperable  cardiac  tumor,  post-

cle,  like  arrhythmogenic  RV  cardiomyopathy 

acute  MI-related  ventricular  septal  defect  or  ven-

Ebstein’s  and  Uhl’s  anomalies. 

tricular  wall  rupture,  postcardiotomy-related  irre-

The  other  most  common  cause  of  RVF  is  pul-

versible  biventricular  failure,  select  adult  patients 

monary  disease.  Pulmonary  hypertension  can  be 

with  decompensating  complex  congenital  heart 

idiopathic  or  primary  or  can  be  secondary  to  lung
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disease,  chronic  thromboembolism,  or  autoim-

interdependence  due  to  septal  dysfunction  may 

mune  diseases  like  sarcoid;  all  these  disease  enti-

occur;  and  (f)  left  ventricular  dilation  in  a  limited 

ties  increase  afterload  to  the  right  ventricle,  which 

pericardial  compartment  may  restrict  right  ven-

can  eventually  affect  right  heart  function  and 

tricular  diastolic  function. 

cause  RV  failure.  Postcapillary  pulmonary  hyper-

tension,  secondary  to  LV  dysfunction,  can  also 

affect  RV  function  by  increasing  afterload. 

Challenges  in  the  Assessment  of  RV 

Increased  afterload  can  also  be  seen  in  pulmonary 

Failure 

valve  stenosis  or  RVOT obstruction.  Another  sce-

nario  is  L-TGA  (transposition  of  the  great  arter-

The  measurement  of  right  ventricular  function  is 

ies),  where  ventricular  inversion  can  be  seen,  and 

difficult because of the interplay between intrinsic

the  systemic  ventricle,  the  anatomical  RV,  can  fail 

myocardial performance and right ventricular load-

over  time,  as  it  cannot  handle  systemic  blood 

ing 

conditions. 

The 

development 

of 

load-

pressures  for  a  long  duration. 

independent  markers  of  right  ventricular  function 

RV  failure  can  also  be  seen  due  to  increased 

is  a  worthwhile  goal.  Traditional  variables  to  pre-

preload  to  the  RV.  It  can  be  seen  in  atrial  septal 

dict  RVF  included  hemodynamic  parameters  like 

defect,  tricuspid  valve  regurgitation,  and  pulmo-

right  atrial  pressure  to  pulmonary  capillary  wedge 

nary  valve  regurgitation,  frequently  in  patients 

pressure  ratio,  pulmonary  vascular  resistance,  pul-

with  repaired  tetralogy  of  Fallot  (TOF)  and  those 

monary  hypertension,  and  RV  stroke  work  index. 

with  anomalous  pulmonary  vein  drainage  into  RV. 

Recently,  pulmonary  artery  pulsatility  index 

As  mentioned  above,  the  most  common  cause 

RV/pulmonary  arterial  coupling  is  currently  being 

for  RV  failure  is  LV  dysfunction;  most  of  these 

used,  and  this  may  also  warrant  further  investiga-

patients  will  need  biventricular  support.  There  are 

tion  as  RVF  predictors  within  a  model.  Echocar-

no  approved  durable  right  ventricular  assist 

diographic  variables  used  in  the  past  were  limited 

devices  for  isolated  right  ventricular  support. 

to  tricuspid  annular  plane  systolic  excursion 

Total  artificial  heart  (TAH)  is  the  only  durable 

(TAPSE) (Puwanant et al. 2008) and RV S velocity. 

mechanical  circulatory  support  device  that  can 

Low  TAPSE  as  a  marker  of  RV  longitudinal  func-

be  used  in  isolated  RV  failure  as  a  bridge  to 

tion  has  been  considered  in  many  studies  but  has 

transplant. 

not  been  established  as  a  predictor  as  it  assumes 

that  the  motion  of  the  RV  free  wall  base  represents 

the  function  of  other  segments.  Recently,  RVEF 

Pathophysiology  of  RV  Failure  (RVF) 

estimation  and  RV-free  wall  peak  longitudinal 

in  the  Presence  of  LV  Dysfunction 

strain and strain rate (Grant et al. 2012) have gained 

attention  and  will  have  to  be  incorporated  into 

Right  ventricular  dysfunction  may  develop  in 

future  models  to  predict  RVF. 

association with left ventricular dysfunction via

multiple mechanisms (Voelkel et al. 2006): (a) left

ventricular  failure  increases  afterload  by  increas-

RVF  After  LVAD  Implantation 

ing  pulmonary  venous  and  ultimately  pulmonary 

arterial  pressure,  partly  as  a  protective  mechanism 

Left  ventricular  assist  devices  (LVAD)  have 

against 

pulmonary 

edema; 

(b) 

the 

same 

increased  significantly  in  the  last  decade.  How-

cardiomyopathic  process  may  simultaneously 

ever, right ventricular failure (RVF) remains a

affect  the  right  ventricle;  (c)  myocardial  ischemia 

problem despite the improved outcomes with

may  involve  both  ventricles;  (d)  left  ventricular 

continuous-flow  LVADs.  Surgical  options  for 

dysfunction  may  lead  to  decreased  systolic  driv-

bridge  to  transplantation  (BTT)  in  patients  with 

ing  pressure  of  right  ventricular  coronary  perfu-

biventricular  failure  are  total  artificial  heart  (TAH) 

sion,  which  may  be  a  substantial  determinant  of 

or  biventricular  assist  device  (BiVAD). 

right 

ventricular 

function; 

(e) 

ventricular 
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The  Interagency  Registry  for  Mechanically 

RV  dysfunction  based  on  echocardiography  as  a 

Assisted  Circulatory  Support  (INTERMACS) 

predictive  variable  for  RVF  rather  than  measuring 

defines  RVF  as  persistent  signs  and  symptoms  of 

intrinsic  RV  function  post  LVAD  implantation, 

RV  dysfunction  evident  by  central  venous  pres-

providing  a  skewed  estimation  of  outcome  risk. 

sure  (CVP)  >18  mmHg  with  a  cardiac  index 

As  discussed  above,  predicting  RVF  pre- and 

(CI)  <2.0  L/min/m2  in  the  absence  of  increased 

post-LVAD  implantation  is  exceptionally  chal-

left  atrial  filling  pressure/pulmonary  capillary 

lenging,  and  the  current  risk  models  are  modest 

wedge  pressure  (PCWP)  >18  mmHg,  cardiac 

at  best  in  predicting  RVF.  A  significant  limitation 

tamponade,  ventricular  arrhythmias,  and/or  pneu-

of  LVAD  is  the  lack  of  right  ventricular  support, 

mothorax  requiring  either  right  ventricular  assist 

and  this  results  in  about  one-third  of  patients 

device  (RVAD)  implantation  or  inhaled  nitric 

developing  RVF  after  implantation.  Hence, 

oxide  or  inotropic  therapy  for  ≥14  days  after 

biventricular  support  is  necessary  in  this  subgroup 

LVAD  implantation  (Kirklin  et  al. 2008). 

of  patients  to  improve  survival  outcomes  and  be 

The  incidence  of  severe  RVF  necessitating 

able  to  bridge  them  to  transplant. 

RVAD  placement  after  LVAD  or  preemptive 

BiVAD  support  is  high  and  is  reported  to  be  any-

where  from 9.4% to 37.0%  (Fida  et al. 2015). Once 

Incessant  Ventricular  Arrhythmia 

biventricular  support  is  required  one  year  survival 

and  Electrical  Storm 

rate  is  predicted  to  be  <  50%  (Kirklin  et  al. 2017). 

Patients  with  postoperative  RVF  have  prolonged 

An electrical storm is defined as three or more

ICU  and  hospital  stays  with  decreased  survival. 

episodes of sustained ventricular tachycardia

Therapeutic  options  at  this  point  are  only  limited 

(VT)  or  ventricular  fibrillation  (VF)  within 

to  include  inotropic  drugs  and  mechanical  circula-

24  hours,  requiring  termination  by  cardioversion, 

tory  support.  Predicting  RV  response  to  LVAD 

anti-tachycardia  pacing  (ATP),  or  defibrillation. 

implantation  is  exceptionally  challenging.  Another 

On  the  other  hand,  incessant  VT  is  defined  as 

significant challenge is that no universally accepted 

hemodynamically  stable  VT,  which  persists  for 

definition  and  classification  of  RVF  remains,  and 

longer  than  an  hour.  Coronary  angiography  is 

this  variability  has  been  reflected  in  the  RVF  pre-

recommended  in  these  patients  to  evaluate  for 

diction  models.  Several  risk  scores  proposed  were 

and  treat  ischemia.  If  there  is  no  obstructive  cor-

heterogeneous,  poorly  validated,  and  derived  from 

onary  artery  disease,  it  can  be  very  challenging  to 

single  centers. 

manage  these  patients  with  supportive  measures 

RVF  prediction  models  to  date  have  combined 

like  antiarrhythmics  and  sedation.  Catheter  abla-

variables  based  on  demographics,  hemodynam-

tion  is  recommended  in  such  patients,  and  rare 

ics,  echocardiography,  biochemistry,  and  clinical 

cases,  strategies  like  stellate  ganglion  block  are 

assessment,  and  those  were  derived  from  earlier-

also  attempted.  Temporary  LV  assist  devices  are 

generation  pulsatile  flow  pumps  and  may  not  be 

used  for  hemodynamic  support  to  help  the  patient 

representative  of  the  present-day  LVAD  popula-

get  to  catheter  ablation.  If  ventricular  arrhythmias 

tion.  Michigan  RVF/risk  score  (Matthews  et  al. 

are  refractory,  despite  antiarrhythmics  and  cathe-

2008),  Penn  (Fitzpatrick)  model  (Fitzpatrick  et  al. 

ter  ablation,  cardiac  transplantation  is  the  only 

2008),  Utah  (Drakos)  Model  (Drakos  et  al. 2010), 

available  option.  As  anticipated  wait  times  for 

EUROMACS  Model  (Kormos  et  al. 2010),  Pitts-

heart  transplants  are  longer,  mechanical  circula-

burgh  decision  tree  (Wang  et  al. 2012), and 

tory  support  devices  are  considered  as  a  bridge  to 

Kromos  (HeartMate  II)  risk  score  were  the  most 

transplant  in  such  patients.  LVADs  are  not  optimal 

notable  ones.  A  recent  systematic  review  of  these 

as  recurrent  arrhythmias  can  cause  thrombus  for-

existing  models  concluded  that  the  validation 

mation,  RV  failure  from  the  very  arrhythmia,  and 

studies  of  these  prediction  models  demonstrate 

a  decrease  in  LV  preload  leading  to  LVAD  output. 

poor-to-modest  discrimination  (Frankfurter  et  al. 

Therefore,  the  removal  of  arrhythmogenic  nidus 

2020).  Previous  models  all  include  preoperative 

and  biventricular  support  with  a  TAH  is  the  only

120

R. Gopalan and S. Yenigalla

reliable  option  available  in  such  patients  as  a 

continued  CAV  management  or  re-transplantation. 

bridge  to  transplant. 

Survival  improved  with  retransplant  in  selected 

individuals,  particularly  those  with  systolic  dys-

function  (Goldraich  et  al. 2016). Hence,  re-

End-Stage  Restrictive  Cardiomyopathy 

transplantation  is  reserved  for  a  highly  selected 

group  of  patients  with  CAV. 

Restrictive  cardiomyopathies  are  a  broad  range  of 

Allograft  failure  frequently  manifests  as 

diseases, usually with preserved left ventricular

biventricular  failure,  and  re-transplantation  is  the 

ejection fraction in the initial phases of the disease

only  option.  However,  limited  donor  availability 

process.  It  is  commonly  seen  in  amyloidosis,  sar-

and  pre-sensitization  can  prolong  wait  times.  TAH 

coidosis,  radiation-induced  cardiomyopathy,  and 

can  be  used  as  a  bridge  to  transplant  in  these 

hemochromatosis.  Other  rare  causes  include  drug 

patients.  A  small  case  series  of  five  patients  was 

or  toxin-related  and  genetic  variants.  In  these 

published  in  2012  who  had  allograft  failure  and 

patients  with  refractory  heart  failure  symptoms, 

underwent TAH as a bridge to transplant. Of them, 

despite  being  on  medical  therapy,  cardiac  trans-

three  patients  survived  1  year  from  implantation 

plantation  is  indicated.  Given  the  small  left  ven-

(Quader  et  al. 2013). 

tricular  cavity  size,  ventricular  assist  device 

implantation  in  these  patients  is  technically  chal-

lenging.  The  cardiomyopathic  disease  process  can 

Biventricular  Assist  with  TAH 

also  affect  the  right  ventricle,  necessitating 

biventricular  support.  The  total  artificial  heart  is 

There  is  only  one  model  of  TAH  that  is  commer-

the  only  option  available  as  a  bridge  to  transplant 

cially available, and FDA approved, SynCardia

in  these  patients. 

TAH. There are new total artificial hearts that are

in  the  clinical  trials  stage. 

The  SynCardia  TAH  is  a  biventricular,  pneu-

Retransplant  Due  to  Cardiac  Allograft 

matic,  and  pulsatile  blood  pump  that  completely 

Vasculopathy  (CAV)  or  Allograft  Failure 

replaces the patient’s native ventricles and  the four 

from  Rejection 

cardiac  valves.  The  evidence  for  the  use  of  TAH 

stems from  a landmark study published in 2004 by 

Cardiac re-transplantation for heart transplant recip-

Copeland  et  al.  (2004). This  non-randomized  pro-

ients  with  advanced  cardiac  allograft  vasculopathy 

spective  trial  followed  95  transplant-eligible 

(CAV)  remains  controversial.  Cardiac  allograft 

patients  at  risk  for  imminent  death  due  to  irrevers-

vasculopathy  is  a  complex  condition  with  different 

ible  biventricular  failure  despite  maximum  medi-

clinical  presentations,  coronary  vessel  involvement, 

cal  therapy  who  were  implanted  with  TAH.  The 

and  degrees  of  graft  dysfunction  (Mehra  et  al. 

TAH  was  associated  with  significantly  improved 

2010).  Time  of  occurrence  after  transplant,  speed 

near  and  long-term  outcomes.  At  30  days  post-

of  development,  angiographic  extension,  and  wide-

transplant,  the  percentage  of  patients  deemed  to 

spread  myocardial  fibrosis  causing  restrictive  car-

have  been treated  successfully  (defined  as  alive,  in 

diac  physiology  irrespective  of  the  presence  of 

NYHA  class  I/III,  not  bedridden,  off-ventilator, 

systolic dysfunction have been described as markers 

and  not  requiring  dialysis)  was  69%  in  the  device 

of  adverse  prognosis  (Gao  et  al. 1996).  A  retrospec-

group  compared  to  37%  in  the  control  group.  The 

tive  cohort  analysis  looked  at  all  the  patients  with 

group  with  implanted  TAH  also  had  greater  sur-

CAV  between  1995  and  2010,  of  whom  65  patients 

vival  to  transplantation. 

were  retransplanted  within  2  years,  and  these  were 

Newer  artificial  hearts,  such  as  BiVACOR TAH 

compared  to  patients  who  underwent  medical  man-

(BiVACOR  Inc.,  Huntington  Beach,  CA)  and 

agement.  Following  the  diagnosis  of  CAV,  overall 

Aeson  TAH  (CARMAT,  Vélizy-Villacoublay, 

long-term  survival  is  comparable  with  either 

France),  are  in  early  clinical  trials  and  promising, 
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offering  new  technological  concepts.  Furthermore, 

Fitzpatrick  JR,  Frederick  JR,  Hsu  VM,  Kozin  ED,  O’Hara 

there  are  many  other  in  vitro  and  animal  tests 

ML,  Howell  E,  Dougherty  D,  McCormick  RC,  Laporte 

CA,  Cohen  JE,  Southerland  KW,  Howard  JL,  Jessup 

worldwide. 

ML,  Morris  RJ,  Acker  MA,  Woo  YJ.  Risk  score 

derived  from  preoperative  data  analysis  predicts  the 

need  for  biventricular  mechanical  circulatory  support. 

Conclusion 

J  Heart  Lung  Transplant.  2008;27:1286–92. https://doi. 

org/10.1016/j.healun.2008.09.006. 

Frankfurter 

C, 

Molinero 

M, 

Vishram-Nielsen 

JKK, 

TAH 

benefits  the  sickest  of  patients  with 

Foroutan  F,  Mak  S,  Rao  V,  Billia  F,  Orchanian-Cheff  A, 

biventricular  failure  and  can  be  successfully  used 

Alba  AC.  Predicting  the  risk  of  right  ventricular  failure  in 

as a bridge to transplant. The future for TAH is quite

patients  undergoing  left  ventricular  assist  device  implan-

tation:  a  systematic  review.  Circ  Heart  Fail.  2020;13: 

promising, with new devices currently being inves-

e006994. https://doi.org/10.1161/CIRCHEARTFAI 

tigated  in  clinical  trials.  Heart  transplantation  alone 

LURE.120.006994. 

cannot  be  an  optimal  solution  for  end-stage  heart 

Gao  SZ,  Hunt  SA,  Schroeder  JS,  Alderman  EL,  Hill  IR, 

failure, as the demand continues to increase with the 

Stinson  EB.  Early  development  of  accelerated  graft 

coronary  artery  disease:  risk  factors  and  course.  J  Am 

limited availability of donor hearts. This emphasizes 

Coll  Cardiol.  1996;28:673–9. https://doi.org/10.1016/ 

the  importance  of  heart  replacement  therapies  as  a 

0735-1097(96)00201-x. 

bridge  to  transplant. 
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Abstract 

having  being  implanted  in  over  2000  patients 

The  SynCardia  Total  Artificial  Heart  (Syn-

worldwide. 

Cardia  Systems,  Inc.,  Tucson,  Arizona)  was 

Though  there  are  several  indications  for 

originally  based  off  the  Jarvik  7  which  was 

implantation,  the  most  common  indication  is 

designed  by  Dr.  Willem  Kolff  and  Dr.  Robert 

severe  biventricular  failure.  There  are  two 

Jarvik  at  the  University  of  Utah  in  the  late 

available  device  sizes  50  cc  and  70  cc.  Patient 

1960s  and  first  implanted  in  1982  by 

selection,  preoperative  planning,  and  technical 

Dr.  William  DeVries.  The  SynCardia  device 

aspects 

of 

implantation 

are 

of 

critical 

is  the  only  commercially  available  total  artifi-

importance. 

cial  heart  (TAH)  in  the  United  States  and  the 

After  SynCardia  TAH  implantation,  rates  of 

only  Food  and  Drug  Administration  (FDA)-

survival  to  transplantation  are  52.8–86.6%  and 

approved  TAH  device  as  a  bridge  to  heart 

even  higher  in  more  experienced  centers. 

transplantation.  It  is  the  most  studied  device 

There  is  a  survival  advantage  when  center  vol-

ume  exceeds  ten  devices  implanted.  For  those 

patients  who  make  it  to  transplant  after  device 

implantation,  1-year  posttransplant  survival  is 

80–84%.  The  SynCardia  TAH  is  a  viable 

R.  Kim  ·  M.  C.  Henn  ·  N.  A.  Mokadam  (✉) 

option  for  carefully  selected  patients  as  a 

Division  of  Cardiac  Surgery,  Department  of  Surgery, 

The  Ohio  State  University  Wexner  Medical  Center, 

bridge  to  transplantation.  In  this  chapter,  we 

Columbus,  OH,  USA 

discuss  in  detail  the  history  of  the  SynCardia
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TAH,  patient  selection,  technique  of  implanta-

(Khan  and  Jehangir  2014).  The  Jarvik  7  was  first 

tion,  and  the  short- and  long-term  results  of 

implanted  into  a  61-year-old  dentist  named 

SynCardia  TAH  implantation. 

Barney  Clark  on  December  2,  1982,  at  the  Uni-

versity  of  Utah  by  Dr.  William  DeVries  –  and  he 

lived  on  the  device  for  112  days.  Subsequent 

Keywords 

attempts  over  the  next  several  years  yielded  sur-

Total  artificial  heart  ·  Biventricular  failure  · 

vival  as  long  as  14  months,  but  it  was  not  until 

Heart  transplant  ·  Left  ventricular  assist  device 

1985  that  the  first  successful  bridge  to  transplant 

implantation  of  the  Jarvik  7  was  accomplished  by 

Dr.  Jack  Copeland  in  Tucson,  Arizona  (Khan  and 

Introduction 

Jehangir  2014). However,  the  main  drawback  of 

the  device  was  the  large  console,  which  limited 

The  SynCardia  Total  Artificial  Heart  (SynCardia 

patients’  mobility  and  confined  them  to  the 

Systems,  Inc.,  Tucson,  Arizona)  is  the  only  com-

hospital. 

mercially  available  total  artificial  heart  (TAH)  in 

Despite  a  growing  number  of  implants  of  the 

the  United  States  and  is  the  most  studied  device 

Jarvik  7  in  the  late  1980s  both  in  the  United  States 

having  being  implanted  in  over  2000  patients 

and worldwide,  the FDA withdrew its  approval for 

worldwide  (Copeland  et  al. 2021). While  total 

continued  experimental  use  of  the  Jarvik  artificial 

heart  replacement  remains  an  active  area  of 

heart,  citing  deficiencies  in  the  manufacturing 

research  and  development,  the  SynCardia  TAH 

plant  of  the  company  that  produced  the  Jarvik 

remains  the  only  Food  and  Drug  Administration 

7,  Symbion  Inc.  (Tempe,  AZ).  Specifically,  there 

(FDA)-approved  TAH  device  as  a  bridge  to  heart 

were  ongoing  concerns  about  quality  oversight, 

transplantation  and  there  are  no  current  TAH 

monitoring  of  research,  training  of  personnel, 

devices  available  with  FDA-approval  for  destina-

maintenance  of  equipment,  and  reporting  of 

tion  therapy  (Copeland  et  al. 2021).  Significant 

adverse  events  (F.D.A  Withdraws  Approval  for 

progress  has  been  made  since  the  first  implanta-

Jarvik-7  Heart  1990). Despite  this,  experienced 

tion  of  a  TAH  over  50  years  ago,  and  total  heart 

operators  remained  steadfast  in  their  commitment 

replacement  remains  an  appealing  and  reliable 

to  the  device  and  its  design  resulting  in  sporadic 

therapy  for  patients  with  severe  biventricular 

compassionate  use  from  1990  to  1993  during 

heart  failure.  Herein,  we  discuss  the  history  and 

which  time  the  device  rights  transitioned  to  an 

background  of  the  SynCardia  TAH,  the  intricacies 

Arizona-based  company  called  CardioWest  (Tuc-

of  patient  selection,  technique  of  implantation, 

son,  AZ)  (Copeland  et  al. 2004; Leprince  et  al. 

and  the  short- and  long-term  results  of  SynCardia 

2003). 

TAH  implantation. 

The  CardioWest  TAH  was  similar  to  the  Jarvik 

7  in  that  it  consisted  of  2,750  ml  polycarbonate 

ventricles  with  Medtronic-Hall  mechanical  valves 

History  and  Background 

(Medtronic,  Minneapolis,  MN)  as  the  inflow  and 

outflow  of  both  ventricles.  It  also  had  the  same 

The  device  for  which  SynCardia  TAH  is  based  is 

polyurethane  diaphragm  that  separated  blood 

the  Jarvik  7  which  was  designed  by  Dr.  Willem 

from  air  and  would  move  back  and  forth  by  forced 

Kolff  and  Dr.  Robert  Jarvik  at  the  University  of 

air  resulting  in  unidirectional  flow  of  blood.  The 

Utah  in  the  late  1960s.  The  device  was  the  culmi-

device  had  the  same  filling  volume  (70  ml)  and 

nation  of  years  of  research  and  consists  of  two 

was  able  to  control  heart  rate,  drive  pressure,  and 

pneumatically  driven  pumps  with  polyurethane 

systolic  duration.  The  only  modifications  to  the 

disks  that  pushed  blood  through  the  device.  This 

CardioWest  were  that  the  pneumatic  drivelines 

was  connected  via  two  drivelines  that  were 

were  covered  in  Dacron  velour  and  the  diaphragm 

designed  to  be  tunneled  in  a  subcostal  fashion, 

was  coated  with  silicone  oil  on the  air  drive  side  of 

and  were  connected  to  a  large  power  supply 

the  diaphragm  (Leprince  et  al. 2003). 

[image: Image 55]
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The  CardioWest  device  was  used  through 

There  have  been  two  significant  improvements 

FDA-approved  clinical  trials  starting  in  1993, 

to the external drivers. The original  console, affec-

and  based  on  several  landmark  clinical  trials,  the 

tionately  called  “Big  Blue,”  was  replaced  by  the 

device  received  FDA-approval  as  a  bridge  to 

C2  driver  which  was  FDA-approved  in  2012 

transplant  in  2004  (Copeland  et  al. 2004).  Its  use 

(Fig. 3). This  new  driver  was  smaller  with  a 

continued  until  2010  when  the  CardioWest  TAH 

more  user-friendly  interface.  Simultaneously 

was  renamed  to  the  SynCardia  TAH  (SynCardia 

developed was the Freedom Driver. This improve-

Systems  Inc.,  Tuscon,  AZ)  (Slepian  et  al. 2013). 

ment  targeted  the  obvious  drawback  of  the  large 

The  SynCardia  TAH  is  identical  to  the  Cardio-

external  driver  of  the  original  devices  and  is  sig-

West  TAH  and  consists  of  the  ventricles,  drive-

nificantly  smaller  and  more  mobile.  While  the 

lines,  and  external  driver  (Fig. 1)  (Slepian  et  al. 

50  cc  and  70  cc  devices  are  currently  FDA-


2013).  Similar  to  its  predecessor,  the  SynCardia 

approved  for  use  as  a  bridge  to  transplant,  the 

device  consists  of  a  pneumatically  driven,  pulsa-

smaller  Freedom  Driver  has  generated  optimism 

tile  system  that  consists  of  two  polyurethane  ven-

about  using  the  device  as  destination  therapy  in 

tricles  each  equipped  with  two  tilting  disc 

patients  who  are  not  transplant  candidates,  and 

Medtronic-Hall  mechanical  valves  (Fig. 2). The 

there  is  a  clinical  trial  exploring  this  currently 

device  has  a  displacement  volume  of  400  ml  with 

underway  (Syncardia  70cc  TAH-t  for  Destination 

the  capacity  to  produce  a  stroke  volume  of  70  ml 

Therapy  (DT)  (RA-540)  2022). 

and  cardiac  output  of  9.5  l  per  minute  at  filling 

pressures  of  less  than  10  mmHg  (Copeland  et  al. 

2021;  Noly  et  al. 2020).  In  2009,  when  Medtronic 

Patient  Selection  and  Indications 

discontinued  production  of  the  Hall  valve,  Syn-

Cardia  acquired  the  rights  to  produce  the  valves 

Careful  patient  selection  for  SynCardia  TAH 

themselves  and  renamed  them  Syn-Hall  valves. 

implantation  is  of  critical  importance.  Routine 

The  SynCardia  device  is  also  produced  in  a 

preoperative  tests  include  echocardiogram,  left 

smaller  50  cc  volume  to  accommodate  smaller 

and  right  heart  catheterization,  cardiopulmonary 

patients  and  even  some  children. 

exercise  testing,  chest  computed  tomography,  and

Fig.  1  The  SynCardia  Total  Artificial  Heart  system  consisting  of  the  large  original  external  driver,  drivelines,  and ventricles  (a)  and  an  actual  picture  of  the  device  (b).  (Reprinted  with  permission  from  Slepian  et  al. 2013) 

[image: Image 56]

[image: Image 57]
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Fig.  2  Components  of  the  SynCardia  Total  Artificial  Heart  system.  (Reprinted  with  permission  from  Slepian  et  al. 2013) 

Fig.  3  Evolution  of  external  drivers:  the  original  external  driver  (left),  newer  companion  driver  (middle),  and  Freedom portable  driver  (right).  (Reprinted  with  permission  from  Slepian  et  al. 2013) 

pulmonary  function  testing.  In  addition,  patients 

mechanical  circulatory  support  team.  All  options, 

being  considered  for  TAH  should  have  a  psycho-

including  risks,  benefits,  and  alternatives,  should 

social  evaluation  and  determination  of  transplant 

be  discussed  with  the  patient. 

eligibility  (Henn  and  Mokadam  2021).  Patients 

The  most  common  indication  for  TAH  implan-

are  deemed  candidates  by  a  multidisciplinary 

tation  is  severe  biventricular  failure.  However, 
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there  are  many  other  clinical  conditions  that  the 

successful  as  a  rebridge  to  transplant  for  these 

TAH device may be suitable for. These indications 

patients. 

include  primary  graft  dysfunction  or  rejection 

TAH  can  be  used  (off  label)  in  the  pediatric 

after  heart  transplant,  restrictive  and  infiltrative 

population  with  severe  heart  failure  secondary  to 

cardiomyopathy,  congenital  abnormalities,  malig-

idiopathic,  familial,  or  congenital  causes  (Arabia 

nant  arrhythmias  recalcitrant  to  other  interven-

2020). In  the  case  of  congenital  causes,  TAH 

tions,  large  postinfarction  ventricular  septal 

implantation  provides  a  unique  opportunity  to 

defects,  LVAD  thrombosis  or  failure,  right  ven-

approach correction  of the  anatomic  abnormalities 

tricular  failure  with  LVAD  support,  and  cardiac 

in  a  staged  fashion.  The  major  caveat  for  this 

malignancies  (Table  1)  (Arabia  2020). 

patient  population  is  that  the  device  must  be  able 

For  the  patient  with  primary  graft  dysfunction 

to  fit  the  patient’s  thoracic  cavity  to  allow  sternal 

or  rejection  after  heart  transplant,  TAH  as  a  bridge 

closure.  The  TAH  has  been  used  in  children  with 

to  transplant  provides  several  advantages.  TAH 

BSA  as  small  as  1.5  m2  but  often  times  is  more 

implantation  allows  immunosuppression  to  be 

suitable  in  the  cases  of  pediatric  patients  with 

discontinued.  It  also  allows  the  patient  to  become 

significant  cardiomegaly  and  a  resultant  enlarged 

ambulatory  and  potentially  be  discharged  home 

mediastinal  space. 

while  awaiting  a  suitable  donor. 

Patient  size  and  device  fit  is  an  essential  part  of 

Patients with isolated  left  ventricular failure are 

patient  selection  and  preoperative  planning.  The 

candidates  for  durable  left  ventricular  assist 

patient’s  body  surface  area  (BSA)  should  be  cal-

devices  (LVAD).  However,  those  patients  with 

culated.  The  70  cc  device  is  generally  suitable  for 

biventricular  failure  are  perhaps  better  suited 

BSA  ≥1.7  m2  and  the  50  cc  device  for  BSA 

with  TAH.  As  many  as  25–35%  of  patients  with 

≤1.85  m2 .  Chest  computed  tomography  can  be 

implanted  LVADs  develop  right  ventricular  fail-

used  to  measure  the  thoracic  diameter,  and  the 

ure  (Mehra  et  al. 2019).  The  TAH  has  been 

anteroposterior  dimension  at  the  T10  level  should 

be  greater than  10 cm in  order  to  accommodate  the 

70  cc  device.  Smaller  adults,  and  as  mentioned 

Table  1  Indications  for  the  use  of  the  total  artificial  heart 

some  pediatric  patients,  may  be  candidates  for  the 

Cases 

50  cc  device  which  is  now  approved  by  the  US 

Indications 

worldwide 

Food  and  Drug  Administration. 

Acute  myocardial  infarction

102 

Though  not  clearly  defined,  general  contrain-

Pericardiotomy  heart  failure

68 

dications 

for 

SynCardia 

TAH 

implantation 

Hypertrophic  and  restrictive

48 

include  advanced  age,  irreversible  end  organ  fail-

Graft  failure  post  heart  transplantation

45 

ure,  transplant  ineligible  status,  and  incompatible 

Cardiogenic  shock  secondary  to  valvular 

40 

patient  size  for  the  device  (Copeland  et  al. 2012). 

cardiomyopathy 

Myocarditis  unresponsive  to 

38 

conventional  therapy 

Arrhythmia  unresponsive  to 

30 

Technique 

conventional  therapy 

Congenital

29 

While  preoperative  planning  and  patient  selection 

Right  ventricular  failure  post  left 

27 

is  critical,  there  are  also  critical  elements  of  the 

ventricular  assist  device  or  left 

technique  for  implantation  that  help  ensure  suc-

ventricular  assist  device  failure 

cess.  Our  group  has  previously  described  implan-

Peripartum  cardiomyopathy  with 

9 

cardiogenic  shock 

tation  of  the  SynCardia  TAH  in  detail  (Goodwin 

Postinfarction  ventricular  septal  defect

7 

and  Mokadam  2019),  and  salient  points  will  be 

Amyloidosis

7 

emphasized  here. 

Cardiac  malignancies

1 

After  a  standard  sternotomy,  the  pericardium  is 

Chagas  disease

1 

opened  widely and  laterally  toward  the  apex  of  the 

Reprinted  with  permission  from  Arabía  et  al.  (2020) 

heart  and  the  diaphragm  is  taken  down  to  help
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facilitate  device  and  driveline  placement.  The 

de-aired,  and  the  driveline  tunneled  at  least  5  cm 

patient  is  heparinized,  and  proximal  aortic  arch  is 

apart  from  the  left  ventricular  driveline.  The 

cannulated  to  provide  enough  room  for  more  prox-

de-airing  nipples  on  the  ventricles  are  then  ligated 

imal  cannulation  at  the  time  of  transplant.  The 

as  well. 

ascending  aorta  is  circumferentially  mobilized, 

The  caval  tapes  are  then  released,  the  lungs 

and  bicaval  drainage  cannulas  are  placed  for  drain-

ventilated,  and  the  heart  allowed  to  fill  while  the 

age.  The  superior  vena  cava  cannula  can  be  placed 

cross  clamp  and  aortic  root  vent  remain  in  place. 

at  the  cavo-atrial  junction  as  the  conduction  system 

During  this  time,  the  TAH  is  activated  at  40  beats 

is  rendered  irrelevant  after  implantation.  The  cavae 

per  minute  to  facilitate  de-airing.  The  cross  clamp 

are  circumferentially  dissected  and  snared. 

is  then  removed,  and  the  patient  is  weaned  from 

The  aorta  is  then  cross  clamped  and  divided  at 

bypass  by  slowly  increasing  the  rate  to  a  target  of 

the  sinotubular  junction  without  delivery  of 

around  120  beats/min  with  fill  volumes  above 

cardioplegia.  The  pulmonary  artery  is  then 

40  ml. 

divided  at  the  level  of  the  valve,  and  the  tricuspid 

In  order  to  facilitate  transplant,  large,  0.01  mm 

valve  is  visualized  through  the  right  ventricular 

thick  Gore-Tex  pericardial  membranes  are  used. 

outflow  tract.  The  ventriculectomy  is  initiated  at 

The  first  is  placed  on  the  left  side  and  attached 

the  atrioventricular  groove  by  dividing  the  right 

posteriorly  near  the  IVC  and  left  superior  pulmo-

coronary  cusp  of  the  aorta  and  proceeding  later-

nary  vein.  This  is  most  easily  done  prior  to 

ally.  The  right  coronary  artery  is  preserved,  and 

implanting  the  left-sided  ventricle.  The  second  is 

efforts are made to preserve 3–5 mm of ventricular 

placed  on  the  right  side  and  attached  near  the  IVC 

tissue around the tricuspid and mitral valve annuli. 

and  SVC.  Another  is  used  to  wrap  the  aorta  and 

The  leaflets  of  the  mitral  and  tricuspid  valves  are 

aortic  graft  to  keep  separate  from  the  PA.  The  PA 

excised  2–4  mm  from  the  annuli,  and  the  coronary 

anastomosis  is  also  wrapped.  Finally,  strips  are 

sinus  is  preserved  if  possible  and  oversewn  in  the 

placed  around  both  the  SVC  and  IVC  to  facilitate 

orifice of  the right  atrium.  The interatrial  septum is 

caval  control.  The  chest  is then  closed  in a  standard 

then  interrogated  for  the  presence  of  a  patent 

fashion, and  negative pressure vacuum on the  TAH 

foramen  ovale  and  oversewn  if  present. 

console  is  started  after  closure  of  the  fascia. 

The  quick-connect  atrial  attachments  are  then 

inverted  and  sewn  to  the  tricuspid  and  mitral 

annuli  with  incorporation  of  epicardium  and  peri-

Outcomes 

cardial  adipose  using  running  4-0  Prolene  suture. 

Both  atrial  attachments  are  then  everted,  and  a 

The  SynCardia  TAH  has  been  implanted  in 

second  layer  of  running  4-0  Prolene  suture  is 

approximately  2000  patients.  Rates  of  survival  to 

then  placed  circumferentially  around  each  atrial 

transplantation  are  52.8–86.6%  (Copeland  et  al. 

attachment  for  hemostasis. 

2004,  2012,  2021;  Arabia  2020;  Itagaki  et  al. 

Attention  is  then  turned  to  the  pulmonary 

2022; Coyan  et  al. 2022;  Carrier  et  al. 2021; 

artery  and  aortic  quick-connect  grafts.  The  pul-

Arabia  et  al. 2018).  In  high-volume  centers,  the 

monary  graft  is  sewn  first  using  a  single  layer  of 

survival rates are higher  at 60–80% with over 80% 

running  4-0  Prolene  and  is  trimmed  to  4.5  cm  to 

of  those  transplanted  living  beyond  1  year 

prevent  excessive  length  and  kinking.  Similarly, 

(Copeland  et  al. 2021; Carrier  et  al. 2021). Out-

the  aortic  graft  is  sewn  using  a  double  layer  of 

comes  are  dependent  on  patient  selection,  disease 

running  4-0  Prolene  and  is  trimmed  to  3  cm.  The 

severity,  and  center  experience. 

left  ventricle  is  then  attached  using  the  mitral  and 

The  initial  pivotal  study  by  Copeland  and  col-

aortic  quick-connect  and  is  de-aired  by  filling  it 

leagues  that  led  to  FDA-approval  of  the  Syn-

with  saline.  The  driveline  is  then  tunneled  out 

Cardia  TAH  was  published  in  2004  (Copeland 

laterally,  and  care  is  taken  to  avoid  any  redun-

et  al. 2004). The  nonrandomized,  prospective 

dancy  in  the  pericardium.  The  right  ventricle 

study  included  five  centers  and  enrolled  81  proto-

quick-connects 

are 

similarly 

attached, 

and 

col  patients  and  35  historical  controls  between

[image: Image 58]
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1993  and  2002.  The  protocol  group  were  at  high 

Kirklin  et  al. 2017).  Out  of  >20,000  patients  in 

risk  of  imminent  death  due  to  irreversible 

the  registry,  1.7%  of  patients  received  a  TAH 

biventricular  failure  and  were  not  candidates  for 

(Kirklin  et  al. 2017). Specifically  looking  at  the 

LVAD  support.  The  controls  were  matched  with 

utilization  of  the  70  cc  SynCardia  device  in  this 

the  protocol  patients  but  did  not  receive  any 

database,  Arabía  and  colleagues  (Arabia  et  al. 

mechanical  circulatory  support.  The  survival  to 

2018)  reported  on  450  patients,  age  19  years  and 

transplantation  was  79%  versus  46%  in  the  con-

older,  who  received  the  70  cc  SynCardia  TAH 

trol  group  (P  <  0.001).  The  1-year  survival  was 

device  between  2006  and  2017  as  a  bridge  to  trans-

70%  compared  to  31%  among  the  controls 

plantation.  Patients  averaged  50  years  of  age,  most 

(P  <  0.001).  After  transplantation,  1- and  5-year 

were  INTERMACS  1  (43%)  or  2  (37%)  at  implan-

survival  rates  were  86  and  64%,  respectively 

tation, and 20% were supported with ECMO before 

(Copeland  et  al. 2004). 

TAH implantation. Of those implanted, 266 patients 

Copeland  and  colleagues  reported  their  updated 

went  on  to  receive  transplants  while  162  patients 

series  of  101  SynCardia  TAH  implants  in  2012 

died.  The  first  3  months  after  TAH  implantation 

(Copeland  et  al. 2012).  In  their  series,  91%  of 

carried  the  highest  mortality  risk.  Survival  rates  at 

cases  were  INTERMACS  1.  The  mean  support 

3,  6,  and  12  months  were  73%,  62%,  and  53%, 

time  was  87  days  ±  94.8  days  (median  53  days; 

respectively.  Survival  at  2  years  was  at  33.9%. 

range  1–144  days).  Survival  to  transplantation  was 

Older  age  ( p  =  0.001),  need  for  preoperative  dial-

68.3%  with  survival  after  transplantation  at  1,  5, 

ysis  ( p  =  0.006),  higher  creatinine  ( p  =  0.008), 

and  10  years  of  76.8%,  60.5%,  and  41.2%,  respec-

lower  albumin  ( p  <  0.001),  and  procedure 

tively.  Stroke  rate  was  quite  low  at  7.9%  while 

performed  at  a  low-volume  center  (≤10  TAHS; 

take-backs  for  bleeding  were  high,  occurring  in 

p  <  0.001)  had  an  increased  risk  of  death.  Compet-

24.7%  of  cases.  Infection  was  also  notably  high  at 

ing  outcomes  analysis  showed  the  transplantation 

63.4%  with  lung  and  urinary  tract  infections  being 

rate  was  53%,  mortality  rate  was  34%,  and  survival 

the  most  common  causes  (Copeland  et  al. 2012). 

on  a  device  at  12  months  was  13%  (Fig. 4). Multi-

The  most  recent  Interagency  Registry  for 

system  organ  failure  and  neurologic  complications 

Mechanically 

Assisted 

Circulatory 

Support 

were  the  most  common  causes  of  death,  and  bleed-

(INTERMACS)  outcomes  data  was  published 

ing  and  infection  were  the  most  common  adverse 

in  2017  (Arabia  2020; Arabia  et  al. 2018; 

events  (Arabia  et  al. 2018). 

Fig.  4  Competing  outcomes  analysis  for  TAH  implantation.  (Reprinted  with  permission  from  Arabía  et  al. 2018)
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Center  volume  and  experience  is  an  important 

et  al. 2021)  assessed  heart  transplant  outcomes  for 

determinant  of  success  after  TAH  implantation. 

patients  who  were  supported  with  the  TAH  as  a 

The  Kaplan-Meier  survival  curve  shows  a  sur-

bridge  to  transplantation  in  experienced  centers 

vival  advantage  when  center  volume  exceeds  ten 

(ten  TAH  implants  or  more).  This  included 

devices implanted, a value that distinguishes high-

217  patients  who  underwent  SynCardia  TAH 

volume  from  the  low  volume  centers  after 

implantation  between  January  2014  and  May 

3  months  (Fig. 5)  (Arabia  2020). In  contrast, 

2019  in  six  experienced  North  American  centers. 

early  mortality  was  often  secondary  to  the 

The  mean  age  of  recipients  was  49  ±  12  years. 

patient’s  critical  illness  and  was  similar  in  high-

Total  48%  of  patients  were  INTERMACS  1,  and 

volume  and  low-volume  centers.  When  compar-

31%  of  patients  were  INTERMACS  2.  And 

ing  higher- to  lower-volume  centers,  58.4%  of 

63.5%  of  patients  went  on  to  receive  a  heart  trans-

patients  received  a  heart  transplant  within  1  year 

plant  within  the  study  period,  and  34.5%  of 

compared  to  43%,  respectively. 

patients  died  before  transplantation.  The  overall 

A  meta-analysis  published  by  Noly  and  col-

survival  was  75%,  64%,  and  58%  at  1,  2,  and 

leagues  in  2020  (Noly  et  al. 2020)  evaluated  sur-

5  years,  respectively,  which  is  higher  than  previ-

vival  after  TAH  implantation.  Four  studies 

ously  reported.  Posttransplant  survival  was  88%, 

including  299  patients  were  included.  Overall  sur-

84%,  79%,  and  74%  at  6  months,  1  year,  2  years, 

vival  was  85.8%  at  1  month,  76.3%  at  3  months, 

and  5  years,  respectively.  Almost  two-thirds  of 

63%  at  6  months,  and  42.2%  at  12  months.  Three 

patients  implanted  were  transplanted  in  this 

of  these  studies  including  149  patients  reported  a 

cohort.  Age  at  time  of  TAH  implantation  was 

posttransplant  survival  at  1,  5,  and  10  years  of 

the  most  important  predictor  of  death.  Patients 

83%,  69%,  and  55%,  respectively. 

older  than  60  years  and  between  40  and  60  years 

In  the  recent  and  largest  series  to  date 

demonstrated  a  higher  mortality  risk  (HR  2.1, 

published  in  2021,  Carrier  and  colleagues  (Carrier 

CI  1.14–3.73,  and  HR  1.86,  CI  1.07–3.24, 

Fig.  5  Kaplan-Meier  Survival  Curve  for  TAH  patients  by  Total  Center  TAH  Volume.  (Reprinted  with  permission  from Arabía  et  al. 2020)
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respectively)  compared  to  patients  younger  than 

group,  this  study  only  included  durable  Bi-HVAD. 

40  years  old.  Changes  in  bilirubin  and  transami-

At  120  days,  both  the  TAH  and  Bi-HVAD  groups 

nase  levels  after  TAH  implantation  were  also 

had  similar  overall  mortality  (TAH  36%  versus 

associated  with  mortality. 

Bi-HVAD  26%,  P  =  0.44).  There  was  a  similar 

Coyan  and  colleagues  (2022)  recently  retro-

incidence  of  stroke  and  acute  kidney  injury  in  the 

spectively  examined  bridge  to  transplantation out-

TAH  and  Bi-HVAD  groups.  Overall  infection  and 

comes  for  the  SynCardia  TAH  using  the  United 

bleeding rates were higher in the TAH group but did 

Network  for  Organ  Sharing  (UNOS)  database.  In 

not  reach  statistical  significance. 

this  series,  433  patients  underwent  TAH  as  BTT 

These  outcome  data  highlight  the  importance 

therapy  between  2004  and  2020.  While  86.6%  of 

of  proper  patient  selection.  Excellent  SynCardia 

these  patients  made  it  to  transplant,  7.4%  of 

TAH  outcomes  can  be  achieved  with  thorough 

patients  died  while  on  the  waitlist.  Age,  cerebro-

preoperative  evaluation  and  implantation  at  expe-

vascular  disease,  functional  status,  and  ventilator 

rienced  centers.  Risk-score  development  to  pre-

dependence  were  risk  factors  for  waitlist  mortal-

dict  posttransplant  survival  may  be  useful  for 

ity.  Total  1-year  posttransplant  survival  was  80%. 

biventricular  patients  being  considered  for  TAH 

Similar  results  were  reported  from  the  UNOS 

implantation  in  the  future  (Coyan  et  al. 2022; 

database  by  Itagaki  and  colleagues  (2022).  How-

Huckaby  et  al. 2021). 

ever,  they  were  able  to  demonstrate  the  cumula-

tive  center  volume  <10  as  predictive  for  both 

mortality  on  the  TAH  as  well  as  posttransplant 

Conclusion 

mortality  after  TAH  bridge  (Itagaki  et  al. 2022). 

Alternative 

options 

for 

patients 

with 

The  use  of  TAH  spans  decades,  and  TAH  using 

biventricular  failure  include  durable  LVAD  with 

the  SynCardia  TAH  remains  a  proven  viable 

temporary  RVAD  support  or  off-label  implanta-

option  for  select  patients  with  biventricular  failure 

tion  of  two  centrifugal  LVADs  in  a  biventricular 

awaiting  transplant.  As  newer  devices  are  tested 

configuration  (BiVAD).  The  6-month  survival  for 

and  technology  advances,  indications  for  TAH 

the  former  is  46–54%,  lower  than  the  TAH  sur-

may  expand  and  direct  comparisons  in  devices 

vival  in  the  same  patient  population  (Loforte  et  al. 

and  approaches  may  be  necessary.  However,  the 

2013;  Aissaoui  et  al. 2014).  There  are  few  studies 

SynCardia  device  remains  the  gold  standard  in 

directly  comparing  these  approaches.  Utilizing 

TAH  technology. 

the  UNOS  database,  Cheng  and  colleagues 

(Cheng  et  al. 2016)  assessed  pre- and  post-

transplant  outcomes  in  patients  who  received 
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Abstract 

the  combination  of  hemocompatible  blood  con-

The  Aeson  Total  Artificial  Heart  (TAH)  is  a 

tact  surfaces  and  normal  physiological  blood 

fl

bioprosthetic, autoregulated cardiac replacement 

ow  dynamics  results  in  a  reduced  incidence  of 

device,  designed  to  treat  patients  with  end-stage 

coagulopathies.  This  allows  for  a  low-dose  anti-

biventricular  heart  failure  awaiting  heart  trans-

coagulation  management  regime  with  the  asso-

plantation.  In  clinical  trials  and  real-world  expe-

ciated  reduced  risk  for  strokes  and  bleeding-

rience,  the  Aeson  TAH  has  demonstrated  that 

related  adverse  events.  In  addition,  the  sophisti-

cated  functional  autoregulation  mode  (Auto-

Mode)  mimics  normal  physiological  responses 

to  changing  patient  needs.  Auto-Mode  has  also 

Y.  Pya  (✉) 

demonstrated  a  much-reduced  need  for  operator 

National  Research  Cardiac  Surgery  Center,  Astana, 

adjustments 

and 

consequently 

a 

reduced 

Kazakhstan 

requirement  for  readmissions.  Although  not  yet 
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demonstrated,  it  is  anticipated  that  Auto-Mode 
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will  facilitate  a  good  exercise  response.  In

Carmat  SA,  Vélizy,  France 

e-mail:  piet.jansen@me.com 

©  Springer  Nature  Switzerland  AG  2025 

133

F.  A.  Arabía  (ed.),  Mechanical  Circulatory  Support, 

https://doi.org/10.1007/978-3-031-09048-6_13

134

Y. Pya and P. Jansen

addition,  patients  bridged  to  transplant  with 

physiological  needs,  remain  an  obstacle  to 

Aeson  have  shown  limited  device  adhesions 

wider  applications. 

and  a  near  normal  cardiac  explant  space  com-

In  parallel  with  the  development  of  LVAD 

bined  with  reduced  device-mediated  sensiti-

technology  has  been  the  development  of  the  first 

zation  following  transplantation.  Clinical 

commercial  total  artificial  heart  (TAH),  initially 

experience  is  still  limited,  but  two  ongoing 

by  Jarvik  (now  SynCardia).  Despite  the  sub-

studies  (NCT04475393,  NCT04117295)  are 

optimal  biocompatibility  of  the  pumps,  limited 

expected  to  confirm  the  early  positive  clinical 

physiological  patient  responses,  and  bulky,  pneu-

experience  and  provide  further  data  on  reli-

matic  drivers,  the  SynCardia  remains  the  most 

ability  and  durability  of  this  physiological 

widely  used  biventricular  device  with  about 

heart  replacement  device. 

2000  implants  during  the  past  35  years  (Copeland 

et  al. 2021).  One  explanation  for  this  wide  accep-

tance  is  the  combination  of  pulsatility  and 

Keywords 

biventricular  support.  Right  ventricular  failure,  at 

Bioprosthetic  artificial  heart  ·  Acquired 

some  level,  remains  a  significant  cause  of  morbid-

hemocompatibility  ·  Flow  autoregulation 

ity  and  mortality  in  LVAD-supported  patients,  and 

reliable  prognostic  indicators  remain  elusive 

(Rame  et  al. 2021;  Frankfurter  et  al. 2020). It 

Introduction 

was  the  recognition  of  the  limitations,  outlined 

above,  that  prompted  the  design  and  development 

The  gold  standard  for  the  treatment  of  end-stage 

of  the  Aeson  TAH  (Carmat  SA,  Vélizy-

heart  failure  remains  heart  transplantation  with 

Villacoublay,  France)  which,  by  incorporating 

survival  rates  of  83%  at  1  year,  around  72%  at 

proven  biocompatible  materials  (Carpentier  et  al. 

5  years,  and  more  than  56%  at  10  years  (Interna-

2015)  and  an  adaptable  pumping  mechanism 

tional  Society  for  Heart  and  Lung  Transplantation 

mimicking  ventricular  dynamics  (Netuka  et  al. 

2019).  However,  eligible  candidates  far  outnum-

2020), shows  the  promise  of  making  a  significant 

ber  the  available  donor  organs,  and  the  increasing 

contribution  to  the  field  of  heart  replacement  ther-

number  of  patients,  who  die  on  the  transplant 

apies  and  reducing  the  gap  between  supply  and 

waiting  list,  has  resulted  in  mechanical  assist 

demand. 

(MCS)  devices  being  employed  as  temporary 

“bridging”  (to  transplantation)  devices  (BTT) 

and  as  an  alternative  to  transplantation,  in  suitable 

Description  and  Function 

candidates.  The  technology  has  evolved  over  the 

of  the  Aeson  TAH 

past  50  years  with  sequential  improvements  com-

prising  three  generations  of  devices  designed  for 

Device  Description 

left  ventricular  support  (LVADs)  which  have 

enjoyed  significant  commercial  success  (Good-

The  Aeson  TAH  is  an  electro-hydraulically  driven 

man  et  al. 2022). The  recent  MOMENTUM  trial 

single-unit 

mechanical 

cardiac 

replacement 

reports  revealed  a  much-reduced  adverse  event 

device.  It  consists  of  a  central  body  incorporating 

burden  and  a  comparable  (to  transplantation) 

left  and  right  ventricles  together  with  separate 

2-year  survival  in  transplant  ineligible  patients, 

technical  compartments  which  house  the  electro-

but  right  heart  failure  remained  at  over  30% 

hydraulic  actuators  and  control  systems.  A 

(Mehra  et  al. 2022). Despite  these  encouraging 

double-layer  hybrid  membrane,  comprising  poly-

results,  the  unphysiological  blood  flow  dynam-

urethane 

on 

the 

hydraulic 

surface 

and 

ics  and  suboptimal  biocompatibility,  combined 

glutaraldehyde-treated  bovine  pericardial  tissue 

with  a  limited  response  to  changing  patient 

on  the  blood  side,  divides  each  ventricle  into  a

[image: Image 60]
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blood  compartment  and  a  technical  compartment. 

Aeson  TAH  Function  and  Control 

The  static  surfaces  are  covered  in  expanded  poly-

tetrafluoroethylene.  Biological  inlet  and  outlet 

The  Aeson  TAH  can  be  operated  in  two  modes: 

valves  provide  unidirectional  pulsatile  flow.  Two 

Manual  and  Auto-Mode.  The  Manual  Mode  is 

rotary  pumps,  located  in  the  technical  compart-

typically  only  used  during  implantation  and 

ments  of  the  prosthesis,  generate  systolic  and  dia-

explantation.  The  Auto-Mode  is  designed  to 

stolic  phases  by  rapid  reversals  of  the  hydraulic 

allow  the  Aeson  to  automatically  adapt  to  chang-

fluid  flow,  which  acts  on  the  membranes  to  repro- ing  individual  patient  needs.  Pressure  sensors  in 

duce  the  viscoelastic  movement  profile  of  a  car-

each  ventricle  provide  preload  and  afterload  mea-

diac  muscle.  The  ventricles  pump  alternately  with 

surements  while  ultrasound  transducers  measure 

the  pumps  controlled  to  always  ensure  full  ejec-

the position of the membranes. This information is 

tion  to  avoid  stasis.  The  entire  prosthesis  is  par-

transferred  to  an  electronic  board,  integrated  into 

tially  enclosed  within  a  flexible  polyurethane 

the  prosthesis,  and  used  by  an  algorithmic  control 

compliance  membrane  containing  the  hydraulic 

system.  Changes  in  filling  duration,  ejection  dura-

fluid  (Fig. 1). 

tion,  and  end-diastolic  volume  result  in  beat  rate 

A  percutaneous  driveline  (8  mm  diameter) 

variation  while  complying  with  adjustable  target 

delivers  electrical  current  to  power  the  prosthesis 

values.  Three  main  adjustments  provide  a  means 

and  provides  a  route  for  communicating  with  the 

for  the  physician  to,  in  effect,  change  the  sensitiv-

device.  The  driveline  exits  the  skin  at  the  lower 

ity  of  the  algorithm  and  modify  the  performance 

right  quadrant  of  the  abdomen  and  is  connected  to 

envelope  of  the  device.  These  include  setting  tar-

an  External  Routing  Module  (ERM)  maintained 

gets  for  the  right  ventricular  inflow  pressure,  with 

on  the  patient  with  a  support  belt.  The  ERM  is 

the  aim  of  achieving  a  minimum  pressure  but 

connected  to  a  controller,  which  is  the  interface 

avoiding  suction,  an  adjustment  for  setting  the 

between  the  prosthesis  and  the  patient.  The  con-

average  difference  between  the  left  and  right 

troller  delivers  power  from  two  battery  pockets 

inflow  pressures,  which  allows  compensation  for 

providing  approximately  5  h  of  untethered  sup-

bronchial  flow,  and  finally  the  left  outflow  mini-

port.  A  small  LCD  display  provides  information 

mal  pressure  setting  which  is  designed  to  accom-

about  battery  status,  device  function,  and  alarms. 

modate  instances  of  hypotension. 

The  patient  carries  the  controller  and  batteries  in  a 

In  summary,  the  operation  of  the  algorithm  can 

carry  bag  (Fig. 2). The  physician  connects  a  hos-

be  described  by  the  process  outlined  below 

pital  monitor  to  the  controller  to  change  settings 

(Algorithm  1),  divided  into  separate  diastolic 

and  to  collect  data. 

and  systolic  phases. 

Fig.  1  Design  of  the  Aeson  TAH 

[image: Image 61]
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Fig.  2  Schematic  overview  of  the  external  components 

In  the  diastolic  phase,  the  overall  aim  is  to 

obstruction  or  hypovolemia,  the  diastolic  phase 

maintain  the  maximum  ventricular  volume  of 

is  terminated  early  to  avoid  atrial  suction,  and 

approximately  58  ml.  The  first  period  is  initiated 

the  next  systolic  phase  is  immediately  initiated. 

by  a  brief  rapid  movement  of  the  diaphragm  to 

The  diaphragm  motion  is  monitored  by  an  ultra-

open  the  inflow  valve.  The  ventricular  pressure 

sonic  transducer  in  the  technical  compartment. 

sensor  now  monitors  the  intraventricular  pressure 

The  systolic  phase  is  designed  to  completely 

providing  an  estimate  of  the  inflow  return.  The 

empty  the  ventricle  and  is  usually  achieved  in 

subsequent  speed  of  the  diaphragm  movement  is 

approximately  one-third  of  the  cardiac  cycle. 

dynamically  adjusted  every  millisecond  to  ini-

The  speed  of  the  diaphragm  is  increased  until 

tially  provide  an  approximate  50%  fill  volume, 

50%  of  the  volume  is  ejected  and  then  decreased 

modulated  by  the  difference  between  the  ventric-

until  the  end-systolic  position  is  reached,  at  rest. 

ular  pressure  and  the  set  target  inlet  pressure. 

The  systemic  afterload  is  monitored  by  the  left 

Next,  the  diaphragm  speed  is  decreased  to  target 

ventricular  pressure  sensor.  A  pressure  below  the 

an  end-diastolic  position  to  give  the  maximum 

set  target  causes  the  systolic  ejection  speed  to  be 

stroke 

volume. 

Should 

a 

negative 

pres-

increased  which  results  in  a  higher  beat  rate  and 

sure  >  50  mmHg  develop,  due  to  inflow 

hence  cardiac  output.  Both  ventricles  are  subject

9

The Aeson Bioprosthetic Total Artificial Heart

137

Algorithm  1  Flowchart 

Diastolic Phase

Systolic Phase 

describing  the 

autoregulation  mechanism 

of  the  Aeson  TAH 

Membrane 

Membrane 

movement 

movement 

Ventricle filling 4ml 

Ventricle pressure 

sensor monitoring 

Algorithm compares 

ventricular and right 

admission pressure 

Ventricle filling 30ml 

High pressure 

Low pressure 

Membrane 

gap 

gap 

movement slows 

down 

Pump 

Pump 

increases 

decreases 

membrane 

membrane 

movement 

movement 

Membrane in end-

Membrane in end-

distolic position 

systolic position 

Ventricle filled 58ml 

Ventricle empty 

(200-800 ms) 

(100-500 ms) 

to  a  safety  mechanism  which  terminates  systole 

Patient  Selection 

early  and  initiates  the  next  diastolic  phase  if  the 

output  pressures  exceed  220  mmHg. 

The  Aeson  TAH  System  is  approved  in  Europe  as 

Left/right  balance  is  controlled  by  continuous 

adjustment  of  each  stroke  volume  to  avoid  an 

a  bridge  to  transplant  in  patients  suffering  from 

imbalance  between  the  average  left  and  right 

end-stage

biventricular

heart

failure 

inflow  pressures  beyond  the  set  target  value. 

(INTERMACS  profiles  1–4)  who  are  not  amena-

When  the  target  difference  is  exceeded,  the  right 

ble  to  maximal  medical  therapy  or  Left  Ventricu-

stroke  volume  is  decreased  to  reduce  the  left 

lar  Assist  Device  (LVAD)  implantation  and  who 

inflow  pressure. 

are  likely  to  undergo  heart  transplant  in  the 

The  principle  is  to  generate  a  cardiac  output 

180  days  following  device  implantation. 

adjusted  according  to  the  venous  return,  on  a  beat-

Virtual  implantation  of  the  Aeson  TAH  is  an 

to-beat  basis,  providing  a  matched  performance  to 

integral  part  of  the  patient  screening  process. 

patient  requirements.  With  pump  beat  ranges  from 

Standard  chest  CT  scans  are  used  to  measure 

35  to  150  beats  per  minute  and  a  maximum  stroke 

internal  thoracic  dimensions,  followed  by  a 

volume  of  58  ml,  the  device  can  provide  a  cardiac 

three-dimensional  rendering  of  the  chest  cavity. 

output  of  2–9  L/min. 

A  3D  model  of  the  TAH  is  then  placed  on  the

[image: Image 62]
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Fig.  3  Virtual  implantation 

of  the  Aeson  TAH  (green 

contour) 

atrioventricular  plane.  The  internal  spine  to  ster-

with  a  vent  placed  in  the  ascending  aorta.  Pump 

num  distance,  taken  on  the  axial  slice  going 

beat  rate  and  stroke  volume  are  then  gradually 

through  the  center  of  the  mitral  valve,  is  the 

increased  while  cardiopulmonary  bypass  support 

most  critical  measurement,  with  a  lower  limit  of 

is  weaned,  while  maintaining  an  overall  output  of 

12  cm  considered  acceptable  (Fig. 3). Other  mea-

approximately  5  L/min.  After  hemostasis  is 

surements  include  the  ventricles  volume,  the  dis-

achieved,  the  device  is  switched  to  Auto-Mode. 

tance  from  the  diaphragm  to  the  pulmonary  artery, 

In  the  early  postoperative  phase,  the  focus  is  on 

and  the  size  of  the  pulmonary  artery  trunk  before 

restoration  of  physiological  blood  flows  and 

the  bifurcation.  These  four  measurements  com-

pressures. 

bined  with  the  3D  model  help  the  cardiothoracic 

surgeons  to  assess  anatomical  compatibility  of  the 

device. 

Clinical  Experience 

Early  Results 

Implantation 

The  first  implantation  of  the  device  was 

The Aeson TAH is implanted via a midsternotomy 

performed  in  2013  during  a  first-in-man  study  in 

during  a  procedure  similar  to  cardiac  transplanta-

France,  in  a  patient  with  severe  biventricular  fail-

tion.  After  removal  of  the  native  ventricles  at  the 

ure  (Carpentier  et  al. 2015).  To  date,  several  clin-

level  of  the  mitral  and  tricuspid  annuli,  prosthetic 

ical  studies  and  one  postmarket  study  are  ongoing 

atrial  cuffs  lined  with  bovine  pericardium  are 

with  31  patients  implanted  as  of  October  2022. 

sewn  to  the  annuli  with  two  layers  of  running 

Early  observations  have  suggested  that  bridging 

sutures.  A  rectangular  titanium  atrial  interface  is 

to  transplant  is  feasible  with  the  Aeson  TAH. 

then  placed,  secured  to  the  cuffs,  and  then 

Whereas  pericardial  space  shrinking  constituted 

attached  to  the  device.  Dacron  outflow  conduits 

a  limitation  with  existing  total  artificial  hearts,  in 

are  attached  to  the  device  body,  cut  to  length,  and 

our  limited  experience  there  were  no  tissue  adhe-

anastomosed  to  the  pulmonary  artery  and  ascend-

sions  around  the  prosthesis  body  (Netuka  et  al. 

ing  aorta.  The  driveline  is  tunneled  out  through 

2020). This  might  be  attributed  to  the  smooth 

the  right  rectus  muscle  to  exit  the  skin  at  the  lower 

polyurethane  sac  that  surrounds  the  device. 

right  abdominal  quadrant.  The  device  is  then 

Another  potential  advantage  is  that  the  shape  and 

connected  to  the  ERM  and  portable  controller. 

size  of  the  Aeson  resembles  those  of  a  natural 

The  device  is  first  passively  filled  and  de-aired 

heart, 

preserving 

sufficient  space  for  the

[image: Image 63]
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transplanted  donor  heart.  In  addition,  the  low 

Anticoagulation  treatment  is  started  around  24  h 

intensity  of  anticoagulation  may  reduce  the  risk 

after  final  chest  closure  with  unfractionated  hepa-

of  bleeding  during  the  explant  procedure. 

rin  I.V.  (UFH),  when  the  chest  tube  drainage  is 

less  than  50  mL/h  for  4  consecutive  hours.  Mon-

itoring  of  UFH  efficacy  is  assessed  preferable  via 

Hemocompatibility 

serum  Anti-Xa  with  a  therapeutic  target  between 

0.2  and  0.3  IU/mL.  Approximately  4  days  after 

The  hemocompatibility  profile  of  the  Aeson  TAH 

the  last  chest  drain  is  removed  and  in  absence  of 

is  marked  by  low  shear  stress  contributing  to 

active  bleeding,  Acetylsalicylic  Acid  (ASA) 

preservation  of  the  ratio  of  von  Willebrand  high-

75  mg,  81  mg,  or  100  mg  is  added.  Aspirin  should 

molecular  weight  multimers  (HMWM)  and  no 

continue  unless  contraindicated.  In  preparation 

hemolysis,  in  contrast  to  continuous  flow  rotary 

for  hospital  discharge,  when  renal  function  is 

devices  even  during  maximal  flows  (Richez  et  al. 

improved  and  stable,  and  if  there  is  no  indication 

2019;  Poitier  et  al. 2022).  In  patients  supported  by 

for  imminent  invasive  procedures,  a  switch  from 

the  device  over  a  period  of  12  months,  no  inflam-

IV  Heparin  to  Low  Molecular  Weight  Heparin 

matory  signals  were  detected  in  a  study  on  circu-

(LMWH)  S.C.  at  an  intermediate  prophylactic 

lating immune  cell subpopulations  (Peronino et al. 

dose  (between  90–175  IU/kg/24  h  for  tinzaparin 

2022). 

and  75–150  IU/kg/24  h  for  enoxaparin)  is  made. 

Furthermore, progressive reendothelialization of 

Long-term  anticoagulation  consists  of  intermedi-

blood-contacting  surfaces  has  been  observed  on 

ate  doses  of  LMWH  heparins  and  antiplatelet 

explanted  devices  (Smadja  et  al. 2017). These 

therapy  with  75–100  mg  Acetylsalicylic  Acid 

favorable  hemodynamic  characteristics  may  reduce 

(Fig. 4). No  elevated  risk  of  thrombotic  compli-

the  risk  of  clinically  relevant  hemocompatibility-

cations  was  reported  in  patients  who  received  this 

related  adverse  events  such  as  thrombosis,  bleed-

anticoagulation  regime  (Smadja  et  al. 2022). 

ing,  stroke,  and  infection,  as  is  observed with rotary 

flow  devices. 

Autoregulation 

Anticoagulation 

The  Aeson  is  the  only  current  MCS  device  which 

provides  true  autoregulation.  A  summary  of  the 

Thanks to  its  pulsatile  flow  and  improved  biocom-

control  methodology  is  provided  above.  Exam-

patibility,  patients  with  an  Aeson  can  be  safely 

ples  of  the  automatic  responses  are  provided  in 

managed  with  a  low-dose  anticoagulation  regime. 

Fig. 5  where  changes  in  RV  preload  automatically

24h after chest closure

4 days after drain removal

Preparation for discharge

Longterm treatment 

Drains production 

No potential invasive 

<50ml/h over 4h 

procedure 

No active bleeding 

+ 

+ 

No pericardial effusion 

Renal function recovered 

Low Molecular Weight Heparin: Intermediate dose 

IV Heparin 

AntiXa 0.2-0.3 

Enoxaparin (75-150 IU/kg/24h / Tinzaparin (90-175 IU/kg/24h) 

Once daily injection (100 IU = 1 mg) 

Acetylsalicylic Acid (ASA) 75-100 mg/ day 

Fig.  4  Flowchart  of  the  Aeson  Anticoagulation  Protocol 

[image: Image 64]

[image: Image 65]
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Fig.  5  Right  ventricular 

cardiac  output  variation  in 

response  to  inflow 

pressures.  At  the  same 

averaged  inflow  pressure,  a 

lower  set  RVIP  induced  a 

higher  cardiac  output.  The 

sensitivity  of  this  response 

can  be  modulated  by 

changing the set value of the 

Right  Ventricular  Inflow 

Pressure.  A  lower  set  value 

results  in  a  higher  output  for 

the  same  inlet  pressure 

Fig.  6  Example  of  TAH  Cardiac  Output  in  Automatic  Mode,  with  circadian  variation  during  a  period  of  1  month  support at  home.  LVFlow  =  left  ventricular  flow;  RVFlow  =  right  ventricular  flow 

result  in  a  proportional  change  in  RV output.  The 

device  settings  required  per  patient  month 

resulting  pulsatile  blood  flow  ranges  from  2  to 

(Netuka  et  al. 2021). Since  this  represents  a  very 

9  L/min  with  automated  adjustments  on  the  left 

early  experience,  it  is  anticipated  that  this  medical 

side  to  correct  for  the  contribution  of  the  bronchial 

intervention  rate  will  decline  even  further. 

circulation. 

The  Auto-Mode  benefits  patients  by  the  nor-

malization  and  stabilization  of  their  hemodynam-

Conclusion 

ics  almost  immediately  after  implantation  and 

produces  a  more  natural  adaption  to  the  circadian 

The  Aeson  TAH  represents  a  potential  significant 

rhythm  (Fig. 6). 

advance  in  the  available  therapies  for  treating  the 

A  further  significant  benefit  of  the  Auto-Mode 

growing  number  of  patients  suffering  from  biven-

is  the  reduction  in  the  requirement  for  device 

tricular  heart  failure,  given  the  shortage  of  organ 

adjustments  resulting  in  minimal  hospital-patient 

donations  and  the  limitations  of  existing  alternative 

interactions  and  patent  autonomy.  In  a  limited 

therapies.  While  the  current  experience  is  limited, 

study  of  ten  Aeson-supported  patients  where 

the performance of the device and clinical outcomes 

seven  of  the  patients  were  discharged  home  with 

are  promising,  especially  with  respect  to  biocom-

default  Auto-Mode  settings,  there  were  only  0.09 

patibility  and  automatic  physiological  patient
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interactions.  It  is  hoped  that  the  ongoing trials  in  the 

Netuka  I,  Pya  Y,  Bekbossynova  M,  et  al.  Initial  bridge  to 

USA  and  in  France  will  demonstrate  that  the  Aeson 

transplant  experience  with  a  bioprosthetic  auto-

regulated  artificial  heart.  J  Heart  Lung  Transplant. 

will  represent  a  significant  advance  in  the  challeng-

2020;39(12):1491–3. 

ing  field  of  heart  replacement  therapies. 

Netuka  I,  Pya  Y,  Poitier  B,  et  al.  First  clinical  experience 

with  the  pressure  sensor–based  autoregulation  of  blood 

flow  in  an  artificial  heart.  ASAIO  J.  2021;67:1100–8. 
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Abstract 

blood  pump  and  magnetic  levitation  technol-

The  BiVACOR  Total  Artificial  Heart  (TAH) 

ogy  to  produce  a  single,  contact-free,  spinning 

System  is  designed  as  a  short- and  long-term 

disc  that  reliably  and  efficiently  pumps  blood 

implantable  replacement  option  for  the  failing 

to  the  systemic  and  pulmonary  circulations. 

human  heart.  The  device  combines  rotary 

Rapid  and  cyclic  changes  in  pump  speed 

induce  pulsatile  outflow,  while  large  blood 

gaps  reduce  stress  on  the  blood.  The  system  is 

electrically  powered  by  a  small,  external,  por-

M. Kleinheyer · N. Greatrex · F. Nestler · D. L. Timms (✉) 

table  controller  that  connects  to  the  pump  via  a 

BiVACOR  Inc,  Huntington  Beach,  CA,  USA 

small,  single  percutaneous  driveline.  The  com-
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expands  its  use  for  implantation  in  women  and 

to  approximately  55%  at  10  years  (Khush  et  al. 

children.  However,  the  small  pump  size  does 

2018). 

not  compromise  physiological  capability,  with 

To  supplement  the  donor  heart  shortage, 

the  BiVACOR  TAH  System  sufficiently  pow-

mechanical  circulatory  support  (MCS)  devices 

erful  to  support  an  adult  male  during  exercise. 

have  been  developed  to  provide  supportive  care 

Several  BiVACOR  TAH  System  iterations 

and  bridge a patient to  heart  transplantation.  Alter-

have  been  produced  over  the  last  20  years, 

natively,  MCS  devices  can  be  used  as  a  destina-

which  have  been  implanted  in  over  30  chronic 

tion  therapy  and  implanted  for  life  if  the  patient 

animal  studies  for  up  to  3  months.  Further, 

does  not  meet  eligibility  criteria  for  heart  trans-

BiVACOR  pumps  have  operated  uninterrupted 

plantation  (Kirklin  et  al. 2017; Slaughter  et  al. 

in  benchtop  studies  for  over  4  years  (ongoing). 

2009; Timms  2011). Early  development  of  MCS 

BiVACOR  have  achieved  significant  progress, 

devices  began  in  the  1960s  to  provide  a  long-term 

completing key milestones in the  development, 

alternative  to  heart  transplantation.  Total  heart 

manufacturing,  and  evaluation  of  the  clinical-

replacement  was  the  focus  of  initial  devices, 

grade  BiVACOR  TAH  System.  With  its  reli-

which  used  volume  displacement  pumps  (VDPs) 

able,  safe,  and  blood-friendly  design,  the 

with  flexing  membranes  and  artificial  valves  to 

BiVACOR  TAH  System  has  the  potential  to 

replicate  the  pumping  action  of  the  natural  heart. 

provide  long-term  heart  replacement  to  an 

However,  with  the  reintroduction  of  heart  trans-

expanded  patient  population. 

plantation,  due  to  long-term  durability  issues  with 

MCS  devices,  focus  diverged  in  the  1970s  to 

include  short-term  assistance  of  the  left  ventricle 

Keywords 

until  a  donor  heart  could  be  procured.  Although 

Total  artificial  heart  (TAH)  ·  Rotary  blood 

these  early  left  ventricular  assist  devices  (LVAD) 

pump  ·  Pulsatility  ·  Pressure  sensitivity 

developed  in  the  1980s  were  still  volume  dis-

placement  pumps,  they  demonstrated  superior 

outcomes  in  comparison  to  optimal  medical  man-

Introduction 

agement  of  high-risk  patients  ineligible  for  heart 

transplantation  (Rose  et  al. 2001).  Despite  this 

The  burden  of  heart  failure  is  evident  globally, 

success,  the  same  durability  issues  remained, 

exceeding  six  million  patients  in  the  USA  alone, 

which  restricted  long-term  MCS  device  use 

with  an  incidence  of  one  million  patients  per  year 

beyond  2  years  (Timms  2011).  Rotary  blood 

(Virani  et  al. 2020).  Unfortunately,  the  prevalence 

pumps  were  subsequently  developed  to  overcome 

of  heart  failure  is  expected  to  increase  as  the 

these  limitations,  and  their  use  rapidly  increased 

population  ages.  In  advanced  stages  of  heart  fail-

due  to  significantly  improved  short- and  long-

ure,  heart  transplantation  is  considered  the  gold 

term  survival  in  comparison  to  volume  displace-

standard  therapy  for  long-term  survival;  however, 

ment  pumps  (Slaughter  et  al. 2009).  Despite  the 

donor  heart  availability  is  scarce  in  comparison  to 

success  of  rotary  blood  pumps  for  left  ventricular 

the  number  of  patients  listed  for  transplantation 

support,  MCS  devices  used  for  total  heart  replace-

each  year  (Ramani et  al. 2010;  see  Hoe et  al. 2019; 

ment  have  yet  to  transition  to  rotary  blood  pumps. 

® 

Khush  et  al. 2021). The  presence  of  several  con-

The  BiVACOR  TAH  System  aims  to  capital-

ditions  that  would affect life expectancy following 

ize  on  the  advantages  of  rotary  blood  pump  tech-

transplantation  (e.g.,  advanced  recipient  age,  rel-

nology  and  apply  them  to  create  a  TAH  that  is 

evant  comorbidities)  reduce  patient  eligibility  and 

small,  reliable,  blood-friendly,  and  has  inherently 

thus  further  limits  the  availability  of  donor  hearts 

balanced  blood  flows.  The  pump  is  implanted 

for  this  patient  cohort.  For  patients  that  do 

orthotopically  following  excision  of  the  diseased 

undergo  heart  transplantation,  chronic  rejection 

ventricles  and  valves  of  the  native  heart,  and  thus 

and  long-term  immunosuppression  limit  survival 

replaces  both  ventricles  of  a  failing  heart  (Timms
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and  Nestler  2020). Inflow  cuffs  connect  the  pump 

failure  patients, which may lead to reduced  quality 

to  remnants  of  the  partially  excised  atria,  and 

of  life,  or  the  need  for  long-term  RVAD  place-

outflow  grafts  connect  to  the  aorta  and  pulmonary 

ment,  urgent  heart  transplantation,  biventricular 

artery.  The  combination  of  rotary  blood  pump  and 

support 

with 

biventricular 

assist 

devices 

magnetic  levitation  (maglev)  technology  provides 

(BiVAD),  or  a  TAH.  However,  the  prognosis  for 

a  single,  contact-free  rotor  that  is  magnetically 

biventricular  support  patients  is  worse  than  that  of 

suspended  and  separates  the  left  and  right 

patients  with  an  LVAD  alone,  with  a  12-month 

pumping  chambers.  Further,  left  and  right  rotor 

survival  of  less  than  60%  (Teuteberg  et  al. 2020). 

blades  are  positioned  on  the  single  rotor  that  spins 

A  need  for  advancements  in  MCS  device  devel-

to  pump  blood  to  the  systemic  and  pulmonary 

opment  remains,  to  improve  outcomes  in  patients 

circulations.  This  design  has  advantages  over 

requiring  biventricular  support,  including  in  the 

wear-prone  components  included  in  volume  dis-

development  of  total  artificial  hearts.  The  sections 

placement  pumps,  such  as  flexing  membranes  and 

below  outline  key  adverse  events  associated  with 

valves,  as  there  is  only  a  single  moving  part 

current  MCS  devices. 

(rotor).  Noncontact  suspension  of  the  rotor  in 

large  blood  gaps  minimizes  blood  trauma  and 

mechanical  wear,  providing  a  durable  and  bio-

Bleeding 

compatible  heart  replacement.  The  pump  is 

smaller  yet  capable  of  more  outflow  than  other 

Surgical  and/or  nonsurgical  bleeding  remain  one 

devices on or entering the market, allowing it to be 

of  the  most  common  reasons  for  blood  transfu-

implanted  in  a  wider  patient  population. 

sion,  reoperation,  and/or  rehospitalization  of 

Overall,  the  BiVACOR TAH  System  builds  on 

MCS patients (Teuteberg et al. 2020). Nonsurgical 

the  successful  transition  of  LVAD  technology 

bleeding  predominantly  occurs  on  mucosal  sur-

from  volume  displacement  to  rotary  blood 

faces  such  as  the  nasal  mucosa  or  the  gastrointes-

pumps,  aiming  to  be  the  next  generation  TAH 

tinal  tract,  while  the  contributing  factors  are 

that  sufficiently  restores  quality  of  life  to  patients 

multifactorial.  Non-physiological  blood  shear 

suffering  from  severe  biventricular  heart  failure. 

stress  in  the  device’s  flow  paths  and  clearances, 

This  therapy  may  be  utilized  as  a  short-term 

or  as  a  result  of  inflow  cannula  malposition,  may 

device  in  a  patient  awaiting  heart  transplantation, 

contribute  to  cleavage  of  high-molecular  weight 

or  ultimately  serve  as  a  long-term,  off-the-shelf 

von  Willebrand  factor  (HMW  vWF)  multimers 

alternative  (>10  years)  to  heart  transplantation. 

(Geisen  et  al. 2018). Impaired  right  heart  function 

may  lead  to  elevated  venous  pressures  which  can 

affect  dilated  mucosal  veins  (Balcioglu  et  al. 

Important  Considerations 

2018), while  diminished  pulsatile  outflow  with 

for  Mechanical  Circulatory  Support 

rotary  LVAD  support  may  attenuate  intestinal 

Devices 

mucosal  perfusion,  resulting  in  regional  hypoxia 

and  arteriovenous  malformations  (AVM)  (Patel 

The  BiVACOR TAH  System  has  been  designed  to 

et  al. 2016). Restoring  pulsatile  outflow  may 

alleviate  the  potential  for  common  adverse  events 

induce  vWF  secretion  from  endothelial  tissue 

associated  with  existing  MCS  devices.  While 

and  thus  decrease  the  risk  of  nonsurgical  bleeding 

patients  implanted  with  continuous  flow  LVADs 

complications  (Vincent  et  al. 2018).  Non-

have  impressive  survival  rates  of  over  80%  at 

physiological  blood  shear  stress  may  also  be 

1  year,  the  percentage  of  patients  free  from  serious 

encountered  in  the  small  inflow  and  outflow 

adverse  events  (SAEs)  during  that  first  year  – 

ports  of  current  rotary  blood  pumps,  which 

including  stroke,  bleeding,  infection,  or  device 

becomes  more  prominent  when  a  VAD  fully 

malfunction - is  less  than  35%  (Kirklin  et  al. 

unloads  the  ventricle,  as  the  entire  blood  flow 

2017).  Furthermore,  moderate  to  severe  right  ven-

passes  through  these  “stenotic”  ports,  and  pulsa-

tricular  failure  occurs  in  many  end-stage  heart 

tile  flow  is  further  diminished. 
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Stroke 

after  the  restoration  of  normal  blood  flow.  In 

some  cases,  this  RV  failure  may  be  induced  or 

Debilitating  strokes  are  one  of  the  most  serious 

exacerbated  by  suboptimal  LVAD  cannula  posi-

adverse events that increase morbidity and mortality 

tioning  or  speed  settings,  leading  to  shifts  in  the 

in  patients  undergoing  MCS  therapy.  Ischemic 

interventricular 

septum. 

Treatment 

therapies 

strokes  may  be  related  to  emboli  originating  from 

include  inotropes  and/or  short-term  right-sided 

either  the  atrial  or  ventricular  cavities  due  to  stasis 

MCS,  since  the  availability  of  long-term  right-

and  poor  blood  washout  (Teuteberg  et  al. 2020). 

sided  MCS  is  limited  to  off-label  use  of  a  second 

Furthermore,  long  exposure  times  to  high  shear 

rotary  LVAD  as  an  RVAD.  In  this  configuration, 

rates  in  small  flow  paths  and  clearance  gaps 

the  RVAD’s  speed  may  be  reduced  to  match  the 

(in  rotary  blood  pumps)  and  valves  (in  VDPs)  may 

lower  pressures  in  the  pulmonary  circulation. 

increase  platelet  activation,  possibly  leading  to  a 

While  operating  at  a  reduced  speed,  suboptimal 

hypercoagulative  state  (Johansson  1999)  and  sub-

flow  paths  and  reduced  washout  of  blood  gaps 

sequent  pump  thrombosis  which  may  embolize. 

may  occur  (Karimov  et  al. 2016), while  the 

The  risk  of  hemorrhagic  stroke  increases  with 

small  clearance  gaps  in  some  rotary  blood 

increasing  mean  arterial  pressure.  Early  clinical  use 

pumps  may  increase  the  risk  of  venous  thrombo-

of  rotary  blood  pumps  experienced  a  higher  rate  of 

ses  wedging  in  the  right  pump,  should  they  occur. 

hemorrhagic  stroke  until  the  target  arterial  blood 

These  factors  may  contribute  to  up  to  30%  of 

pressure  was  reduced  (Willey  et  al. 2016).  High 

patients  implanted  with  a  long-term  RVAD 

blood  pressure  was  also  hypothesized  as  a  cause 

encountering  pump  thrombosis  (Shehab  et  al. 

for  hemorrhagic  stroke  in  patients  implanted  with 

2016). 

the  SynCardia  temporary  TAH  (TAH-t)  (SynCardia 

Systems,  Tucson,  AZ,  USA)  (Torregrossa  et  al. 

2014). However,  blood  pressure  can  still  vary  sig-

Infection 

nificantly  throughout  daily  activities,  hence  the  rel-

ative  inability  for  current  clinical  rotary  blood 

Infection  is  one  of  the  most  common  adverse 

pumps  to  autonomously  adapt  their  output  may 

events  in  patients  implanted  with  MCS  devices, 

intermittently  expose  patients  to  unphysiological 

with  up to 43% of patients  developing an  infection 

(high)  pressures.  In  addition,  the  narrowing  of 

in  the  first  year  of  support  and  60%  by  the  end  of 

pulse  pressure  during  rotary  blood  pump  support, 

their  therapy  (Teuteberg  et  al. 2020; Kusne  et  al. 

and  particularly  by  the  elevation  of  arterial  diastolic 

2017).  The  driveline’s  skin  exit  site  represents  the 

pressure,  may  also  contribute  to  excessive  and  con-

most  significant  risk  factor.  Incomplete  tissue 

tinual  vessel  wall  stress.  An  increased  risk  for  both 

integration  of  the  driveline,  or  surrounding  velour 

ischemic  and  hemorrhagic  stroke  has  further  been 

and  micro-gaps  in  the  tissue  tunnel  may  lead  to 

associated  with  pump  and  blood  stream  infections, 

driveline  infection  and  potential  subsequent 

potentially  caused  by  septic  emboli  or  mycotic 

ascending  infection  to  the  implanted  device 

aneurysm  rupture  (Frontera  et  al. 2017). 

(Qu  et  al. 2020). This  integration  may  also  be 

disrupted  by  accidental  force  exertion  at  the  exit 

site  (Kusne  et  al. 2017).  Differences  in  diameter 

Right  Ventricular  Failure 

and  flexibility  of  the  driveline  and  exit  site  loca-

tion  may  also  alter  the  risk  profile,  with  flexibility 

Severe  right  ventricular  (RV)  failure  is  associated 

suggested  as  an  important  attribute  (Imamura 

with  reduced  cardiac  output  and  systemic  venous 

et  al. 2017).  Delaying  the  sternal  closure  due  to 

congestion,  leading  to  poor  quality  of  life  or  death 

surgical  bleeding,  improper  fit,  and  impeded  car-

without  biventricular  support  in  the  form  of 

diac  output  has  also  been  reported  with  large  size 

BiVAD  or  TAH  (Lampert  and  Teuteberg  2015). 

TAHs,  which  may  increase  the  infection  risk 

However,  some  LVAD  patients  may  have  under-

(Moore  et  al. 2014).  Driveline  infection  may  be 

lying  moderate  RV  failure  which  is  uncovered 

mitigated  by  powering  the  MCS  device  by
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transcutaneous  energy  transfer  (TET)  across  the 

membranes,  both  of  which  impact  long-term  dura-

skin  (Dowling  et  al. 2003). However,  the  require-

bility.  Although  rare,  TAH  system  failure  results  in 

ment  to  implant  additional  components  such  as  a 

immediate  patient  death,  hence  any  concerns  with 

receiving  coil  and  battery  may  influence  the  over-

VDP  TAH  reliability  may  contribute  to  a  reduction 

all  infection  risk  profile. 

in  confidence  to  use  this  approach  for  long-term 

biventricular  support  (Cohn  et  al. 2015). The  flexi-

ble  membranes  of  VDPs  are  actuated  pneumati-

Exercise  Capacity 

cally,  electrically,  or  electrohydraulically.  In  some 

cases,  compressed  air  is  supplied  via  two  relatively 

Current 

MCS 

devices 

present 

an 

effective 

stiff  driveline  tubes  exiting  the  skin,  which  may 

life-saving  therapy  by  restoring  cardiac  output  to 

increase  infection  risk.  The  large,  heavy,  and  noisy 

resting  levels;  however,  their  flow  regulation  is 

external  drivers  for  pneumatically  actuated  VDPs 

limited  when  metabolic  requirements  change, 

restrict  patient  mobility  and  require  frequent 

® 

such  as  during  sleep,  exercise,  postural  changes, 

replacement  (Torregrossa  et  al. 2014).  The  Aeson 

and/or  Valsalva  maneuvers.  This  may  be  due  in 

Total Artificial  Heart  (Carmat,  Vélizy-Villacoublay, 

part  to  the  hydraulic  characteristics  of  current 

France)  uses  an  implantable  electrohydraulic  drive 

rotary  blood  pumps,  which  have  minimal  pump 

and  sensor  system  to  actuate  biocompatible  flexible 

flow  adaptability  in  response  to  changes  in  inflow  membranes  (Mohacsi  and  Leprince  2014). With and  outflow  pressure  (Salamonsen  et  al. 2011). 

power  supplied  by  a  single  small  driveline,  infec-

This  results  in  a  pump  flow  increase  of  less  than 

tion  risk  is  anticipated  to  be  lower.  However,  the 

50%  at  the  onset  of  exercise,  which  may  contribute 

device’s  size  is  still  large,  while flexible  membranes 

to  a  reduction  in  exercise  capacity  (Lai  et  al. 2020; 

and  valves  may  experience  durability  issues  of  past 

Slaughter  et  al. 2010). Current  VDPs  demonstrate 

VDP  devices.  Additionally,  the  patient  population 

even  less  variation  in  flow  from  rest  to  exercise, 

able  to  be  implanted  with  full  flow  VDP  TAHs  is 

with cardiac output increasing by just 0.55 L/min in 

generally  restricted  to  larger  body  sizes  (Mohacsi 

some  cases  (Canada  et  al. 2019).  Although  this 

and  Leprince  2014), since  a  large  device  size  is 

variation  in  cardiac  support  is  sufficient  to  support 

needed  to  attain  sufficient  stroke  volumes  for  ade-

the patient, quality of life may improve if the device 

quate  resting  flow  rates.  Implanting  these  devices 

has  the  ability  improve  its  outflow  response. 

into  smaller  patients  may  lead  to  compression  of 

the  vena  cava  and  pulmonary  veins,  and  the 

inability  to  close  the  chest  without  impairment  of 

Limitations  in  Existing  Total  Artificial 

cardiac  output  (Leprince  et  al. 2005). Although  a 

Heart  Technology 

smaller  VDP  TAH  system  was  developed  for  use 

in  smaller  patients,  the  maximum  cardiac  output 

While  patients  suffering  from  moderate  to  severe 

of  this  device  is  restricted  (Moore  et  al. 2016). 

biventricular  heart  failure  may  benefit  from  the 

Finally,  considerably  more  power  is  required  to 

implantation  of  a  BiVAD  or  TAH  (Arabia  et  al. 

pump  blood  in  this  relatively  inefficient  manner, 

2018), the  clinical  adoption  of  this  therapy  for 

resulting  in  the  need  for  heavier  batteries  or 

long-term  support  is  reduced  due  to  technical  limi-

shorter  durations  of  unrestricted  movement. 

tations  and  associated  complications.  Instead,  these 

devices  have  been  used  successfully  in  short-term 

applications,  often  bridging  severely  ill  patients  to 

Limitations  of  Biventricular  Support 

heart  transplantation.  Several  clinical  TAH  devices 

with  Current  Rotary  Blood  Pumps 

use  VDPs  to  replicate  the  pumping  action  of  the 

native  heart  (Dowling  et  al. 2003; Slepian  et  al. 

The  use  of  rotary  blood  pumps  for  long-term 

2013; Mohacsi  and  Leprince  2014).  However, 

biventricular  support  is  relatively  uncommon. 

these  devices  require  unidirectional  inflow  and  out-

Current  clinical  applications  use  two  rotary 

flow  valves  and  pumping  chambers  with  flexible  blood  pump  LVADs  as  either  BiVAD  or  TAH, 
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while  few  single  device  rotary  TAH  devices  are 

conditions,  despite  relatively  large  magnetic 

under  development  (Horvath  et  al. 2017;  Abe 

gaps.  Three  magnetic  bearing  (MB)  coils  actively 

et  al. 2015; Glynn  et  al. 2017;  Frazier  and  Cohn 

levitate  the  rotor  in  the  axial  direction  and  provide 

2012;  Lavee  et  al. 2018).  In  the  BiVAD  case,  the 

strong  passive  restoration  forces.  This  arrange-

operational  independence  of  the  two  devices  is 

ment  removes  mechanical  wear  by  maintaining 

less  of  a  concern,  since  the  supported  ventricles 

large  clearances  and  ensuring  that  there  is  no 

help  to  maintain  the  systemic/pulmonary  flow 

contact  between  the  rotor  and  the  housing  of  the 

balancing.  However,  in  the  TAH  case,  careful 

pump.  Balancing  outflow  to  the  systemic  and 

selection  of  pump  speeds  may  be  required  to 

pulmonary  circulations  is  achieved  with  an  auto-

maintain  circulatory  balance  in  all  physiological 

mated  magnetic  bearing  feedback  algorithm  that 

situations.  In  both  cases,  the  two  systems  add  the 

repositions  the  rotor  axially  within  the  pump  cav-

complexity  and  risks  of  two  drivelines  and  two 

ity  in  response  to  varying  hemodynamic  pres-

sets  of  controllers  and  batteries.  Therefore,  a 

sures.  This  simultaneously  alters  the  axial 

robust  and  reliable  single  device  rotary  blood 

clearance,  efficiency,  and  thus  relative  output 

pump  TAH  design  may  help  to  mitigate  these 

from  the  semi-open  impeller  vanes.  Finally,  sys-

concerns. 

tem  power  consumption  at  flow  rates  consistent 

with  rest  and  moderate  exercise  (12  L/min)  is 

sufficiently  low  for  implementing  a  transcutane-

The  BiVACOR  TAH  System 

ous  energy  transfer  (TET)  system  in  the  future, 

eliminating  the  driveline  skin  exit  site. 

Key  Design  Features 

Building  on  the  successful  transition  of  LVADs 

Pump 

from  volume  displacement  to  rotary  blood  pumps, 

the  BiVACOR TAH  System  attempts  to  utilize  the 

Hydraulic  Design 

advantages  of  rotary  blood  pump  technology  to 

Left  and  right  hydraulic  designs  aimed  to  create  a 

replicate  this  shift  for  TAH.  Advantages  include  a 

pump  that  can  inherently  balance  pressures  and 

durable,  wear-free,  and  fault-tolerant  design  that 

flows  over  a  wide  range  of  vascular  conditions.  To 

has  an  anticipated  lifetime  exceeding  10  years. 

achieve  this,  head  pressures  of  approximately 

The  pump  can  produce  a  maximum  total  outflow 

70  mmHg  (left)  and  20  mmHg  (right)  at  an  out-

twice  that  of  current  TAHs  that  use  volume  dis-

flow  of  5  L/min  were  generated  by  matching  the 

placement  pump  technology,  despite  being  less 

HQ-curves  of  both  pump  sides  at  the  same  rota-

than  half  the  size  of  some  of  these  devices.  This 

tional  speed.  In  the  native  heart,  ventricular  output 

is  achieved  with  a  power  consumption  like  rotary 

is  increased  following  a  rise  in  atrial  pressure 

LVADs  at  resting  flow  rates,  while  reproducing 

(preload)  due  to  the  Frank-Starling  mechanism. 

pulsatile  outflow  via  rapid  and  cyclic  rotor  speed 

To  achieve  this  effect  in  the  BiVACOR  TAH, 

modulation,  with  promising  hemocompatibility. 

pressure  sensitive  (flat)  pump  curves  are  selected, 

The  BiVACOR  TAH  System  was  driven  by 

whereby  the  left  pump  is  less  pressure  sensitive 

fundamental  user  needs,  while  applied  technolo-

than  the  right  pump,  just  as  in  the  native  heart. 

gies  were  strategically  selected  based  on  consid-

eration  of  serious  adverse  events  associated 

Flow  Paths 

with  existing  competitive  technology  (Table  1). 

In  the  BiVACOR TAH,  the  left  rotor  propels  oxy-

A  disk-shaped  spinning  rotor  is  magnetically 

genated  blood  from  the  left  atrium  into  the  sys-

levitated  and  has  vanes  on  each  side  to  form  a 

temic  circulation  via  the  aorta.  Conversely,  the 

double-sided  centrifugal  impeller  that  simulta-

pulmonary  circulation  is  maintained  by  the  right 

neously  provide  blood  flow  to  the  body  and 

rotor  that  propels  deoxygenated  blood  from  the 

lungs  (Fig. 1).  A  highly  efficient  motor  maintains 

right  atrium  via  the  pulmonary  artery  into  the 

rotation  during  all  normal  and  potential  fault 

lungs.  Clearance  gaps  of  at  least  240  μm  during

[image: Image 66]
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Table  1  Adverse  events,  risk  factors,  and  selected  mitigations  in  the  BiVACOR  TAH 

Adverse  events

Risk  factors

BiVACOR  mitigations 

Bleeding

Diminished  or  nonpulsatile  flow 

Pulsatile  outflow 

HMW  vWF  degradation 

Large  flow  paths/clearances 

High  central  venous  pressure 

Right  side  support/TAH 

Stroke  –  ischemic  and 

Hypertension 

Left/right  flow  balance  and  outflow  adaption 

hemorrhagic 

High  diastolic  arterial  pressures 

Pulsatile  outflow 

Thrombosis 

Intermittent  speed  reduction 

Platelet  activation 

Large  flow  paths/clearances 

Infection 

Biocompatible  materials 

Respiratory  failure

Pulmonary  overload/edema

Left/right  flow  balance  and  outflow  adaption 

Renal  dysfunction

Hemolysis 

Large  flow  paths/clearances 

High  central  venous  pressure 

Right  side  support/TAH 

Right  heart  failure

Displacement  of  septum  post-

Left  and  right  heart  replacement 

LVAD 

Myocardial  ischemia 

Exercise  intolerance/ 

Limited  device  flow  capacity 

Left/right  flow  balance  and  outflow  adaption 

hypertension/syncope 

Unbalanced  left/right  pressures 

and  flow 

Cardiac  arrhythmia

Suction

Left  and  right  heart  replacement 

Low  atrial  volume  detection 

Infection

Driveline  exit  site  disruption 

Power  consumption  compatible  with  TET 

Delayed  sternal  closure  for 

systems 

bleeding 

Anatomical  fit/implantation  tools 

Device  malfunction

Mechanical  wear 

Contactless  maglev  suspension 

Electronics  failure 

Redundant  dual  motor  drive  system 

Driveline  open/short  circuit 

Replaceable  external  driveline  with  additional 

motor  wires 

HMW  vWF  high  molecular  weight  von  Willebrand  factor,  TAH  total  artificial  heart,  LVAD  left  ventricular  assist  device, TET  transcutaneous  energy  transfer 

Fig.  1  (a)  Oxygenated  (red)  and  deoxygenated  (blue) 

Solutions  and  New  Technologies.  p.  563–75;  2020 

blood  flow  in  the  BiVACOR  (left)  and  (b)  exploded  view 

Springer  Nature. https://link.springer.com/book/10.1007/ 

of  the  BiVACOR  internal  components  (right).  (Figure  b 

978-3-030-47809-4.  Figure  b  reproduced  with  permission originally  published  in  Timms  DL,  BiVACOR  Total  Arti-from  Springer  Nature).  Ao  aorta,  LA  left  atrium,  PA  pul-

ficial  Heart.  In:  Karimov  JH,  Fukamachi  K,  Starling 

monary  artery,  RA  right  atrium

RC.  Mechanical  Support  for  Heart  Failure:  Current 

normal  operation  (100  μm  under  extreme  condi-

beneficial  here.  To  ensure  sufficient  washout  of 

tions)  for  all  flow  paths  have  been  incorporated 

secondary  flow  paths,  large  clearance  gaps  are 

into  the  BiVACOR  Maglev  system  design.  The 

also  present  lateral  to  the  rotor  base.  The  left-

right  side  of  the  pump  may  be  exposed  to  emboli, 

right  pressure  gradient  and  the  rotor  axial  position 

thus  large  through-flow  areas  are  particularly 

govern  the  amount  of  washout  flow.  Under
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physiologic  conditions,  the  flow  is  directed  from 

mechanical  failure  within  the  motor  winding,  con-

left  to  right,  like  that  observed  in  a  ventricular 

troller  electronics,  or  connection  leads.  The  rotor 

septal  defect,  and  targeted  to  be  just  below 

spins  in  both  continuous  and  pulsatile  modes 

1.5  L/min  (30%  of  pump  output).  These  design 

between  1600  and  2400  RPM,  with  the  drive 

features  incorporated  into  the  BiVACOR  TAH 

system  providing  a  torque  capacity  of  up  to 

System  attempt  to  eliminate  common  problems 

150  mNm,  while  operating  at  an  efficiency  of  up 

associated  with  rotary  blood  pumps,  which 

to  η  =  80%.  Motor  power  consumption  is  6–7  W  

include  local  stagnation  of  blood  and  the  occur-

under  normal  flow  conditions  of  5–6  L/mi n. 

rence  of  high  shear  stresses.  Blood  stagnation 

The  axial  attractive  forces  acting  on  the  rotor 

within  the  pump  can  cause  localized  thrombus 

from  the  motor  and  magnetic  bearing  are  oriented 

formation. 

Further, 

higher-than-physiological 

in  opposite  directions.  A  movement  towards  the 

shear  rates  damage  blood  components,  leading  to 

left  side  increases  the  force  toward  the  motor, 

hemolysis,  destruction  of  high  molecular  weight 

simultaneously  decreasing  the  force  toward  the 

(HMW)  von  Willebrand  factor  (vWF)  multimers, 

magnetic  bearing.  Movement  toward  the  right 

platelet  activation,  and  leukocyte  destruction 

has  the  opposite  effect.  This  interaction  results  in 

(Ruggeri  1997). Avoiding  these  common  pitfalls 

a  balanced  equilibrium  point  within  the  axial  rotor 

by  designing  large  gaps  within  the  pump  (reduc-

movement  range.  The  axial  position  and  tilt  of  the 

ing  the  shear  rates)  and  limiting  cell  exposure  to 

rotor  within  the  casing  is  determined  by  three 

high  shear  regions  ensures  biocompatibility  of  the 

contact-free  displacement  sensors,  which  are 

flow  paths  inside  the  device. 

then  processed  by  the  magnetic  bearing controller. 

The  magnetic  bearing  controller  will  determine 

Axial  Pressure  Capacity 

the  required  current  and  magnetic  force  for 

The  rotor’s  axial  position  within  the  left  and  right 

maintaining  rotor  stability  in  the  target  positions. 

pumping  chambers  can  be  altered  to  adjust  the 

In  the  implanted  pump,  there  are  no  active  elec-

relative  performance  of  the  left  and  right  pump, 

trical  components,  only  electromagnetic  coils,  in 

a  unique  feature  in  the  BiVACOR  design.  The 

order  to  ensure  simplicity  and  reliability.  Conse-

axial  pressure  capacity  is  the  magnitude  of  the 

quently,  the  patient’s  wearable  controller  contains 

left  pump  pressure  variation.  For  example,  move-

all  active  electronics  which  can  be  replaced  with-

ment  of  the  rotor  toward  the  left  pump  casing 

out  major  invasive  intervention  in  the  unlikely 

reduces  the  leakage  between  the  rotor  vanes  and 

event  that  electronic  issues  arise. 

casing,  and  increases  the  left  pump’s  efficiency 

and  output.  Conversely,  movement  of  the  rotor 

Materials 

toward  the  right  casing  will  reduce  the  efficiency 

Titanium  has  been  used  to  manufacture  all  blood 

and  output  of  the  left  pump. 

and  tissue  contacting  surfaces  of  the  implantable 

pump,  which  undergo  either  electro- or  ultra-

Motor  and  Suspension  System 

polishing to  ensure  biocompatibility  of  the  device. 

The  rotor  is  levitated  by  the  electromagnetic  sus-

Additionally,  the  rotor  is  coated  in  titanium  nitride 

pension  system  (maglev),  while  the  rotational 

(TiN). 

All 

flow  paths  are  designed  with 

torque  necessary  to  pump  blood  is  provided  by 

blood-friendly  gaps  >100  μm,  and  the  magnetic 

the  motor  drive.  The  suspension  system  is  hermet-

rotor  levitation  eliminates  any  dynamic  mechani-

ically  sealed  around  the  right  rotor  blades,  while 

cal  contact  to  the  casing.  The  inflow  cuffs  connect 

the  motor  drive  is  sealed  above  the  left  rotor 

the  pump  to  remnant  atria  and  are  made  from  a 

blades.  The  motor  coils  are  separated  into  two 

surgical  mesh  with  a  woven  velour  on  the  non-

independent  three-phase  systems,  providing  a 

blood-contacting  side,  while  all  tissue- or  blood-

safety  backup  system.  Each  set  of  motor  windings 

contacting  surfaces  are  covered  with  polyure-

is  driven  by  a  redundant  amplifier,  driver  circuit, 

thane.  The  outflow  grafts  connect  the  pump  out-

and  driveline  wires  to  ensure  continued  operation 

flow  ports  to  the  arterial  vessels  and  are  primarily 

of  the  system  in  the  unlikely  event  of  electrical  or 

composed  from  a  commercially  available  woven

10

BiVACOR Total Artificial Heart and Future Concepts

151

polyester  vascular  graft.  Finally,  the  driveline  is 

Driveline 

coated  in  a  clinical-grade  silicone  jacket. 

One  of  the  most  critical  areas  of  the  system  is  the 

percutaneous  driveline  connecting  the  implanted 

Controller 

device  to  the  external  control  electronics.  Expo-

sure  to  environmental  conditions,  mechanical 

The  controller  is  powered  by  two  external 

manipulation,  or  mechanical  impact  requires  a 

(replaceable  and  rechargeable)  batteries  for  long-

durable  design.  To  minimize  the  risk  of  fluid 

term  use  (>6  h  run  time),  weighs  <4  kg  with 

ingress  and  mechanical  wear,  the  outer  jacket  is 

batteries,  and  can  be  placed  in  a  backpack  to 

constructed  from  a  durable  thermoplastic  polymer 

make  it  portable.  The  controller  features  an 

resistant  to  surface  degradation,  fatigue,  and  tear-

onboard  user  interface  comprising  a  graphical 

ing.  Internal  conductors  are  made  from  corrosion-

display,  built-in  speaker,  multicolored  LED  sym-

resistant  high-strength  composite  materials,  while 

bols,  and  buttons  on  the  controller  enclosure.  The 

an  anchored tensile  member  is added  to  unload the 

controller  user  interface  will  display  basic  infor-

conductor  wires.  The  driveline  is  divided  into  two 

mation  regarding  pump  performance,  such  as 

sections,  the  implantable  device  portion  that  is 

pump  speed,  motor  power,  and  battery  levels  for 

attached  to  the  pump  and  exits  the  skin  (internal 

the  patient  and  caregiver.  Its  primary  critical  func-

driveline),  and  an  external  controller  portion  that 

tion  is  to  notify  the  patient  and  surrounding  per-

bridges  the  connection  to  the  controller  (external 

sons  of  potential  adverse  events  requiring 

driveline).  These  are  connected  via  an  inline  con-

intervention  through  visible  and  audible  indica-

nector  located  close  to  the  skin  exit  site,  allowing 

tion  of  alarms.  The  controller  will  provide  short 

replacement  of  the  external  driveline  in  the  case  of 

instructions  when  action  is  required,  and  alarms 

driveline  failure  or  damage.  Furthermore,  the  risk 

and  notifications  may  be  manually  muted  for  a 

of  infection  at  the  exit  site  due  to  driveline  move-

limited  period.  During  normal  operation,  the  user 

ment  is  reduced  by  providing  long  cable  length 

will  be  able  to  switch  between  different  displays 

proximal  to  the  controller  to  sufficiently  affix  the 

for  status  information;  however,  they  will  have  no 

driveline  to  the  patient’s  body. 

access  to  device  settings.  Critical  device  settings 

and  logged  event  data  will  be  accessible  through 

an  external  console  for  trained  clinical  and  tech-

Implantability 

nical  personnel  only.  The  controller  contains  three 

major  electronic  control  assemblies:

Anatomical  Fitting 

The  BiVACOR  TAH  was  designed  to  be  up  to 

• Motor  control  logic  module  –  produces  speed  50%  smaller  than  clinical  volume  displacement 

signal  and  emergency  alarms  in  case  of  a  fault 

pump  TAHs,  and  the  small  size  expands  the 

in  the  motor  windings,  connections,  or  drive 

potential  for  implanting  the  pump  in  a  wider 

electronics.  It  also  controls  the  audible  and 

patient  cohort,  including  patients  with  a  small 

visual  indicators  of  the  alarm  system. 

chest  cavity,  such  as  small  adults  and  children 

• Motor  telemetry  and  interface  module  –  (BSA  >  1.4  m2 ).  Virtual  anatomical  fitting  was 

communicates  with  and  logs  telemetry  data 

conducted  during  device  design  to  prevent  the 

related  to  the  motor  drive  system  and  controls 

compression  of  the  greater  vessels  and  other 

the  integrated  graphical  user  interface  which 

organs,  preserve  the  tissue  necessary  to  enable 

displays  noncritical  information  and  alarms. 

future  heart  transplantation,  and  align  the  inlet 

• Magnetic  bearing  control  module  –  reads  the  and outlet ports  of the pump with the great  vessels. 

three  position  sensor  signals  and  computes  the 

Computer  tomography  scans  of  patients  with 

required  feedback  current  to  ensure  stable  rotor 

varying  sizes,  ages,  and  genders  were  used  with 

levitation. 

the  design  aims  focused  on  the  port  sizes,  shapes, 

[image: Image 67]
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and  orientations  of  the  pumps  within  this  patient 

Surgical  Considerations 

population.  Virtual  fitting  in  eight  segmented  CT 

The  pump  is  implanted  into  the  chest  cavity  in  the 

scans  of  various  patient  sizes,  ages,  and  both 

space  previously  occupied  by  the  heart,  in  a  pro-

genders  was  performed.  Twenty  variations  of  the 

cedure  similar  to a traditional  heart  transplantation 

pump,  with  different  port  orientations,  were  virtu-

or  implantation  with  the  SynCardia  TAH-t  (Syn-

ally  implanted  in  the  computer  models  of  the  eight 

Cardia  Systems,  LLC,  Tuscon,  AZ,  USA).  To 

individual  patients  and  in  two  averaged  models. 

date,  the  BiVACOR  TAH  has  been  successfully 

One  was  based  on  literature  and  the  other  a 

implanted  in  bovine,  ovine,  and  swine  models 

custom-made  Statistical  Shape  Model  in  MIMICS 

across  five  institutions  worldwide.  Calves  are  the 

by  Materialise  NV  (Leuven,  Belgium).  This 

standard  model  for  regulatory  testing  and  are  a 

enabled  the  extraction  of  measurements  and  coor-

similar  size  to  adults;  however,  the  pump  needs  to 

dinates  such  that  both  qualitative  and  quantitative 

operate  for  human  exercise  conditions,  due  to  the 

evaluation  could  be  performed. 

higher  resting  flow  rates  of  these  animals.  Sheep 

A  subsequent  fitting  study  was  performed  in 

and  pigs  are  used  to  represent  patients  with 

ten  patients  prior  to  heart  transplantation,  follow-

smaller  body  size,  such  as  women  or  children, 

ing  the  removal  of  the  native  heart  during  surgery 

with  similar  resting  flow  rates  to  future  human 

(Emmanuel  et  al. 2022)  (Fig. 2). Patients  ranged 

patient  populations.  Furthermore,  pigs  have  sev-

in  weight  from  48  kg  to  100  kg,  with  BSA 

eral  surgical  advantages  with  the  chest  size  and 

between  1.44  m2  and  2.2  m2 .  This  study  revealed 

shape  being  more  similar  to  a  human  patient. 

that  there  was  no  gross  distortion  to  the  geometry 

Implantation  of  the  BiVACOR  TAH  during 

between  native  structures  and  ports.  The  device  fit 

in  vivo  studies  has  been  standardized  across 

well  within  the  chest  cavities  of  all  patients,  who 

these  multiple  models,  whereby  experimental  ani-

represented  a  variety  of  body  morphologies  and 

mals  undergo  intravenous  anesthesia  tailored  to 

heart  failure  etiology.  Further,  virtual  anatomical 

each  species,  intubation,  mechanical  ventilation, 

fitting  was  conducted  on  6/10  patients,  with  all  and  instrumentation.  Following  a  left  thoracot-

demonstrating  that  chest  closure  would  have  been 

omy  or  median  sternotomy  (species-dependent), 

achieved  in  all  patients  with  the  pump  implanted. 

animals  are  placed  on  cardiopulmonary  bypass. 

Fig.  2  Virtual  anatomical  fitting  of  the  BiVACOR  pump 

following  implantation.  (Reproduced  with  permission 

using  reconstructed  CT  images  from  a  patient  who 

from  International  Center  for  Artificial  Organs  and  Trans-

underwent  surgical  fitting  of  the  pump  prior  to  HTx.  (a) 

plantation  and  Wiley  Periodicals  LLC  (2021))  (Emmanuel 

Demonstrates  anastomosis  of  the  grafts  to  the  aorta  and 

et  al. 2022) 

pulmonary  artery  and  (b)  demonstrates  chest  closure 
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The  atria  are  left  in  situ  by  excising  the  left  and 

of  the  BiVACOR  TAH  provide  active  augmenta-

right  ventricles  and  appendages  at  the  atrioven-

tion  of  the  physiological  interaction  between  the 

tricular  groove.  Quick  connect  inflow  cuffs  are 

TAH  and  the  patient’s  circulatory  system:

sutured  to  the  atrioventricular  groove  on  the  left 

and  right  atria.  Outflow  grafts  are  sutured  end-to-

• Rotor  position  control,  to  balance  the  relative 

end  to  the  pulmonary  artery  and  aorta  with  the  aid 

left  and  right  output  flows

of  specifically  designed  fitting  tools,  which  assist 

• Rotor  speed  control,  to  adapt  the  total  mean 

in  the  positioning  and  trimming  of  the  vascular 

flow  to  the  vascular  demand

connections.  A  purposefully  designed  pressure 

• Pulsatility  control,  to  mimic  the  native  heart 

tester  is  then  used  to  assess  the  four  anastomoses 

pressure  and  flow  waveforms 

for  leaks. 

The  driveline  is  tunneled  percutaneously  using 

Rotor  Position  Control:  Enhanced 

a  tunneling  tool,  and  the  exit  site  is  secured  with 

Outflow  Balancing 

sutures.  Once  all  the  surgical  procedures  are  com-

The  systemic  and  pulmonary  outflow  balance 

plete  and  TAH  support  is  ready  to  commence,  the 

inherent  to  the  left  and  right  rotor  characteristics 

animal  is  separated  from  cardiopulmonary  bypass 

(Nestler  et  al. 2020)  is  further  amplified  by  an 

as  the  TAH  support  is  gradually  increased  to 

additional  Frank-Starling-like  feature  of  the 

achieve  desired  hemodynamic  parameters.  This 

device  that  adjusts  the  relative  left  and  right 

transition  period  is  the  most  critical  moment  of 

pump  performance  by  altering  the  rotor’s  axial 

the  implant  procedure,  conducted  in  the  gentlest 

position  (Fig. 3). A movement of the rotor towards 

manner.  Finally,  the  sternum  or  thoracotomy  will 

the  left  casing  reduces  the  clearance  between  left 

be  reapproximated,  and  the  wound  will  be  closed 

impeller  blade  tips  and  housing,  leading  to  an 

in  layers. 

increase  in  the  left  pump’s  efficiency  and  outflow 

(Fig. 3a).  Conversely,  when  the  rotor  moves 

towards  the  right,  the  left  pump  efficiency  and 

Physiological  Interaction 

thus  outflow  reduces  (Fig. 3b). The  effect  of 

impeller  movements  on  the  left  and  right  pump 

Following  implantation,  the  pump  must  be  capa-

curves  is  illustrated  in  Fig. 3c,  showing  an 

ble  of  balancing  the  systemic  and  pulmonary 

increase  of  the  left-sided  pressure  head  of  up  to 

flows  previously  regulated  via  ventricular  15  mmHg  over  a  300  μm  movement  range,  while 

interdependence  and  the  Frank-Starling  mecha-

the  right  pump  characteristic  changes  marginally. 

nism  in  the  native  heart.  This  is  a  critical  function 

The  magnetic  bearing  is  responsible  for  alter-

of  the  device  to  enable  it  to  adapt  to  varying 

ing  the  rotor’s  axial  position  in  response  to 

patient  conditions  and  activities.  Absence  of  this 

changes  in  atrial  and  arterial  pressures  (Timms 

function  could  lead  to  circulatory  imbalances, 

and  Nestler  2020). For  example,  a  decrease  in 

resulting  in  inflow  suction  and/or  venous  conges-

left  atrial  (inflow)  pressure  causes  a  net  force 

tion,  which  are  commonly  observed  with  rotary 

urging  the  rotor  toward  the  left  side  of  the  device. 

VAD  support.  The  BiVACOR  TAH  exhibits  an 

However,  the  rotor’s  position  is  automatically 

inherent  ability  to  adapt  left  and  right  output  (flat 

moved  closer  to  the  right  casing  so  that  the  mag-

HQ-curves)  through  the  design  of  the  pressure-

netic  attraction  to  the  right  casing  increases  to 

sensitive  hydraulics.  Physiological  adaptation  is 

balance  this  new  force.  Relative  left  outflow  is 

further  optimized  by  altering  the  pump  speed  and 

therefore  reduced  due  to  the  reduced  left  pump 

rotor  axial  position.  In  the  hospital,  experienced 

efficiency,  helping  to  refill  the  left  atrium. 

clinical  staff  manage  these  settings.  However, 

The  potential  for  the  BiVACOR  TAH  to  main-

upon  hospital  discharge,  the  ability  of  the 

tain  circulatory  pressure  and  flow  balance  may 

BIVACOR TAH  to  autonomously  adapt  to  chang-

help  to  reduce  the  risk  of  venous  congestion,  atrial 

ing  physiological  needs  may  improve  patient 

suction,  or  hypertensive  stroke.  Figure  4  shows  an 

activity  and  quality  of  life.  Three  design  features 

example  of  the  device’s  response  to  a  change  in

[image: Image 68]
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Fig.  3  Effect  of  impeller  movement  on  hydraulic  perfor-

originally  published  in  Timms  DL,  BiVACOR  Total  Arti-

mance.  Left  pump  performance  changes  with  movement 

ficial  Heart.  In:  Karimov  JH,  Fukamachi  K,  Starling 

towards  the  left  (a)  and  right  (b)  pump  chambers,  and 

RC.  Mechanical  Support  for  Heart  Failure:  Current  Solu-

BiVACOR  hydraulic  performance  characteristics  showing 

tions  and  New  Technologies.  p.  563–75;  2020  Springer 

left  (L)  and  right  (R)  impeller  HQ  curves  at  a  constant 

Nature. https://link.springer.com/book/10.1007/978-3-

speed  with  varying  axial  positions  (+100,  0,  and -

030-47809-4. Figure  c  reproduced  with  permission  from 200  μm  from  geometric  center,  negative  positions  values 

Springer  Nature) 

correspond  to  a  leftward  movement)  (c).  (Figure  c 

Fig.  4  Inherent  flow  adaptation  (+4.0  L/min)  during  a 

right  atrial  pressure,  QR  right  flow,  QL  left  flow.  (Figure  4 

stand-up  event  recorded  in  an  animal  study  (at  time  0  min), 

originally  published  in  Timms  DL,  BiVACOR  Total  Artifi-

while  the  mean  pump  speed  of  the  BiVACOR  device 

cial  Heart.  In:  Karimov  JH,  Fukamachi  K,  Starling 

remained  unchanged. Down-spikes  were  caused  by  intermit-

RC. Mechanical Support for Heart Failure: Current Solutions 

tent  speed  reductions  included  to  enhance  washout.  Panels 

and  New  Technologies.  p.  563–75;  2020  Springer  Nature. 

show  arterial  and  atrial  flow  rates  (a),  pressures  (b),  rotor 

https://link.springer.com/book/10.1007/978-3-030-47809-4. 

position  (c),  and  rotor  speed  (d).  AOP  aortic  pressure,  LAP 

Figure  b  reproduced  with  permission  from  Springer  Nature)

left  atrial  pressure,  PAP  pulmonary  arterial  pressure,  RAP 

animal  posture  during  an  in  vivo  study,  with  an 

resistance  reductions  (Fig. 4a). Aortic  pressure 

increase  of  left  outflow  rate  (QL)  by  approxi-

(AOP)  reduced  from  110  mmHg  and  settled  at  a 

mately  4.0  L/min  with  muscular  activation 

stable  level  of  approximately  85  mmHg  (Fig. 4b). 

(increasing  venous  return)  and  systemic  vascular 

In  response  to  a  lower  left  atrial  pressure  (LAP), 
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the  rotor’s  position  automatically  shifted  towards 

personnel,  the  device’s  ability  to  alter  total  out-

the  right  (Fig. 4c),  allowing the left  atrium  to  refill, 

flow  over  a  wide  range  of  vascular  resistances 

while  the  average  rotational  speed  remained 

without  regular  speed  adjustments due  to its  inher-

unchanged  over  the  entire  duration  (Fig. 4d). 

ent  Frank-Starling-like  response  may  ultimately 

While  set  speed  may  be  adjusted  by  experi-

benefit  quality  of  life  for  patients  discharged 

enced  clinical  personnel  from  patient  to  patient, 

from  the  hospital  by  increasing  exercise  capacity. 

the  device’s  ability  to  operate  without  regular 

speed  adjustments  may  ultimately  benefit  patients 

Speed  Pulsatility  Control 

discharged  from  the  hospital. 

The  vasculature  and  end  organs  have  adapted 

physiological  mechanisms  that  require  pulsatile 

Rotor  Speed  Control:  Total  Flow 

blood  flow  for  optimal  functioning.  However, 

Adaptation 

rotary  blood  pumps  typically  operate  at  continu-

The  natural  heart  continuously  adapts  and  bal-

ous  flow  to  circulate  blood  throughout  the  pulmo-

ances  systemic  and  pulmonary  flow  through  ven-

nary  and  systemic  circulations.  The  absence  of 

tricular  interdependence  and  the  Frank-Starling 

pulsatility  when  using  this  technology  can  lead 

mechanism.  Accordingly,  low  activity  may 

to  neurological,  renal,  and/or  hepatic  dysfunction, 

require  flows  below  5  L/min  (e.g.,  sleep),  whereas 

thrombosis,  nonsurgical  bleeding,  hypertension, 

high  activity  requires  greater  flows  beyond  12  L/ 

and  stroke  (Kirklin  et  al. 2018;  Markham  et  al. 

min  (e.g.,  exercise).  When  the  two  ventricles  are 

2013). To  address  this  concern,  a  rapid  speed 

removed  to  implant  a  TAH,  the  pump  must  take 

modulation  mode  with  customizable  pulse  ampli-

over  this  function  entirely  and  adapt  pressure  and 

tude  settings  has  been  integrated  into  the 

outflow  to  varying  patient  conditions.  Without 

BiVACOR  system,  whereby  pulsatile  outflow  is 

adequate  flow  adaptation  during  daily  activities, 

generated  by  rapidly  altering  rotor  speed  (Imachi 

cardiac  demand  may  not  be  matched,  leading  to 

et  al. 1991; Kleinheyer  et  al. 2014). The  speed 

under  or  over  perfusion,  and  circulatory  imbal-

modulation  attempts  to  combine  the  mechanical 

ances  may  occur  resulting  in  inflow  suction,  pul-

durability  of  rotary  blood  pumps  and  the  potential 

monary,  and/or  systemic  venous  congestion. 

physiological  advantages  of  pulsatile  perfusion. 

The  left  and  right  hydraulic  outflow  character-

Speed  pulse  profiles  were  applied  in  vivo  to 

istics  of  the  BiVACOR  TAH  produce  suitable 

recreate pulse  characteristics  like  the  natural heart. 

hemodynamics  for  the  systemic  and  pulmonary 

The  device  produced  peak  flow  rates  above 

circulation  at  the  same  rotational  speed,  whereby 

20  L/min,  aortic  pulse  pressures  of  40  mmHg, 

outflow  passively  changes  in  response  to  alter-

and  arterial  dP/dt  of  up  to  500  mmHg/s  (Fig. 5). 

ations  in  inlet  and  outlet  pressure  differential. 

Smaller  speed  amplitudes  can  be  configured  in  the 

The 

hydraulic 

outflow  characteristics  were 

early  phase  after  device  implantation  to  ease  the 

designed  to  amplify  this  response  with  impellers 

pressure  on  outflow  suture  lines  (Hermsen  et  al. 

that  have  pressure  sensitive  (“flat”)  pump  curves. 

2015). Pulsatile  outflow  with  a  suitable  dP/dt  may 

This  demonstrates  the  potential  for  the  pump  to 

support  maintenance  of  physiologic  pressures  by 

adapt  outflow  over  a  wide  clinical  range  in 

normalizing  carotid  and/or  aortic  baroreceptor 

response  to  relatively  small  changes  in  inlet  and 

activity  (Fudim  et  al. 2018).  The  BiVACOR 

outlet pressure differential. Each side of the impel-

TAH  System  can  also  operate  in  continuous  flow 

ler  can  concurrently  pump  3–12+  L/min  at  phys-

mode,  depending  on  clinical  requirements. 

iological  pressures  at  a  constant  rotational  speed. 

Pressures  generated  from  the  left  side  may  be 

Intermittent  Speed  Washout 

confined  to  a  range  of  60–100  mmHg,  thereby 

To  further  reduce  blood  stasis,  an  additional  cyclic 

reducing  the  risk  of  systemic  hypertension  or  syn-

speed  modulation  allows  the  intermittent  disrup-

cope,  while  autonomously  varying  the  outflow 

tion  of  the  flow  paths  inside  the  device.  These 

during  rest,  sleep,  or  exercise.  While  set  speed 

speed  perturbations  are  superimposed  by  alternat-

may 

be 

adjusted 

by 

experienced 

clinical 

ing  between  a  half  sinusoidal  signal  that  decreases

[image: Image 70]
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Fig.  5  Pulsatile  operation  applied  in  vivo  showing  pres-

Heart. 

In: 

Karimov 

JH, 

Fukamachi 

K, 

Starling 

sure  and  flow  waveforms.  AoP  aortic  pressure,  LAP  left 

RC.  Mechanical  Support  for  Heart  Failure:  Current  Solu-

atrial  pressure,  PAP  pulmonary  arterial  pressure,  RAP  right 

tions  and  New  Technologies.  p.  563–75;  2020  Springer 

atrial  pressure,  QL  left  flow,  QR  right  flow,  dP/dt  aortic 

Nature. https://link.springer.com/book/10.1007/978-3-

pressure  rate  of  change.  Figures  (a)  and  (b)  originally 

030-47809-4. Figures  (a)  and  (b)  adapted  with  permission published  in  Timms  DL,  BiVACOR  Total  Artificial 

from  Springer  Nature) 

speed  by  up  to  700  RPM  for  a  duration  of  1  s,  and 

activities,  such  as  taking  bath  or  finding  a  comfort-

a  half  sinusoidal  signal  that  increases  speed  by  up 

able  posture  during  sleeping  time. 

to  700  RPM  for  a  duration  of  1  s,  and  may  cycle  as 

To  address  this,  the  design  and  development  of 

often  at  30  s.  The  intermittent  reduced  speed  oper-

an  electrically  powered  device  that  combines  the 

ation  results  in  a  temporary  change  of  left  and 

implantation  of  drive  electronics  with  wireless 

right  flow  rates  and  variation  of  the  shunt  flow 

charge  electronics  (transcutaneous  energy  transfer 

path  between  the  left  and  right  pumps,  and  thus 

system,  TETS)  will  be  implemented  in  the  next 

achieves  an  improved  washout  effect  of  the  entire 

generation  of  devices.  Device  design  consider-

pump  cavity  and  the  atria,  inflow,  and  outflow 

ations  will  be  made  to  allow  for  placement  of  the 

conduits.  Typically,  both  the  systemic  and  pulmo-

electronics  within  the  implantable  components,  as 

nary  flow  rates  momentarily  reduce  to  values 

well  as  operation  of  the  electromagnetic  compo-

close  to  or  below  zero  during  the  low-speed 

nents  using  voltage  levels  corresponding  to  a  bat-

peak,  or  momentarily  increase  flow,  which  is 

tery 

suitable 

for 

implantation. 

Component 

anticipated  to  assist  in  promoting  washout  and 

selection  will  be  conducted  under  the  consider-

prevention  of  thrombus  formation  within  the 

ation  of  environmental  and  regulatory  factors  to 

pumping  cavity. 

meet  design  constraints,  such  as:  thermal,  electro-

magnetic  compatibility,  shock  and  vibration,  and 

reliability.  The  TET  system  would  facilitate  wire-

Future  Device  Generations 

less  power  supply  to  the  device  and  remove  the 

need  for  a  percutaneous  driveline,  eliminating  the 

One  of  the  main  drawbacks  of  contemporary  MCS 

risk  of  infection  at  the  skin  exit  site. 

devices  is  the  requirement  to  deliver  electrical  or 

The  current  controller  version  has  all  control 

pneumatic  energy  through  a  percutaneous  drive-

electronics  integrated  in  the  embedded  system  but 

line.  The  exit  site  of  the  driveline  that  is  located 

is  based  on  a  modular  design  using  multiple  sep-

on  the  patient’s  abdomen  is  the  main  source  of 

arate  microcontrollers  and  FPGAs  for  different 

infection  that  can  substantially  increase  the  rate  of 

functional  modules.  In  anticipation  for  long-term 

rehospitalization  and  corresponding  expenses.  The 

studies  and  improved  quality  of  life  for  patients, 

functionality  of  the  implanted  device  also  depends 

improved  electronics  integration  combining  func-

on  the  seamless  connection  to  the  wearable  part,  as 

tionality  in  single  components  and  optimized  cir-

the  mobility  and  freedom  of  the  patient  are  sub-

cuit  designs  will  reduce  the  controller  to  a 

stantially 

restricted 

when 

performing 

daily 

wearable 

size 

in 

future 

design 

iterations. 
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Additionally,  upgrades  to  the  power  system  will 

TAH  therapy  and  thus  provide  a  viable  long-term 

be  investigated  to  allow  in  situ  charging  of 

alternative  therapy  to  heart  transplantation  for 

connected  external  batteries. 

patients  with  moderate  to  severe  biventricular 

heart  failure. 

Conclusion 
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Abstract 

different  areas  of  the  healthcare  setting,  often 

The  role  of  the  mechanical  circulatory  support 

requiring  these  Coordinators  to  be  involved  in 

(MCS)  coordinator,  also  known  as  the  ventric-

the  inpatient,  outpatient,  and  procedural  areas. 

ular  assist  device  (VAD)  coordinator,  is  a  fluid 

As  Coordinators,  the  job  doesn’t  stop  there. 

position  with  changing  roles  and  responsibili-

MCS  patients  require  an  incredible  amount  of 

ties  based  on  the  program  and  patient’s 

education  and  support,  not  just  from  the 

needs.  Many  programs  will  use  nursing  to  fill 

healthcare  staff,  but  also  from  personal  care-

these  positions  including  Registered  Nurses 

givers  and  members  of  the  outside  community. 

(RN)  and  Advanced  Practice  Registered 

This  may  consist  of  emergency  medical  per-

Nurses  (APRN).  This  role  reaches  into 

sonnel,  outpatient  hemodialysis  centers,  group 

homes,  skilled  nursing  facilities,  and  rehabili-

tation  centers.  All  community  members  need 

continued  education  from  the  MCS  coordina-
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tors  to  provide  quality  care  to  this  patient  pop-
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ulation.  Another  integral  part  of  the  MCS 
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coordinator  role  is  to  identify  and  prevent 
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complications  associated  with  mechanical
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circulatory  support  devices, and  the MCS  coor-

(STS  National  Database  2022).  With  every  MCS 

dinators  play  a  key  part  in  prevention  and 

program,  there  are  a  growing  number  of  MCS 

intervention.  Adverse  events  may  include 

coordinators  assisting  with  this  expanding  patient 

driveline  infections,  gastrointestinal  bleeding, 

population.  The  role  can  differ  based  on  the  pro-

stroke,  equipment  malfunction,  device  throm-

gram,  but  it  is  typically  filled  by  “specialized  and 

bus,  and  right  heart  failure.  Depending  on  the 

highly  skilled  professionals,  trained  to  care  for 

MCS  device,  the  risk  of  these  complications 

and  educate  MCS  patients  (and  their  caregivers) 

may  be  increased  or  decreased.  However, 

in  hospital  and  community  settings”  (Casida  and 

regardless  of  the  device,  effective  patient  edu-

Ilacqua  2011).  These  highly  specialized  profes-

cation  and  early  identification  of  signs  and 

sionals  are  usually  Registered  Nurses  (RN)  or 

symptoms  in  all  patient  settings  have  been 

Advanced  Practice  Registered  Nurses  (APRN), 

proven  to  extend  the  lifespan  of  patients  in 

typically  a  Nurse  Practitioner  (NP).  MCS  nurse 

the  MCS  population.  Mechanical  circulatory 

coordinators  will  have  a  level  of  formal  education 

support  devices  are  utilized  to  prolong  life 

which  is  usually  a  Baccalaureate  degree  or  higher. 

and  improve  the  quality  of  life.  MCS  is  a 

Additional  job  requirements  include  multiple 

treatment  for  advanced  heart  failure,  not  a 

years  of  experience  in  bedside  nursing  and  are 

cure  making  it  even  more  important  for  close 

typically  preferred  that  the  experience  is  in  critical 

monitoring  of  the  patients.  End-of-life  is  unfor-

care  or  a  cardiothoracic  surgical  unit  (Casida  and 

tunately  inevitable  for  the  destination-therapy 

Ilacqua  2011).  Though  the  job  duties  change 

MCS  patient.  The  MCS  coordinators  are 

depending  on  the  age  of  the  program,  there  are 

heavily  involved  in  this  process  and  are 

many  consistencies  throughout  all  MCS  centers. 

expected  to  provide  patient-centered  care 

This  includes,  but  is  not  limited  to,  involvement  in 

throughout  all  palliative  and  hospice  pro-

patient  selection,  MCS  patient,  and  caregiver  edu-

cesses.  Due  to  the  extensivity  of  the  MCS 

cation  (preoperative  and  postoperative  implanta-

coordinator  role,  burnout  has  become  more 

tion  of  MCS  device),  outpatient  management, 

prevalent,  plaguing  the  ever-advancing  disci-

adverse  event  education  and  prevention,  outpa-

pline  of  MCS  coordination. 

tient  monitoring,  MCS  on-call  hours,  community 

engagement,  and  end-of-life  care.  Due  to  the  level 

Keywords 

of  involvement  of  the  MCS  coordinator  in  the 

lifespan  of  an  implanted  MCS  patient,  one  can 
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appreciate  how  crucial  the  role  is  in  any  MCS 
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program. 
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The  Role  of  the  Mechanical  Circulatory 

Support  Coordinator 

Introduction 

Mechanical  circulatory  support  (MCS)  coordina-

The  role  of  the  mechanical  circulatory  support 

tors  are  essential  to  any  advanced  heart  failure 

(MCS)  coordinator  consists  of  an  array  of  respon-

program  around  the  world.  Coordinators  are  an 

sibilities.  As  the  field  of  MCS  is  rapidly  evolving, 

integral  part  of  the  MCS  patients’  long-term  sur-

so  is  the  function  of  the  MCS  coordinator. 

vival,  complication  rates,  and  overall  quality  of 

According  to  the  Interagency  Registry  for 

life  (Guglin  2020).  With  advancements  in  tech-

Mechanically 

Assisted 

Circulatory 

Support 

nology,  mechanical  support  is  making  great 

(INTERMACS),  a  registry  that  tracks  patients 

advancements  in  providing  increased  quality  of 

with  left  ventricular  assist  devices  (LVADs)  and 

life  to  heart  failure  patients.  Currently,  MCS 

other  durable  support  devices,  there  are  currently 

devices  consist  of  left  ventricular  support  devices 

185  centers  in  the  world  that  track  their  MCS  data 

(LVAD)  and  the  total  artificial  heart  (TAH).  There
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are  several  devices  currently  in  development; 

selection  committee  must  approve  the  patient. 

therefore  the  role  of  the  MCS  coordinator  is 

This  ensures  the  patient  is  an  acceptable  candidate 

advancing  as  rapidly  as  the  technology.  In  this 

for a durable device. Throughout  the years,  patient 

chapter,  the  role  of  the  MCS  will  be  broken 

selection  for  durable  devices  has  become  increas-

down  into  the  main  areas  in  which  MCS  coordi-

ingly  important  to  ensure  positive  patient  out-

nators  are  involved.  Although  every  program  is 

comes.  In  conjunction,  the  role  of  the  MCS 

different,  this  chapter  will  cover  the  various  func-

coordinator  in  the  selection  of  durable  device  can-

tions  of  the  MCS  coordinator. 

didates  has  expanded.  There  is  a  multitude  of 

factors  that  determine  candidacy  for  a  durable 

device.  MCS  coordinators  have  a  say  in  which 

Mechanical  Circulatory  Support 

patients  will  be  reliable  and  compliant  MCS 

Coordinator 

patients.  MCS  coordinators  provide  a  nursing  per-

spective  in  patient  selection.  “In  all  programs,  the 

With  over  100  MCS  programs  in  the  world 

coordinators  were  primarily  responsible  for  the 

implanting  durable  devices  (Makdisi  et  al. 

education  process  prior  to  DT  LVAD  implanta-

2017),  the  demand  for  MCS  coordinators  con-

tion,  with  the  goal  of  supporting  patients  and  their 

tinues  to  grow.  Registered  Nurses  and  Advanced 

caregivers  in  making  an  informed  decision” 

Practice  Nurses  with  specialized  training  and 

(McIlvennan  et  al. 2015).  The  provision  of  proper 

experience  typically  fill  the  MCS  coordinator 

education  about MCS devices  before  implantation 

positions,  therefore  making  the  management  of 

of  a  durable  device  has  a  profound  impact  on 

MCS  patients  efficient  and  effective  (Casida  and 

patient  outcomes.  Patients  need  to  be  forewarned 

Ilacqua  2011). In  the  MCS  coordinator  role,  coor-

about  the  major  lifestyle  changes  required  after  an 

dinators  collaborate  with  a  slew  of  different  per-

MCS  implant.  Patient  accountability  and  motiva-

sonnel  that  plays  parts  in  the  MCS  patient’s  care. 

tion  play  a  huge  role  in  the  evaluation  process  as 

The  MCS  coordinator  functions  “to  connect  the 

well.  Patient  selection  for  a  durable  device  is  an 

mechanics  of  the  devices  and  the  medical  care 

interactive  and  multidisciplinary  process  and 

aspect  of  the  patient”  (Schroeder  et  al. 2021). 

requires  input  from  every  discipline  within  the 

This  includes  providers  (physicians  and  nurse 

multidisciplinary  team  (McIlvennan  et  al. 2015). 

practitioners),  bedside  staff,  procedural  staff,  and 

MCS  coordinators  need  to  assess  the  patient’s 

community  contacts.  The  collaboration  of  the 

clinical  information  and  present  all  the  necessary 

MCS  coordinator  with  other  healthcare  staff 

clinical  data  to  the  physicians  so  that  a  decision  on 

ensures  that  safe  and  high-quality  care  is  provided 

durable  device  candidacy  can  be  decided  upon  for 

for  the  patient  in  both  inpatient  and  outpatient 

the  patient.  The  clinical  data  and  input  from  the 

settings.  Additionally,  MCS  coordinators  connect 

multidisciplinary  team  members  help  to  deter-

with  engineers  to  ensure  that  patient  equipment 

mine  if  LVAD  or  TAH  would  be  an  appropriate 

issues  and  technical  problems  are  resolved  with 

therapy  to  offer  a  patient.  Proper  patient  selection 

proper  clinical  judgment.  Overall,  the  MCS  coor-

based  on  clinical  data  contributes  to  increased 

dinator  is  crucial  to  successful  patient  outcomes 

positive  patient  outcomes  and  improved  quality 

and  in  supporting  MCS  patients  throughout  their 

of  life  (McIlvennan  et  al. 2015). 

lifespan  with  a  durable  device. 

In  order  to  ensure  proper  patient  selection, 

specific  criteria  had  been  determined  that  patients 

must  meet  to  be  deemed  candidates  for  a  durable 

Evaluation  and  Patient  Selection 

device.  Relative  and  absolute  contraindications 

exist  that  may  affect  the  patient  selection  decision, 

Mechanical  circulatory  support  as  an  advanced 

and  these  contraindications  vary  among  different 

therapy  has  expanded  over  the  last  few  decades. 

implanting  centers.  The  basic  information  needed 

Prior  to  a  patient  receiving  a  durable  device,  they 

to  evaluate  a  patient  for  MCS  therapy  includes 

must  go  through  an  extensive  evaluation,  and  a 

(but  is  not  limited  to)  lab  testing,  medical  imaging
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(imaging  of  the  chest,  abdomen,  and  pelvis,  ultra-

Patient  and  Caregiver  Education 

sounds  of  the  upper  and  lower  extremities,  and 

carotids),  therapy  evaluations,  (physical,  occupa-

Management  of  the  external  LVAD  equipment  is  a 

tional,  and  speech),  and  consults  from  other  dis-

very  complex  task.  Extensive  education  is 

ciplines  if  deemed  appropriate  (Stanford  Health 

required  for  the  patient  and  caregiver  regarding 

Care,  n.d.).  “Some  programs  have  endorsed  a 

care  for  external  equipment.  “The  need  to  educate 

palliative  care  consult  for  every  patient  consider-

patients  is  imperative  to  ensure  patient  under-

ing  a  DT  LVAD.  This  would  provide  an  opportu-

standing,  compliance  and  safe  management  of 

nity  for  patients  and  their  support  systems  to 

the  LVAD  system”  (Dubyk  et  al. 2020).  The 

address  goals  of  care  and  end-of-life  issues  that 

MCS  coordinator  role  for  patient  and  caregiver 

may  otherwise  have  been  only  briefly  discussed 

education  comes  into  play  prior  to  the  MCS 

by  the  DT  LVAD  medical  team”  (McIlvennan 

implant.  First,  the  MCS  coordinator  must  intro-

et  al. 2015).  Along  with  the  palliative  care 

duce  the  advanced  therapy  to  the  patient  and  iden-

consult,  some  centers  require  a  psychology  or 

tify  the  caregiver(s).  MCS  education  may  include 

neuropsychology  consultation  (Standford  Health 

written  information,  which  can  come  from  the 

Care  n.d.). The  data  provided  allows  the  team  to 

implanting  center  and  the  manufacturer  of  the 

know  if  the  patient  possesses  the  ability  to  make 

pump.  Online  resources  are  available  and  may 

medical  decisions,  if  the  patient  has  positive  cop-

be  provided  to  the  patient  to  increase  the  amount 

ing  mechanisms,  and  if  the  patient  can  retain  new 

of  educational  material.  Next,  the  MCS  coordina-

information.  This  is  extremely  important  because 

tor is responsible  for introducing the devices to the 

of  the  extensivity  of  the  external  equipment  and 

patient  and  caregivers.  This  includes  a  demonstra-

the  management  of  the  device.  Perspectives  from 

tion  of  the  internal  and  external  equipment  and 

multiple  disciplines  provide  data  that  allows  the 

explaining  the  responsibilities  that  coincide  with 

multidisciplinary  team  to  decide  on  whether  a 

the  equipment.  The  coordinator,  along  with  the 

patient  is  an  appropriate  candidate  for  a  durable 

physicians,  also  explains  the  process  of  evalua-

device.  If  the  patient  qualifies  for  a  durable  device 

tion,  selection,  surgery,  or  implant,  postoperative 

after  patient  selection,  the  patient  ultimately  has 

expectations,  and  outpatient  management.  “Clini-

the  final  say  in  proceeding  with  the  implantation 

cians  offering  LVAD  therapy  have  a  responsibility 

of  an  LVAD  or  TAH  and  should  be  supported  by 

to  ensure  that  candidates  for  LVAD  receive  the 

the  entire  team  throughout  the  evaluation  and 

information  that  they  and  their  clinicians  consider 

patient  selection  period. 

to  be  important  for  informed  decision  making” 

At  times,  there  are  barriers  that  the  patient  must 

(Trejo  et  al. 2019). The  surgeon  implanting  the 

overcome  before  being  accepted  for  a  durable 

device  must  explain  the  risks  and  benefits  of  the 

device.  This  can  ultimately  continue  the  evalua-

MCS  therapy  the  patient  is  receiving  to  make  sure 

tion  until  the  patient  meets  the  criteria  for  the 

they  are  fully  informed.  The  coordinator  acts  as  a 

device.  It  is  the  coordinator’s  responsibility  to 

resource  to  the  patient  and  their  caregiver  to 

continue  to  monitor  the  progress  of  the  patient 

answer  any  questions  that  they  may  have  or 

and their evaluation and  help the patient  overcome 

explain  further  in  detail  if  the  patient  is  not  grasp-

barriers  precluding  the  patient  from  getting  a 

ing  the  concepts.  This  could  include  written  mate-

device  implanted.  This  can  often  be  difficult 

rial,  videos  or  media,  hands-on  explanation,  the 

because  there  are  times  that  the  patient  may 

teach-back  method,  and  using  a  translator  service 

never  get  to  a  durable  device.  The  MCS  coordi-

if  needed.  Education  of  external  MCS  equipment 

nator  can  utilize  their  multidisciplinary  team’s 

is  vital  and  should  be  started  by  the  MCS  coordi-

members  to  aid  the  patient  to  get  to  the  point 

nator  before  surgery,  if  possible. 

where  they  qualify  for  a  durable  device;  at  times 

Subsequently,  once  the  patient,  along  with 

this  can  take  up  to  6–12  months  if  the  patient  can 

their  caregiver,  has  made  an  informed  decision, 

tolerate  it. 

and  has  chosen  to  proceed  with  the  MCS
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implantation,  early  education  is  critical.  Although 

This  can  be  carried  out  one-on-one  or  through 

there  are  not  many  studies  published  about  early 

dual education with more than one learner present. 

education  in  the  MCS  population,  there  are  mul-

Some  implanting  centers  offer  written  educational 

tiple  articles  explaining  the  benefits  of  early  edu-

material  (i.e.,  workbooks,  pamphlets,  etc.)  for  the 

cation  for  other  invasive  surgeries.  Such  as  one 

learners  to  have  a resource  to  write  on,  review, and 

research  article  regarding  education  before  elec-

refer  to.  Once  this  has  been  completed,  the  MCS 

tive  arthroplasty  surgery,  “Pre-operative  educa-

coordinators  will  then  administer  a  written  com-

tion  produces  significantly  shorter  lengths  of 

petency  test  to  the  patient  caregivers.  The  compe-

stay  and  thus  cost  savings”  (Moulton  et  al. 

tency  test  helps  to  determine  the  amount  of 

2015).  As  previously  stated,  the  educational  mate-

information retained by the  patient  and  caregivers. 

rial  provided  to  the  patient  and  caregiver(s)  can 

Competency  testing  also  allows  the  MCS  coordi-

differ  between  centers.  Currently,  there  is  no  stan-

nators  to  assess  readiness  for  a  safe  discharge 

dardization  in  the  world  of  MCS  for  providing 

home.  Due  to  the  different  learning  styles  that 

education.  Many  centers  provide  a  patient  manual 

patients  and  caregivers  may  possess,  it  is  helpful 

designed  by  the  device  manufacturer.  The  manual 

to  introduce  educational  topics  in  multiple  for-

is included  with all LVAD  implant  kits.  This offers 

mats.  Written  information,  pictures,  and  hands-

information  that  is  critical  in  maintaining  the 

on  practice  are  important  for  retention  and  com-

effectiveness  of  patient  devices  and  provides  the 

fort  in  caring  for  oneself  with  an  MCS  device. 

best  patient  outcomes  and,  however,  can  be  daunt-

Patients  may  have  learning  barriers  as  well  as 

ing  due  to  the  size  of  the  manual.  Additional 

physical  barriers  to  hands-on  self-care.  In  cases 

educational  material  provided  is  specific  to  each 

where  patients  have  barriers,  MCS  coordinators 

individual  mechanical  circulatory  support  pro-

must  adapt  and  help  patients  find  alternative  ways 

gram.  The  majority  of  LVAD  centers  require 

of  carrying  out  tasks.  One  example  is  frailty.  If  an 

hands-on  training  with  the  patient  and  caregiver. 

MCS  patient  has  a  weak  hand  grip  due  to  debili-

The  MCS  coordinator  is  responsible  for  schedul-

tation or cardiac cachexia, the MCS coordinator or 

ing  hands-on  educational  sessions  with  patients 

occupational  therapist  will  have  to  get  creative. 

and  caregivers  to  complete  this  training.  MCS 

Both  disciplines  can  work  with  the  patient  to 

coordinators  rely  heavily  on  bedside  nurses,  and 

improve  grip  strength  and  find  creative  ways  to 

physical,  occupational,  and  speech  therapists  for 

replace  their  batteries  without  running  the  risk  of 

reinforcement  of  skills  that  the  patient  and  care-

the  battery  being  too  loose  and  the  device  receiv-

givers  have  been  taught.  Skills  that  need  repetitive 

ing  insufficient  power.  This  requires  collaboration 

practice  include  training  on  sterile  dressing 

between  the  MCS  coordinators  and  other  disci-

changes  and  making  connections  with  batteries. 

plines.  Some  centers  even  offer  flashcards  to  the 

Additional  important  education  includes  alarm 

patient  and  their  caregivers.  The  MCS  coordinator 

recognition  and  living  with  an  MCS  device.  Edu-

needs  to  take  into  consideration  any  learning  dis-

cation  is  continued  with  the  patient  and  caregiver 

abilities  or  barriers  that  the  patient  or  caregiver 

post-implant.  Postoperatively,  the  patient  may  be 

may  have.  Ultimately,  the  MCS  coordinator 

sedated  or  in  pain  post-MCS  implant  which  can 

ensures  the  information  is  given  in  a  way  it  can 

alter  the  interpretation  and  retention  of  new  infor-

be  retained  and  is  optimal  for  both  the  patient  and 

mation.  The  MCS  coordinator  must  assess  the 

their  caregivers. 

patient’s  readiness  to  learn  and  the  most  appropri-

Often,  patients  are  discharged  home  with  their 

ate  time  for  optimal  education.  The  caregiver, 

caregivers,  and  they  may  not  remember  all  the 

however,  can  continue  education  on  the  basics  of 

information  given  to  them  in  the  hospital.  One 

the  device  while  the  patient  is  recovering.  Once 

study  found  that  patients  and  caregivers  felt  that 

the  patient  is  ready  to  resume  learning  about  the 

emergency  management,  troubleshooting  alarms, 

MCS  device  post-implant,  the  coordinator  will 

sterile  technique,  and  dressing  changes  were  the 

continue  to  work  with  the  patient  and  caregiver. 

most  difficult  tasks  in  the  management  of  MCS
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patient  care  (Smith  and  Franzwa  2015).  This 

conferencing  due  to  the  complexity  of  computers 

allows  for  opportunities  to  review  education  dur-

and  the  lack  of  knowledge  the  patients  and  care-

ing  the  patient’s  first  several  follow-up  clinic 

givers  have  with  computers.  Later  in  this  chapter, 

visits.  The  patient  may  rely  heavily  on  the  care-

telemedicine  will  be  briefly  discussed. 

giver  during  the  first  months  of  the  postoperative 

period.  During  routine  follow-up  clinic  visits,  it  is 

imperative  to  assess  the  patient’s  hands-on  skills 

Community  Outreach 

by  asking  them  to  perform  tasks  they  would  nor-

mally  do  at  home.  For  example,  changing  batte-

Patient  and  caregiver  education  is  critical  in  the 

ries  to  wall  power  and  back  again  to  ensure  the 

self-management  of  MCS  devices;  however,  com-

patient  is  still  following  the  correct  education 

munity  education  is  equally  as  important  for  MCS 

given  to  them  before  their  initial  discharge  post-

patients.  Success  at  home  after  the  implant  hospital 

implant.  While  it  is  important  for  MCS  centers  to 

admission  requires  that  certain  team  players  in  the 

focus  on  their  newly  implanted  patients,  they  also 

surrounding  patient  community  be  knowledgeable 

manage  the  care  of  all  implanted  patients  for  the 

about  MCS  devices  and  management  as  well.  Spe-

lifespan  of  the  implanted  MCS  device.  Due  to  the 

cific  disciplines  must  be  knowledgeable  about 

complexity  of  the  MCS  devices,  many  scenarios 

MCS  therapies  including  emergency  medical  ser-

can  arise.  However,  because  of  how  substantiated 

vices  (EMS),  dialysis  centers,  fire  departments, 

these  devices  are,  there  are  not  many  situations  in 

acute  rehab  centers,  skilled  nursing  facilities,  and 

which  a  device-related  emergency  may  arise.  This 

long-term  care  facilities.  One  article  states,  “Up  to 

can  lead  to  lapses  in  memory  of  emergency  pro-

60%  of  the  patients  recorded  in  the  Interagency 

tocols  that  were  taught  at  the  patient  and  care-

Registry  for  Mechanically  Assisted  Circulatory 

givers’  initial  implant  education.  Therefore,  it  is 

Support  (INTERMACS)  database  have  significant 

important  to  continue  to  educate  at  annual 

adverse  events  within  the  first  6  months  of  support, 

appointments  and  routine  times  post-implant. 

and  60%  need  re-hospitalization  within  this  time 

This  will  refresh  patient  and  caregiver  skills  in 

period”  (Benyamin  et  al.  2021).  Various  newly 

case  a  device-related  emergency  arises. 

implanted  patients  have  adverse  events  outside  of 

There  are  also  groups  that  many  implanting 

the  hospital.  Therefore,  a  growing  need  for  com-

centers  invite  the  patient  and  caregivers  to.  The 

munity  awareness  and  education  is present.  It is the 

purpose  of  many  of  these  groups  is  to  provide 

MCS  coordinator’s  responsibility  to  reach  out  and 

support  and  education  to  a  collective  group.  This 

train  these  outside  facilities  to  ensure  safe  and 

can  “provide  a  review  on  LVAD  management; 

effective  patient  care.  Implanting  centers  have 

promote 

camaraderie, 

and 

self-care, 

and 

made  it  a  standard  to  reach  out  to  the  fire  depart-

launching 

quality 

improvement 

initiatives” 

ment  that  is  the  nearest  to  the  MCS  patient’s  home. 

(Dubyk  et  al. 2020). These  groups  can  reduce 

This  communication  is  generally  provided  via  mail 

caregiver  burnout  significantly  by  letting  patients 

with  educational  resources,  emails,  and  pertinent 

and  caregivers  know they  are not alone and  are not 

phone  numbers.  The  letters  encourage  the  fire 

the  only  group  who  may  not  understand  concepts 

departments  to  schedule  education  with  the  MCS 

fully.  Support  groups  are  generally  initiated  by  the 

coordinators  to  train  staff  on  emergency  protocols 

designated  social  worker  that  also  cares  for  these 

and  procedures  regarding  local  MCS  patients. 

MCS  patients.  However,  MCS  coordinators  can 

EMS  interactions  with  MCS  patients  have  high 

be  responsible  for  certain  education  topics 

rates  of  admission.  In  gaining  technical  knowledge 

pertaining  to  equipment  or  patient  management. 

regarding  MCS  patients,  EMS  providers  should  be 

Unfortunately, support  groups  have  decreased  due 

aware  of  non-device-related  or  equipment-related 

to  the 2020  COVID-19  pandemic.  Throughout  the 

complications.  In  MCS  patients,  non-device-

last  two  years,  there  have  been  efforts  to  make 

related complications include intracranial bleeding, 

support  groups  online  through  video  conferenc-

gastrointestinal  bleeding,  and  embolic  events 

ing.  MCS  centers  have  struggled  with  video 

(Goebel  et  al. 2019),  among  other  issues.  The
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patient  is  also  highly  encouraged  by  their 

is  to  be  present  as  well.  During  this  training,  the 

implanting  center  to  go  to  the  nearest  fire  depart-

MCS  coordinator  provides  the  on-call  or  24-hour 

ment  and  introduce  themselves  to  staff  and  show 

emergency  phone  number  to  the  hemodialysis 

the  staff  their  equipment.  This  helps  the  fire  depart-

center  for  easy  access  to  the  emergency  line  for 

ment  staff  understand  MCS  and  feel  comfortable 

any  questions  or  concerns  they  may  have  regard-

with  the  equipment  and  how  it  is  worn.  This  will 

ing  the  patient. 

help  better  prepare  the  fire  department  for  if/when 

A  requirement  for  implantation  is  to  have  a 

they  do  have  to  respond  to  an  emergent  MCS  call. 

caregiver  plan  in  place.  In  many  instances,  patients 

In  addition  to  the  letter  sent  to  the  closest  fire 

have  a  solidified  caregiver  plan  whether  that  be  a 

department,  many  MCS  centers  provide  numer-

spouse,  sibling,  child,  or  even  close  friend.  How-

ous  educational  opportunities  throughout  the  year 

ever,  there  may  be  times  in  which  the  patient  may 

to  emergency  medical  service  (EMS)  providers 

hire  a  caregiver  through  an  outside  agency.  It  is  the 

and  fire  departments.  This  is  important  because 

responsibility  of  the  MCS  coordinators  to  train  and 

“as  the  life  of  pumps  increases,  the  number  of  prepare  all  individuals  caring  for  the  patient  includ-

patients  discharged  into  the  community  will  also 

ing  those  sent  from  hired  outside  agencies.  In  addi-

increase”  (Rivard  et  al. 2010). In  some  circum-

tion,  there  may  be  cases  in  which  a  patient’s 

stances,  this  can  be  coordinated  by  individual 

caregiver  can  retract  their  support  even  though  the 

groups  that  have  a  patient  in  their  area  or  it  can 

patient  needs  assistance  from  a  caregiver.  This 

be  coordinated  by  pre-hospital  coordinators  at 

poses  a  dilemma  to  the  team  because  the  MCS 

different 

hospitals 

throughout 

the 

region. 

coordinator  and  care  team  are  responsible  for  mak-

Pre-hospital  coordinators  work  closely  with 

ing  sure  that  the  patient  is  safe  at  home  with  their 

MCS  coordinators  because  they  assist  in  putting 

device.  In  some  instances,  if  a  patient’s  support  

together  educational  events  for  a  large  cohort  of 

system  is  unable  to  care  for,  live  with  the  patient, 

people  to  attend  at  once.  This  is  both  cost-

or  be  accessible, and  the  patient  is unable to  care  for 

effective  and  time-efficient  for  all  parties  involved 

themselves,  a  long-term  care  facility  or group  home 

including  fire  departments,  EMS  departments, 

may  have  to  be  considered.  When  a  caregiver 

and  MCS  coordinators. 

removes  their  support  for  a  patient,  it  can  be  very 

In  addition  to  emergency  response  services, 

difficult  not  only  for  the  patient  but  for  the  MCS 

there  are  many  educational  opportunities  pro-

team  as  well.  The  patients  may  feel  that  they  are 

vided  to  other  outside  agencies  such  as  dialysis 

expected  to  uproot  their  life  and  move  to  a  home 

centers,  skilled  nursing  facilities,  acute  rehabs,  or 

that  they  are  unfamiliar  with  and  with  people  or 

long-term  care  facilities.  There  have  been 

caregivers  that  they  are  unfamiliar  with.  This  may 

instances  where  the  implanted  patient  may  need 

affect  the  patient’s  quality  of  life.  In  addition,  it  can 

to  use  these  facilities  due  to  a  complication  of  the 

also  place  a  burden  on  the  MCS  coordinator  due  to 

MCS  implant  or  to  regain  strength  or  stamina 

the  extensive  training  that  these  facilities  require, 

prior  to  discharging  home.  For  the  patient  to 

whether  insurance  covers  these  group  homes,  and 

receive  safe  care,  these  facilities  need  to  be  fully 

finding  a  group  home  willing  to  accept  these  com-

trained  on  the  device  that  they  will  be  caring  for. 

plex  patients.  This  generally  requires  the  help  of  a 

The  extent  of  the  facility  training  depends  on  how 

case  manager or social worker  to  aid  in  the patient’s 

much  time  the  patient  will  be  spending  there.  In 

caregiver  plan.  Collaboration  within  the  care  team 

many  instances,  these  facilities  require  in-depth 

is  critical  for  positive  patient  outcomes  and 

education  along  with  hands-on  training.  In  some 

maintaining  the  patient’s  quality  of  life . 

instances,  the  facility  may  require  the  MCS  coor-

dinator  to  be  present  during  the  first  visit.  For 

example,  a  hemodialysis  center  may  require  the 

Outpatient  Management 

caregiver  to  be  present  during  the  entire  run  of 

dialysis.  Additionally,  at  the  first  dialysis  appoint-

Outpatient  management  is  vital  to  the  survival, 

ment  of  a  new  MCS  patient,  the  MCS  coordinator 

outcomes,  and  quality  of  life  of  the  MCS  patient
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population.  Outpatient  management  is  the  sum-

INR  can  be  bridged  back  into  their  therapeutic 

mation  of  all  the  education  and  community  sup-

INR  goal  range  in  a  couple  of  different  ways. 

port  that  MCS  coordinators  provide.  The  majority 

The  decision  to  bridge  the  patient  is  done  in  col-

of  the  MCS  coordinator’s  time  and  effort  is  put 

laboration  with  the  MCS  coordinator  and  the  pro-

into  this  important  role.  MCS  coordinators  play  a 

vider.  Bridging  patients  is  important  and  can  be 

pivotal  part  in  monitoring  and  preventing  many 

done 

with 

low 

molecular 

weight 

heparin 

complications  that  MCS  patients  are  at  risk  for 

(LMWH)  as  an  outpatient  or  with  an  inpatient 

developing.  With  all  the  potential  complications, 

heparin  infusion.  If  the  patient  is  unable  to  tolerate 

there  are  many  ways  for  MCS  coordinators  to 

LMWH  injections  at  home,  then  the  patient  can  be 

communicate  with  their  patients. 

admitted  for  an  intravenous  heparin  infusion. 

Due  to  the  mechanical  nature  of  MCS  devices, 

Overall,  proper  INR  management  is  extremely 

MCS  patients  require  life-long  anticoagulation. 

important  in  MCS  patients,  and  the  MCS  coordi-

The  most  common  medication  utilized  for  this  is 

nator  is  the  first  to  become  aware  of  the  lab  result 

warfarin  in  addition  to  antiplatelet  therapy 

along  with  the  patient.  Studies  show  those  patient 

(i.e.,  aspirin).  There  is  a  multitude  of  reasons 

outcomes  are  significantly  improved  when  patient 

anticoagulation  is  required  for  patients  with 

anticoagulation  is  well  controlled  (Boehme  et  al. 

MCS  devices.  MCS  devices  cause  shearing  stress 

2017).  Whether  that  means  managing  their  warfa-

and  hemolysis  of  red  blood  cells  and  place  MCS 

rin  as  an  outpatient,  providing  medication  and 

patients  at  a  higher  risk  for  stroke  and  thrombo-

dietary  education  regarding  warfarin  interactions, 

embolic  events  (Roka-Moiia  et  al. 2021). Blood 

or 

provider 

collaboration 

for 

proper 

anti-

clots  can  potentially  develop  within  the  MCS 

coagulation  bridging. 

device  itself  if  patients  are  not  adequately  anti-

Along  with  INR  monitoring,  other  laboratory 

coagulated.  For  the  prevention  of  these  complica-

results  are  required  at  a  varying  frequency  to 

tions,  MCS  patients  are  required  to  have  frequent 

monitor  for  other  hemolytic  complications.  MCS 

laboratory  testing.  Since  warfarin is the  most com-

patients  are  at  high  risk  for  hemolysis.  With  any 

mon  anticoagulant  used,  the  international  normal-

mechanical  device,  shearing  stress  on  the  blood 

ized  ratio  or  INR  is  drawn  in  phlebotomy 

cells  is  a  possibility  and  contributes  to  hemolysis. 

laboratories  frequently  to  monitor  for  therapeutic 

These  can  lead  to  other  complications  down  the 

levels.  MCS  coordinators  can  monitor  these  in 

road  based  on  the  severity  of  the  hemolysis 

several  ways.  Home  INR  testing  and  self-

including  anemia  and  acquired  Von  Willebrand 

monitors  can  be  provided  to  the  patient  by  way 

syndrome  (Nascimbene  et  al. 2016). Monitoring 

of  self-pay  as  well  as  through  private  insurance. 

laboratory  results  that  indicate  hemolysis  is  very 

This  allows  the  patients  the  ease  of  checking  their 

important  as  well.  Laboratory  results  such  as  lac-

INR  in  their  homes  without  having  to  come  to  a 

tic  dehydrogenase  (LDH)  are  important,  but  the 

warfarin  clinic  or  outpatient  laboratory.  MCS 

frequency  will  vary  based  on  the  MCS  center 

patients  have  the  ability  to  draw  their  INR  levels 

managing  the  patient.  Typically,  LDH  is  an  indi-

with  just  a  prick  of  the  finger.  MCS  coordinators, 

cator  of  hemolysis  in  MCS  patients,  but  additional 

or the clinic that is managing the patient’s warfarin 

laboratory  testing  is  required  to  confirm  this. 

levels,  can  dose  the patient’s  warfarin based on the 

MCS  coordinators  are  constantly  monitoring 

patient’s  individualized  INR  range.  The  MCS 

labs  and  looking  for  these  clinical  triggers.  LDH 

coordinator’s  biggest  role  in  anticoagulation  man-

that  is  increasing  by  2–3×  the  patient’s  normal 

agement  is  identifying  out-of-range  results  and 

range  can  be  indicative  of  the  need  for  further 

collaborating  with  providers  to  get  patients  back 

testing.  Additional  testing  that  reveals  signs  of 

into  their  goal  therapeutic  INR  ranges.  Patients 

hemolysis  includes  checking  plasma-free  hemo-

with  MCS  devices  and  a  subtherapeutic  INR  are 

globin,  haptoglobin,  urinalysis,  thromboelas-

at  much  higher  risk  of  thromboembolic  events, 

tography 

(TEG), 

or 

other 

center-specific 

especially  if  there  is  a  development  of  a  thrombus 

protocols  as  desired  by  an  MCS  cardiologist  or 

in  the  device.  MCS  patients  with  a  subtherapeutic 

cardiothoracic  surgeon  (Shih  et  al. 2014).  Since
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MCS  coordinators  are  in  frequent  contact  with  the 

Another  crucial  aspect  to  control  for  proper 

patients, they  are  typically the  first  ones  to  identify 

MCS  device  management  is  hypertension.  Hyper-

hemolysis.  Patients  are  educated  to  call  their  coor-

tension  can  lead  to  many  complications  due  to 

dinators  to  report  abnormal  urine,  tea-colored 

decreased  flow,  reduced  cardiac  output,  heart  fail-

urine,  lightheadedness,  dizziness,  or  other  heart 

ure  symptoms,  and  backflow  into  the  pump. 

failure  symptoms  that  could  be  pointing  to  signs 

Hypertension  also  puts  the  patient  at  higher  risk 

of  hemolysis  (Silverberg  et  al. 2004). In  addition 

of developing a thrombus  inside the device.  It may 

to  labs  and  physical  symptoms,  hemolysis  can  be 

also  “contribute  to  the  development  and  progres-

seen  in  the  patient’s  power  reading  on  an  LVAD. 

sion  of  AI  (aortic  insufficiency),  vascular  disease, 

Other  MCS  devices,  like  the  total  artificial  heart, 

and  ischemia-related  arrhythmias”  (Smith  and 

do  not  have  a  power  reading,  so  other  clinical 

Franzwa  2015).  MCS  coordinators  assist  in  the 

symptoms  will  have  to  be  assessed  to  identify 

monitoring  and  management  of  high  blood  pres-

hemolysis. 

sure  in  many  ways.  Some  MCS  coordinators  can 

With  LVADs,  from  time  to  time  if  the  patient  is 

be  APPs  such  as  Physician’s  Assistants  and  Nurse 

hemolyzing,  the  patient  can  experience  power 

Practitioners  and  can  prescribe  medications.  All 

spikes  or  sharp  increases  in  the  wattage.  The 

types  of  MCS  coordinators  assist  in  educating  the 

MCS  coordinator  can  then  bring  the  patient  into 

patients  and  caregivers  about  blood  pressure 

the  clinic  setting  for  further  assessment  and  inter-

parameters,  the  importance  of  medication  adher-

rogation  of  the  mechanical  device.  This  can 

ence,  remote  monitoring,  and,  for  the  continuous 

include  sending  logfiles  or  internal  data  from  the 

flow  devices,  how  to  take  their  blood  pressure. 

LVAD  computer  to  the  manufacturer’s  engineers. 

Blood  pressure  management  changes  based  on  if 

The  engineers  assess  and  provide  more  detailed 

the  patient  has  a  pulsatile  or  non-pulsatile  device. 

information  for  MCS  coordinators  to  utilize  with 

In  both  types  of  devices,  it  can  lead  to  similar 

assessment.  Educating  patients  on  the  trending  of 

complications,  but  the  management  differs  based 

their  device  parameters  is  very  important.  MCS 

on  the  device. 

patients  are  also  taught  to  notify  the  MCS  coordi-

The  current  left  ventricular  assist  devices  are 

nators  of  any  abnormalities  deviating  trends. 

continuous  flow  devices  or  non-pulsatile  flow 

Through  early  identification  of  power  spikes, 

devices,  while  there  are  other  devices,  like  the 

other  complications  can  be  prevented.  With 

total  artificial  heart,  that  provide  pulsatile  flow. 

patients  monitoring  their  devices,  as  well  as 

Hypertension  can  reduce  the  effectiveness  of  the 

MCS  coordinators,  power  spikes  and  hemolysis 

mechanical  support  as  well  as  increase  the  risk  of 

can  be  identified  and  treated  early.  Hemolysis  can 

thrombus  due  to  backflow.  Blood  pressure  param-

lead  to  pump  thrombus,  stroke,  and  other  throm-

eters  will  vary  based  on  if  the  device  is  pulsatile  or 

boembolic  complications  (Fatullayev  et  al. 2015). 

non-pulsatile.  Pulsatile  flow  devices,  like  the  Syn-

With  any  MCS  device,  shear  stress  and  hemolysis 

Cardia  total  artificial  heart,  are  simpler  in  moni-

are  present.  The  more  time  patients  spend  in  their 

toring  blood  pressure.  This  is  due  to  patients  being 

therapeutic  INR  range,  the  lower  the  risk  for 

able  to  use  a  sphygmomanometer  or  automatic 

bleeding  or  thromboembolic  events  in  the  patient 

cuffs  to  measure  blood  pressure.  Due  to  pulsatile 

(Smith  and  Franzwa  2015). Good  monitoring  of 

flow,  the  patients  have  systolic  and  diastolic  pres-

MCS  patients  is  extremely  important  for  the  early 

sure  from  that  pulsatile  flow.  Patients  can  then 

identification  of  hemolysis  and  other  complica-

regularly  check  their  blood  pressure  and  report  it 

tions.  MCS  coordinators  are  pivotal  since  they 

to  their  MCS  coordinators.  Increasing  the  fre-

often  have  frequent  direct  contact  with  this  patient 

quency  of  checks  allows  patients  and  coordinators 

population  and  conduct  constant  education  on 

to  have  much  tighter  control  over  their  patient’s 

signs  and  symptoms,  device  monitoring,  and  the 

blood  pressure.  The  blood  pressure  parameters 

importance  of  frequent  lab  checks.  Then,  coordi-

may  vary  based  on  the  different  centers,  but  typ-

nators  can  work  with  other  providers  to  make  sure 

ically  the  coordinators  will  educate  the  patients  on 

the  patient  is  getting  the  best  hemolysis  treatment. 

what  that  entails.  MCS  coordinators  educate
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patients  and  caregivers  on  their  center’s  specific 

driveline  care  is  critical  in  protecting  and  caring 

blood  pressure  parameters,  the  importance  of 

for  implanted  MCS  devices.  The  frequency  of  the 

adhering  to  their  medication  regimen,  and  when 

driveline  dressing  change  varies  from  program  to 

to  contact  their  MCS  center  for  anti-hypertensive 

program.  The  frequency  across  MCS  centers 

medication  management  and  instructions. 

ranges  anywhere  from  daily,  to  three  times  a 

Regarding  non-pulsatile  devices,  the  process 

week,  and  weekly  (Wus  et  al. 2015).  MCS  coor-

of  checking  blood  pressure  becomes  more  com-

dinators  play  a  large  role  in  educating  MCS 

plicated.  Non-pulsatile  devices  mean  an  auto-

patients  on  the  signs  and  symptoms  of  driveline 

matic  blood  pressure  cuff  cannot  be  used. 

exit  site  infections.  Driveline  infections  are  one  of 

Studies  have  shown  automatic  cuffs  in  continuous 

the  most  common  and  devastating  complications 

flow-LVADs  are  only  accurate  50%  of  the  time  in  that  MCS  patients  have  the  possibility  of  encoun-

obtaining  a  BP  measurement  (Smith  and  Franzwa 

tering.  One  of  the  most  common  causes  of  drive-

2015).  Because of  the continuous flow, patients do 

line  exit  site  infection  is  trauma  to  the  site.  This 

not  have  a  diastolic  pressure,  but  instead,  they  will 

includes  tugging,  pulling,  and  rubbing  the  drive-

only  have  a  mean  arterial  pressure  or  MAP.  Since 

line  (Wus  et  al. 2015).  Different  tools  are  utilized 

these  patients  only  have  a  MAP,  they  must  use  a 

to  prevent  this,  such  as  securement  devices,  sim-

Doppler  and  a  manual  cuff.  This  process  requires 

ilar to securing urinary Foley catheters,  to keep the 

special  education  provided  by  MCS  coordinators 

driveline  stabilized.  MCS  coordinators  often  gain 

including  how  to  use  the  Doppler  and  the  tech-

opportunities  to  implement  new  infection  preven-

nique  for  obtaining  the  MAP.  Additional,  outpa-

tion  materials  in  the  market  and  study  the  out-

tient  monitoring  can  be  complicated  as  not  all 

comes  in  their  MCS  patient  population.  If  an 

patients  will  have  access  to  a  Doppler.  Some 

infection  develops  in  a  patient’s  driveline  exit 

insurances  will  provide  Dopplers,  while  some 

site,  it  is  very  difficult  to  eradicate.  Depending 

patients  may  have  to  pay  out  of  pocket  for  one. 

on  the  severity  of  a  driveline  infection,  treatment 

If  the  patient  cannot  afford  the  out-of-pocket  pay-

options  also  vary  in  invasiveness.  Treatment 

ment,  the  patient  and  coordinator  will  have  to  rely 

options  for  driveline  infections  include  local 

on the clinic setting  for checking MAPs. Although 

wound  care,  oral  and  topical  antibiotics,  or  even 

this  is  possible  and  sometimes  necessary,  it  allows 

surgical  treatment  (Trachtenberg  et  al. 2015).  For 

for  long  periods  where  the  patient  does  not  know 

local  wound  care,  MCS  coordinators  educate 

what  their  MAP  is.  In  the  instance  of  patients 

patients  and  their  caregivers  on  how  to  adjust 

calling  with  different  signs  and  symptoms,  MCS 

their  normal  dressing  change  protocols  for  the 

coordinators  will  have  to  use  their  clinical  judg-

changes  in  their  wound  care  regimen.  Many  oral 

ment  and  assessment  skills  to  identify  if  the  cause 

antibiotics  affect  the  INR  and  the  MCS  coordina-

may  be  hypertension.  This  can  include  physical 

tor  is  responsible  for  adjusting  or  helping  adjust 

signs  and  symptoms  as  well  as  readings  on  the 

warfarin  dosing  accordingly.  Surgical  debride-

MCS 

device. 

Overall, 

for 

pulsatile 

and 

ment  treatment  requires  the  MCS  coordinator  to 

non-pulsatile  devices,  blood  pressure  control  is 

be  present  during  surgery  to  monitor  the  MCS 

essential  to  the  proper  management  of  these 

devices  under  anesthesia.  Some  patients  can  be 

patients  and  can  help  prevent  adverse  events. 

placed  on  long-term  antibiotics  for  chronic  sup-

Another  item  to  monitor  is  the  patient’s  drive-

pression  of  driveline  infections  that  are  unable  to 

line  and  preventing  driveline  infections.  The 

be  eradicated.  MCS  coordinators  are  crucial  in  the 

LVAD  driveline  is  a  tube  that  provides  power  to 

prevention  and  management  of  driveline  exit  site 

the  implanted  pump  and  relays  information  to  the 

infections. 

external 

computer 

or 

system 

controller 

Warfarin  is  one  of  the  most  highly  utilized 

(Hernandez  et  al. 2017).  The  TAH  drivelines  are 

anticoagulants  in  MCS  patients  (Loyaga-Rendon 

pneumatic.  They  pump  air  in  and  out  of  the 

et  al. 2021).  Due  to  the  need  for  anticoagulation  in 

patient’s  implanted  ventricles  from  the  patient’s 

MCS  patients,  these  patients  are  at  an  extremely 

freedom  driver  (Syncardia  n.d.). Meticulous 

increased  risk  for  bleeding.  MCS  complications
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influence  anticoagulation  and  anticoagulation 

bleeding concerns  to assist in  triage.  MCS patients 

management  concurrently  (Loyaga-Rendon  et  al. 

are  taught  to  check  the  color  of  their  stool  every 

2021).  Bleeding  risk  is  an  area  in  which  the  MCS 

time  that  they  have  a  bowel  movement  as  well  as 

coordinator  is  responsible  for  educating  the 

self-monitor  for  any  signs  of  fatigue,  dizziness,  or 

patient  and  caregiver  about  the  signs  and  symp-

lightheadedness  as  these  could  be  signs  of  GI 

toms  of  a  variety  of  types  of  bleeds.  One  of  the 

bleeding.  Caregivers  of  MCS  patients  are  taught 

most  common  types  of  bleeds  that  occur  in  the 

by  MCS  coordinators  how  to  monitor  for  signs  of 

MCS  patient  is  bleeding  within  the  gastrointesti-

stroke.  The  MCS  patient  is  at  high  risk  of  embolic 

nal  (GI)  tract.  The  majority  of  bleeding  occur-

stroke  due  to  having  a  mechanical  device;  how-

rences  in  the  MCS  patient  population  result  from 

ever,  lifelong  anticoagulation  also  places  MCS 

angioectasias  and  gastro-duodenal  erosive  disease 

patients  at  risk  for  hemorrhagic  stroke  events 

(Cushing  and  Kushnir  2016). One  lab  value  MCS 

(Willey  et al. 2016). Caregivers that  suspect stroke 

coordinators  trend  is  hemoglobin  and  hematocrit 

are  taught  to  contact  EMS  as  well  as  the  on-call 

counts  in  MCS  patients.  When  there  is  a  down-

MCS  coordinator  for  further  support  and  rapid 

trend  in  these  lab  values,  the  MCS  coordinators 

treatment.  Hemorrhagic  stroke  is  an  emergency, 

will  then  assess  the  patient  for  signs  and  symp-

so  immediate  response  and  intervention  are  vital 

toms  of  bleeding  including  black  tarry  stools, 

for  these  patients.  Quality  education  about  bleed-

fatigue,  and  whether  their  MAPs  are  lower. 

ings  risks  and  interventions  is  vital  for  positive 

When  MCS  patients  do  have  a  suspected  gastro-

patient  outcomes. 

intestinal  bleed,  endoscopy  is  the  standard  of  care 

Right  ventricular  (RV)  failure  is  an  adverse 

with  upper  endoscopy  offering  the  highest  diag-

event  that  can  be  associated  with  the  LVAD 

nostic  profit  in  MCS  patients  (Cushing  and 

implant.  The  total  artificial  heart  does  not  have 

Kushnir  2016).  During  these  endoscopic  proce-

this  adverse  event  because  both  the  left  and  right 

dures,  MCS  coordinators  or  other  trained  MCS 

ventricles  are  removed  during  the  implant  pro-

professionals  attend  the  cases  and  monitor  the 

cess.  However,  the  TAH  patient  can  exhibit 

device  while  the  patient  is  sedated.  MCS  coordi-

signs  of  congestion  just  like  an  RV  failure  patient 

nators  assist  in  a  variety  of  ways  to  recognize  GI 

would  due  to  fluid  overload.  The  MCS  coordina-

bleeding  complications. 

tor’s  role  is  to  monitor  for  signs  and  symptoms  of 

MCS  patients  can  suffer  from  different  levels 

RV  failure  post-implant.  There  are  two  subsects  of 

of  bleeding  severity  from  nose  bleeds  to  hemor-

RV  failure:  early  and  late  RV  failure.  According  to 

rhagic  strokes.  MCS  coordinators  are  tasked  with 

the 

Interagency 

Registry 

for 

Mechanically 

educating  and  preparing  MCS  patients  on  other 

Assisted  Circulatory  Support  (INTERMACS), 

kinds  of  bleeding  that  may  occur.  Hemorrhagic 

RV  failure  criteria  require  both  of  the  following: 

stroke  is  always  a  potential  risk  in  MCS  patients 

“evidence  of  elevated  right  heart  filling  pressures; 

due  to  the  use  of  long-term  anticoagulation.  MCS 

and  clinical  compromise  defined  by  edema,  asci-

coordinators  educate  patients  are  preventing  falls 

tes,  or  palpable  hepatomegaly,  or  hepatic  or  renal 

and  removing  risk  factors,  such  as  clutter  in  walk-

dysfunction.”  Early  right  heart  failure  is  measured 

ways,  tripping  hazards,  and  keeping  a  flashlight 

by  inotropic  infusions  after  7–14  days  postopera-

bedside  in  the  event  of  a  power  outage.  MCS 

tive.  It  is  imperative  for  the  MCS  coordinator  to 

patients  are  taught  to  hold  pressure  on  superficial 

continually  monitor  the  amount  of  time  the  LVAD 

cuts  and  lacerations  longer  than  the  non-anti-

patient  has  been  on  inotrope  post-LVAD  implant. 

coagulated  patient.  MCS  patients  are  also 

According  to  Stevenson  et  al. (2021)  “RHF  after 

instructed  to  call  EMS  should  they  hit  their  head 

LVAD  is  consistently  higher  with  INTERMACS 

or  go  to  an  emergency  room  right  away  for  eval-

profiles  I-II  (crash  and  burn  shock  or  progressive 

uation  of  an  intracranial  bleed.  MCS  coordinators 

decline  despite  multiple  inotropic  therapies).” 

educate  MCS  patients  to  oversee  their  care  and 

Many  MCS  programs  have  a  protocol  for  moni-

monitor  their  symptoms.  They  also  educate  the 

toring  right  heart  failure,  including  routine 

patients  on  when  to  call  their  coordinators  with 

ECHOs  with  ramp  studies  to  optimize  speed  if
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indicated.  This  allows  the  cardiologist  to  optimize 

MCS  devices.  Although,  with  attentive  coordina-

the  LVAD  speed  under  echocardiogram  without 

tors,  the  signs  and  symptoms  may  be  identified 

overloading  the  right  ventricle.  MCS  coordinators 

early,  treatment  can  be  started  to  help  prolong  the 

are  typically  responsible  for  being  present  during 

patient’s  life  on  their  device. 

the  ramp  study.  This  is  to  assist  the  provider  in 

Mechanical 

circulatory 

support 

patients 

speed  changes  and  monitor  the  device  flows. 

require  a  varying  amount  of  specialized  technical 

Other  protocols  include  weaning  inotropes, 

and  clinical  care  throughout  their  time  with  their 

scheduled  outpatient  echocardiograms,  and  possi-

device.  Since  these  devices  can  require  technical 

ble  right  heart  catheterizations  to  evaluate  filling 

support,  MCS  centers  offer  a  24-hour  on-call  ser-

pressures.  “The  RV  is  very  sensitive  to  afterload 

vice  to  their  patients,  caregivers,  staff,  and  other 

presented  by  pulmonary  pressures,  whose  eleva-

outside  agencies.  Throughout  the  realm  of  MCS, 

tions  most  commonly  reflect  elevated  LV  filling 

there  are  different  ways  that  coordinators  receive 

pressures”  (Stevenson  et  al. 2021). 

their  emergency  calls.  Many  centers  offer  a 

The  MCS  coordinator  not  only  monitors  for 

24-hour  emergency  call  line  in  which  a  secondary 

early  signs  of  right-sided  heart  failure  but  will 

call  center  will  contact  the  MCS  coordinator 

also  monitor  for  late  signs.  As  previously 

directly.  This  means  the  caller  must  go  through 

discussed,  there  are  ways  to  monitor  late  heart 

an  additional  service  to  reach  the  on-call  coordi-

failure  signs;  however,  late  RV  failure  may  be 

nator.  There  are  also  MCS  centers  that  offer  a 

inevitable.  If  the  patient  has  severe  enough  right-

direct  line  for  the  caller  to  dial  immediately  and 

sided  symptoms  and  has  been  optimized  on  all 

talk  to  the  on-call  coordinator.  When  teaching  any 

oral  medications,  an  intravenous  inotrope  may  be 

group  about  the  MCS  devices,  it  is  also  imperative 

initiated.  Unfortunately,  this  requires  extra  equip-

for  the  coordinator  or  educator  to  instruct  their 

ment  (IV  pump)  for  the  patient  to  carry  around  in 

learner  on  appropriate  after-hours  or  emergent 

addition  to  their  LVAD  equipment,  and  some 

calls.  This  can  help  the  MCS  coordinator  maintain 

patients  may  find  this  overwhelming.  MCS  coor-

appropriate  on-call  behavior  and  reduce  calls  that 

dinators  assist  in  managing  right  heart  failure  by 

can be  taken care of  during  regular business hours. 

identifying  the  symptoms  and  requesting  early 

According  to  Saraswat,  Ullrich,  and  Beaty  (2013), 

treatment.  This  can  include  echocardiograms,  IV 

“most  VAD  calls  were  healthcare-related  (10%  of 

diuresis,  aquapheresis,  or  even  speed  reduction  to 

calls),  and  2%  of  calls  were  VAD  urgent,  involv-

reduce  the  amount  of  pressure  on  the  RV  (Smith 

ing  alarms,  mental  status  changes,  dyspnea,  or 

and  Franzwa  2015).  LVADs  are  dependent  on  the 

hematuria.  The  remainder  of  VAD  health  care 

blood  flow provided  by the right  ventricle,  so  once 

calls  were  non-urgent  and  involved  asymptomatic 

RV  failure  is  identified  or  suspected,  treatment 

low-flow  alarms,  resolved  alarms,  or  driveline  site 

should  be  initiated  immediately.  With  other 

issues.  The  remaining  5%  of  calls  that  were 

devices,  like  BiVADs  or  total  artificial  hearts, 

VAD-specific  were  technical  VAD  calls  from 

RV  failure  is  different.  While  they  have  support 

health  care  workers  caring  for  VAD  patients  in 

for  the  right  ventricular,  they  may  still  develop 

extremis.”  This  means  that  many  of  the  calls 

signs  or  symptoms  of  RV  failure  like  fluid  over-

involving  VAD  patients  are  non-urgent.  However, 

load  and  hepatic  congestion.  Because  these  symp-

that  does  not  discount  the  fact  that  MCS  coordi-

toms  may  present  differently,  coordinators  must 

nators  receive  multiple  calls  while  on-call.  There 

be  monitoring  these  patients  closely.  They  may 

are  different  ways  coordinators  divvy  up  the 

start  to  have  changes  in  their  device  readings 

on-call  responsibility.  Many  MCS  programs  have 

including  fill  volumes  or  cardiac  output  readings. 

the  coordinator  cover  on-call  responsibility  for  a 

Since  coordinators  are  constantly  monitoring  and 

week  at  a  time,  and  many  centers  have  the  coordi-

trending  patient  values,  typically  they  will  be  able 

nator  alternate  call  every  couple  of  days.  This  also 

to  identify  acute  changes  in  their  values  and  bring 

depends  on  how  many  coordinators  belong  to  that 

the  patient  in  for  assessment.  Overall,  right  heart 

program.  The  fewer  coordinators  there  are,  the 

failure  is  a  major  complication  of  LVADs  and 

more  call  time  those  coordinators  will  take; 

11

The MCS Coordinator’s Role

175

however,  this  could  mean  that  their  patient  popula-

explained  that  because  these  patients  need  such 

tion  is  less  as  well.  Overall,  educating  and 

specific  care,  bringing  them  to  a  non-MCS  center 

maintaining  proper  on-call  etiquette  will  assist  in 

can  create  a  delay  in  their  care.  This  can  be  a 

reducing the amount of non-urgent calls and reduce 

difficult  request  of  the  EMS  crews  by  the  coordi-

the  risk  of  coordinators  developing  burnout,  which 

nators  because  they  are  trained  in  a  specific  way. 

will  be  discussed  later  in  the  chapter. 

MCS  coordinators  have  a  lot  of  interaction  with 

Along  with  support  for  patients,  caregivers, 

EMS personnel to provide the best and proper care 

and  staff  members,  some  calls  come  from  Emer-

for  this  specific  patient  population. 

gency  Medical  Support  services.  When  a  patient 

discharges  home  from  their  initial  implant  admis-

sion,  the  nearest fire  department  is  notified  that  the 

Outpatient  Monitoring 

patient  has  a  life-sustaining  device,  and  they  are  in 

their  area  of  response.  Many  centers  also  offer 

MCS  patients  are  very  complex.  Despite  this  com-

education  and  training  on  the  device  as  well  as 

plexity,  MCS  coordinators  have  many  tools  avail-

the  patients  are  encouraged  to  go  to  the  fire  station 

able  to  them.  MCS  coordinators  are  consistently 

to  meet  the  crew  and  show  them  the  device.  When 

monitoring  patients  through  remote  monitoring, 

these  EMS  services  are  notified,  the  24-hour 

telecommunication,  and  outpatient  clinic  appoint-

on-call  contact  is  shared.  At  times,  if  there  are 

ments.  Remote  monitoring  (RM)  is  emerging  and 

emergency  responses  to  MCS  patients,  the  crew 

has  become  more  common  in  outpatient  manage-

will  call  the  24-hour  on-call  number  to  speak 

ment.  RM  has  also  allowed  for  increased  accessi-

directly  to  a  coordinator  to  assist  with  the  emer-

bility  to  care  for  patients.  One  study  investigated 

gency  management  of  the  MCS  device.  This 

the  efficacy  of  RM  and  its  ability  to  decrease 

allows  the  EMS  crews  to  be  guided  through  emer-

adverse  events.  The  study  showed  “there  is  an 

gency  response  for  the  MCS  patient,  as  the  pro-

increase  in  coordinator  work  in  exchange  for  a 

tocols  do  not,  always,  follow  their  standard 

perceived 

improvement 

in 

patient 

care” 

protocols.  For  example,  an  LVAD  patient’s  blood 

(Nowaczyk  et  al. 2020).  From  everything  to 

pressure  is  obtained  through  a  mean  arterial  pres-

daily  weights,  INR  monitoring,  and  even  VAD 

sure,  or  MAP,  using  a  Doppler  instead  of  through 

readings,  patients  can  input  their  data  and  infor-

an  automatic  cuff.  The  MCS  coordinator  can 

mation  into  these  programs  for  MCS  coordinators 

guide  the  crews  on  what  to  do  in  case  of  an 

to  review  and  intervene  if  needed.  RM  can  allow 

emergency  or  how  to  troubleshoot  the  patient’s 

MCS  coordinators  to  closely  watch  these  patients 

equipment.  In  addition,  TAH  patients  have  very 

to  identify  and  prevent  adverse  events. 

different  EMS  protocols.  Due  to  the  absence  of 

Communication  is key in the outpatient setting. 

ventricles,  defibrillation  and  cardioversion  are  not 

Patients  and  coordinators  constantly  communi-

appropriate  along  with  anti-arrhythmic  drugs  like 

cate  about  new  signs  or  symptoms,  device  alarms 

amiodarone.  While  EMS  may  not  have  much 

or  concerns,  or  general  medical  questions.  MCS 

experience  with  these  patients,  they  may  not  real-

coordinators  are  typically  very  accessible  to  their 

ize  the  patient  does  not  have  a  normal  electrocar-

patients.  Telecommunication  is  a  major  part  of 

diogram  or  EKG.  Another  important  aspect  of  the 

that  accessibility.  Patients  can  easily  reach  their 

coordinator’s  role  during  an  emergency  response 

coordinators  and  discuss  any  problems  they  may 

is  to  guide  the  EMS  crew  on  where  to  bring  the 

be  having  with  their  MCS  device.  This  easy  com-

patient.  MCS  patients  need  very  specialized  care, 

munication  is  essential  since  any  issues  with  a 

and  that  care  can  only  be  provided  at  specific 

patient’s  life-sustaining  device  could  result  in 

hospitals.  At  times,  the  MCS  coordinator  may 

major  complications  or  even  death.  This  way 

direct  the  emergency  response  crews  to  bring  the 

urgent  equipment  issues  can  be  troubleshot 

patient  to  the  nearest  MCS  center,  which  can 

remotely.  Telecommunication  for  MCS  patients 

deviate  from  their  protocols.  However,  it  is 

could  be  the  difference  between  life  and  death. 
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Outpatient  monitoring  is  dependent  on  a  ded-

Coordinator  Burnout 

icated  clinic  space  their  MCS  coordinators  and 

physicians  follow  the  patients.  MCS  patients  are 

Burnout  is  a  problem  that  can  occur  in  any  job 

required  to  follow  up  routinely  in  a  mechanical 

field.  Burnout  is  defined  as  the  exhaustion  of 

circulatory  device  clinic  to  ensure  everything  is 

physical  or  emotional  strength  or  motivation  usu-

functioning  properly  and  the  patient  is  not 

ally  because  of  prolonged  stress  or  frustration 

exhibiting  signs  or  symptoms  of  any  of  the 

(Merriam-Webster  n.d.). Burnout  is  a  stress  syn-

previously  mentioned  complications.  MCS 

drome  related  to  chronic  exposure  to  on-the-job 

coordinators  can  identify  potential  complica-

stress  (De  Hert  2020).  The  symptomatology  that 

tions  through  patient  assessment  and  device 

comprises  burnout  in  the  MCS  coordinator  con-

readings.  Then  the  clinical  judgment  can  be 

sists  of  the  compulsion  to  prove,  the  need  to  work 

made  to  further  assess  the  patient  in  the  clinic 

harder,  neglect  of  self  needs,  displacement  of  con-

space.  This  can  reduce  inpatient  hospital  admis-

flicts,  changing  of  values,  depersonalization,  and 

sions  and  reduce  the  cost  of  care  in  the  hospital 

depression  (De  Hert  2020).  Unfortunately,  the 

system.  In  the  clinic  space,  device  information 

MCS  coordinator  role  can  be  extremely  demand-

can  be  pulled  and  analyzed  by  manufacturer 

ing,  with  the  Monday  through  Friday  office  work, 

engineers  through  log  files,  and  driveline  exit 

inpatient  and  outpatient  responsibilities,  and  the 

site  can  be  assessed  directly  by  clinical  staff, 

responsibility  of  sharing  the  24-hour  emergency 

along  with  management  of  other  MCS  compli-

call.  Depending  on  the  volume  of  the  MCS  pro-

cations.  Overall,  the  clinic  space  is  vital  to  any 

gram,  there  may  be  several  coordinators  with 

MCS  program  and  MCS  coordinators  need  to  be 

these  responsibilities.  This  can  decrease  potential 

astute  in  ensuring  that  this  patient  population  is 

burnout  due  to  the  distribution  of  work;  however, 

being  managed  appropriately  and  frequently 

burnout  still  exists.  “Consequences  of  burnout  are 

through  the  clinic  setting. 

decreased  job  satisfaction,  absenteeism,  turnover 

Once  MCS  patients  become  proficient  in 

in  personnel,  and  cynicism”  (De  Hert  2020). 

self-management,  they  are  held  to  a  certain 

Overall,  this  may  affect  patient  care  and  patient 

level  of  responsibility  regarding  their  device 

outcomes.  Therefore,  it  is  important  for  MCS 

management.  MCS  patients  are  responsible  for 

coordinators  to  have  resources  to  help  distribute 

checking  the  parameters  on  their  MCS  device 

the  workload  and  opportunities  for  time  off  or 

every  day  and  logging  those  parameters  into  a 

breaks.  Because  the  MCS  coordinator  role  is  not 

daily  logbook  depending  on  the  implanting  cen-

clearly  defined  and  every  MCS  program  is  differ-

ter.  MCS  patients  are  also  held  accountable  for 

ent,  it  can  be  very  difficult  for  coordinators  to  set 

monitoring  trends  they  see  in  their  logbooks  at 

clear  boundaries  to  prevent  them  from  being  over-

home  and  reporting  upward  or  downward   worked.  It  can  be  said,  however,  that  burnout  in 

trends  in  their  parameters.  These  responsibili-

any  medical  field  is  possible  due  to  the  high  stress 

ties  extend  to  the  caregiver  as  well.  Patients  are 

and  high-demand  atmosphere. 

also  asked  to  monitor  themselves  for  signs  and 

symptoms  of  fluid  overload.  Patients  and  their 

caregivers  are  also  responsible  for  taking  their 

MCS  Coordinator  and  End-of-Life  Care 

weight  each  day  and  adding  that  to  their  daily 

logbook  as  well.  MCS  patients  are  tasked  with 

The  role  of  the  MCS  coordinator  primarily 

reporting  weight  gain  of  three  pounds  in  one  day 

focuses  on  pre-implantation  and  preventing  post-

or  five  pounds  in  a  week  to  their  MCS  coordi-

implantation  complications.  There  is  more  to  the 

nator  so  that  the  issue  can  be  assessed  and 

role  MCS  coordinators  play  throughout  the  MCS 

addressed (Hansen 2021). Patients  monitor 

patient’s  time  with  their  devices.  Given  that  the 

their  device  parameters  and  other  objective 

LVAD  and  TAH  are  life-sustaining  devices,  it  is 

signs  allowing  them  to  identify  trends  and 

very  difficult  for  the  multidisciplinary  team  to 

report  issues  earlier. 

know  when  the  right  time  is  to  turn  off  the  device. 
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Typically,  the  patient  or  their  caregiver  will  decide 

by  their  multidisciplinary  team  and  carried  out  the 

when  it  is  time  for  cessation  of  support  from  the 

way  the  patient  and  caregiver  wish,  especially 

LVAD 

or  TAH. 

When  these 

devices  are 

through  a  difficult  and  sensitive  time  in  their 

discontinued  or  turned  off,  the  patient’s  cardiac 

lives.  “After  January  2014,  when  palliative  care 

support  is  suspended,  which  will  inevitably  lead 

consultation  before  LVAD  implantation  became 

to  death.  Incidentally,  destination  therapy  LVADs 

mandatory,  involvement  of  the  palliative  care 

have  significantly  increased  the  frequency  of 

team  in  the  last  month  increased  significantly 

patients  dying  with  the  device.  MCS  coordinators 

from  14.2%  to  ~80%”  (Nakagawa  et  al. 2018). 

are  responsible  for  monitoring  for  post-implant 

Many  times,  these  palliative  care  consults  are 

complications.  Over  time,  multiple  complications 

initiated  while  the  patient  is  in  the  hospital.  This 

may  occur  in  the  LVAD  patient.  The  longer  a 

is  due  to  that  fact  that  “most  patients  die  in  an 

patient  lives  with  a  destination  therapy  LVAD, 

intensive care  unit  (ICU)” (Nakagawa  et al. 2018). 

the  risks  for  complications  increase.  One  example 

Common  causes  of  death  of  an  MCS  patient 

of  a  complication  that  can  arise  in  destination 

include  multiorgan  failure,  cerebrovascular  acci-

therapy  LVADs  is  right  heart  failure.  Right  heart 

dent  (CVA),  or  infection  (Dunlay  et  al. 2016). 

failure  typically  affects  15–20%  of  LVAD  patients 

The  MCS  devices,  both  LVAD  and  TAH,  are 

(Kilic  et  al. 2015).  MCS  coordinators  monitor 

designed  to prolong a patient’s  life.  This  can  either 

both  outpatient  and  inpatient  MCS  patients  for 

be  as  destination  therapy,  meaning  the  patient 

signs  and  symptoms  of  right-sided  heart  failure 

lives  the  rest  of  their  life  with  a  device,  or  bridge 

so  it  can  be  addressed  early  and  prevented  from 

to  transplant,  meaning  they  are  waiting  to  get  well 

worsening.  In  patients  that  are  nearing  end-of-life, 

enough  to  receive  a  heart  transplant.  Since  these 

right-sided  heart  failure  is  typically  present  to 

devices  prolong  patients’  lives,  this  can  be  very 

some  degree. 

difficult  for  the  patient  and  caregivers  to  under-

It  is  the  responsibility  of  the  MCS  coordinator 

stand  or  realize  when  it  is  time  to  discontinue  the 

along  with  the  other  multidisciplinary  care  team 

device.  These  devices  will  continue  to  run  on 

members  to  make  sure  that  if  the  end  of  life  is 

power  until  they  are  disconnected  even  though 

something  that  the  patient  or  caregivers  choose, 

the  patient’s  other  end  organs  may  not  be  func-

they  are  given  all  their  options  and  pass  away  with 

tioning  properly.  Therefore,  involving  the  pallia-

dignity.  For  this  to  happen,  “the  most  important 

tive  care  team  early  during  the  patient’s  care  and 

finding  is  that  indicators  of  high-quality  end-of- prior  to  the  implant  is  so  important.  At  times, 

life  care,  such  as  death  in  the  ICU,  DNR  order, 

because  the  device  is  continuing  to  run  and  func-

palliative  care  consultation  in  the  last  month,  and 

tion,  this  can  provide  false  hope  to  the  patient 

hospice  enrollment”  (Nakagawa  et  al. 2018)  are 

and/or  caregivers  since  the  device  is  functioning 

met  and  followed  by  the  MCS  coordinator.  Inter-

properly.  It  is  important  for  the  multidisciplinary 

estingly,  overall,  hospice  enrollment  for  LVAD 

team  to  educate  the  patients  and  caregivers  about 

patients  is  very  low  for  destination  therapy 

the  dying  process  and  refer  them  to  a  palliative  or 

(DT)  patients  at  the  end  of  their  lives.  One  expla-

hospice  team  sooner  rather  than  later. 

nation  from  Nakagawa  et  al.  (2018)  is  that  “there 

As  previously  stated,  hospice  care  teams  have 

are  still  not  enough  hospice  agencies  or  skilled 

not  widely  been  used  in  the  MCS  population. 

nursing  facilities  to  accommodate  dying  LVAD 

However,  considering  hospice  is  a  moral  and 

patients  because  they  are  not  comfortable  han-

respectable  thought  because  “the  hospice  care 

dling  their  LVADs.” 

plan  focuses  on  reducing  symptoms,  providing 

One  of  the  most  important  aspects  of  the  MCS 

psychosocial  and  spiritual  support,  offering 

coordinator’s  role  during  death  and  dying  is  to 

instrumental  help  in  the  home,  and  increasing 

make  sure  the  patient  is  being  seen  by  palliative 

the  likelihood  of  a  comfortable  and  dignified 

care.  The  palliative  care  team  can  help  guide  the 

dying”  (Pandey  et  al. 2021). If  an  MCS  patient  is 

patient  and  their  caregiver  into  making  sure  their 

accepted  into  hospice,  it  is  the  coordinator’s 

decisions  guiding  their  long-term  care  are  heard 

responsibility  to  educate  the  hospice  team  about
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the  device.  This  includes  education  about 

these  responsibilities,  the  MCS  coordinator  will 

equipment,  medications,  and  the  end-of-life 

collaborate  with  other  disciplines,  thus  forging  a 

process/discontinuing  the  device.  Many  times, 

multidisciplinary  approach  to  the  patient’s  care. 

these  patients  can  receive  the  same  medications 

Many  times,  this  will  include  education  with  these 

that  a  hospice  patient  without  a  device  receives. 

other  disciplines  because  they  are  unfamiliar  with 

The  most  important  aspect  of  end-of-life  care  on 

these  devices.  There  is  also  a  key  role  in 

hospice  is  the  comfort  of  the  patient.  The  pump 

maintaining  the  patient’s  equipment  and  dressing 

will  continue  to  run  even  if  the  patient’s  other 

supplies  to  make  sure  that  patients  and  their  care-

organs  are  failing,  this  can  lead  to  a  dilemma 

givers  are  successful  in  sustaining  their  device. 

on  when  to  turn  off  the  device.  The  patient 

Overall,  the  coordinator’s  most  important  role  is 

(if  coherent),  caregiver,  hospice  nurse,  and  coor-

to  form  a  trusting  relationship  with  their  patients. 

dinator  should  all  collaborate  on  when  the  right 

This  is  a  unique  patient  population  and  building  a 

time  is  to  turn  off  the  device.  Once  this  decision 

trusting  relationship  between  the  coordinators  and 

has  been  made,  the  MCS  coordinator  can  walk  the 

the  patients  and  their  families.  Since  this  is  a  huge 

patient’s  family  member  or  most  of  the  time,  the 

lifestyle  change  and  can  be  very  stressful  for 

hospice  nurse,  on  how  to  discontinue  the  device 

everyone  involved.  Having  coordinators  working 

and  turn  off the  system  controller. Many  times,  the 

with  these  patients  day  in  and  day  out  helps  build 

patient  is  pre-medicated  to  make  sure  that  they  are 

that  trust  and  relieve  some  of  the  stress  from  the 

comfortable  during  the  death  and  dying  process. 

patients.  This  is  the  most  important  aspect  of  the 

Many  patients  exhibit  heart  failure-like  symptoms 

MCS  coordinator. 

when  the  device  is  turned  off  due  to  the  native 

Overall,  the  MCS  coordinator  is  imperative  to 

heart  not  pushing  blood  forward  as  effectively  as 

the  success  of  a  program  and  its  patients.  Coordi-

when  the  device  was  on.  This  can  include  short-

nators  know  their  patients  in  and  out  and  aid  the 

ness  of  breath,  pulmonary  edema,  Cheyne-Stokes 

physician  in  the  management  of  these  patients. 

breathing,  and  oxygen  hunger.  It  is  imperative  for 

These  roles  and  responsibilities  are  ever-evolving, 

the  hospice  team  to  pre-medicate  the  patient  prior 

especially  during  a  time  when  the  devices  and 

to  discontinuing  the  device  to  prevent  prolonged 

equipment  are  growing  and  developing.  With 

suffering.  Along  with  pre-medication,  it’s  been 

that,  there  are  new  responsibilities  and  knowledge 

found  that  patients  prefer  to  pass  at  home  with 

gaps  that  may  evolve  throughout  the  MCS  coor-

their  family  around  them  and  an  MCS  coordinator 

dinator’s  career.  Coordinators  are  continuously 

present  to  assist  with  device  cessation  (Dunlay 

expanding  their  knowledge  about  patient  manage-

et  al. 2016).  This  may make  it easier  for the  patient 

ment  and  device  management,  which  necessitates 

and  caregivers  to  cope  with  end  of  life. 

flexibility  in  the  role  of  the  MCS  coordinator. 

Overall,  it  is  imperative  for  a  mechanical  circula-

tory  support  program  to  have  at  least  one,  if  not 

Conclusion 

many  MCS  coordinators,  involved  in  their  pro-

grams  not  only  for  the  benefit  of  the  program  but 

Although  all  currently  existing  mechanical  circu-

for  the  benefit  of  the  MCS  patients. 

latory  support  programs  may  differ  in  their  poli-

cies  and  protocols  when  caring  for  their  MCS 

population,  there  is  a  core  responsibility  that  the 
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multidisciplinary  expertise,  sustainable  infra-

• Can  the  team  create  clinical  practice  guidelines 

structure,  and  safe  delivery  of  care  through 

to  ensure  safe,  sustainable  care? 

meaningful  education  are  the  building  blocks 

• Does  the  education  plan  ensure  every  clinician 

of  a  successful  MCS  program.  Methodical 

receives  VAD  education  relevant  to  their  role? 

steps  from  planning  to  implementation,  evalu-

ation,  and  restructuring  take  the  MCS  team 

through  a  healthy  cycle  of  implementation  to 

Vision  and  Mission  Statements 

sustainability. 

Together,  the  mission  and  vision  statements  cap-

Keywords 

ture  the  overall  purpose  of  the  VAD  program. 

Vision  and  mission  statements  are  the  corner-

Viability  ·  Sustainability  ·  Feasibility 

stones  of  the  program  and  serve  to  galvanize  the 

team.  The  vision  statement  describes  the  goals  of 

the  VAD  program  at  a  high  level,  and  the  long-

Introduction 

term  goals  of  the  program.  The  mission  statement 

is  the  “how  to.”  The  mission  of  the  VAD  program 

Advanced  heart  failure  (AHF)  is  a  morbid  condi-

should align with  the hospital and healthcare orga-

tion  that  affects  millions  of  people  worldwide, 

nizational  mission.  It  is  a  practical  statement  that 

impacting  the  length  and  quality  of  life  of  those 

facilitates  partnerships  with  administration  and 

ravaged  by  the  disease.  Identifying,  evaluating, 

communicates  the  intent  of  the  program  with 

and  treating  patients  with  AHF  is  a  valiant 

other  stakeholders,  like  referring  doctors  and 

endeavor;  however,  it  carries  a  heavy  resource 

patients.  When  creating  the  mission  and  vision 

burden.  The  process  of  building  and  maintaining 

statements,  it  is  important  to  select  meaningful 

a  mechanical  circulatory  support  (MCS)  or  ven-

words  that  will  inspire  the  team  and  revisit  these 

tricular  assist  device  (VAD)  team  must  be 

statements  regularly.  Mission  and  vision  state-

approached  in  a  structured  manner  to  ensure  that 

ments  can  be  used  at  the  beginning  of  meetings 

the  program  is  both  safe  and  sustainable.  Whether 

to  create  a  shared  sense  of  purpose. 

the  team  is  building  a  new  program  or 

restructuring  an  existing  program,  attention  to 

the  infrastructure  ensures  compliance  with  regu-

Determining  Whether  It  Is  Feasible 

lations  and  internal  clinical  practice  guidelines, 

to  Establish  a  VAD  Program 

provides  for  a  safe  environment  of  care,  and  sup-

ports  team  dynamics. 

Community  Landscape 

Before  establishing  a  VAD  team,  the  hospital 

administrators  first  need  to  determine  whether  it  is 

Before  building  a  VAD  program,  it  is  important  to 

feasible  to  start  and  maintain  a  program.  Only 

determine  whether  such  a  program  is  feasible  for 

after  careful  planning  and  a  well-designed  pro-

the  hospital.  The  first  step  in  determining  the 

gram  is  created  can  VAD  care  be  delivered. 

feasibility  of  a  VAD  program  is  to  perform  a 

A  hospital  organization  must  determine  the 

community  assessment  to  identify  regional  gaps 

following:

in  AHF  services  and  the  need  for  a  VAD  program. 

•

Data  collected  for  the  community  assessment  may 

Is  it  feasible  to  start  and  maintain  a  program? 

•

come  from  both  internal  and  external  sources. 

Do  the  necessary  resources  exist? 

•

Since  the  Affordable  Care  Act  (ACA)  was  passed 

Is  there  multidisciplinary  expertise  at  the 

in  2010,  the  Centers  for  Medicare  and  Medicaid 

facility? 

•

(CMS)  track  hospitals’  heart  failure  30-day 

Do all  patients have equal  access to the  therapy? 

•

readmission  rates  and  either  reimburse  or  penalize 

Can  the  infrastructure  be  built  and  sustained? 

hospitals  based  on  these  rates  (Ziaeian  and
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Fonarow  2016).  As  hospitals  are  incentivized  to 

address  disparities  in  access  to  care  as  we  build 

track  and  reduce  30-day  readmissions,  Case  Man-

and  maintain  VAD  programs. 

agement  Departments  are  tasked  with  addressing 

The 

demographic 

composition 

of 

the 

spikes  in  readmission  rates  and  are,  therefore,  a 

community  is  another  important  consideration. 

source  of  information  regarding  solutions  to 

One  reliable  and  often  overlooked,  ready-made 

30-day  readmissions  (Gupta  et  al. 2018). AHF 

source  of  information  on  the  different  languages 

programs  may  be  part  of  the  strategies  to  reduce 

spoken  in  the  community  is  the  local  school  sys-

30-day  readmissions. 

tem.  Because  schools  accommodate  international 

It  is  important  to  consider  external  forces. 

students,  the  school  district  websites  list  percent-

Locate  other  regional  implanting  centers  and 

ages  of  their  students  who  speak  English  as  a 

assess  the  competition  for  patients;  it  will  be 

second  language.  This  type  of  data  can  help  to 

more  difficult  to  penetrate  an  oversaturated  mar-

tailor  culturally  sensitive  community  outreach 

ket.  It  is  also  important  to  examine  the  referral 

programs. 

patterns  of  local  cardiologists  to  ensure  that  heart 

failure  patients  will  be  sent  to  a  new  program. 

Insights  into  these  referral  patterns  may  be 

Financial  Viability 

mapped  out  by  meeting  with  other  cardiac  spe-

cialists  such  as  electrophysiologists  as  this  service 

VAD  therapy  represents  a  significant  financial 

tends  to  be  tied  to  local  cardiology  practices.  If  the 

investment;  therefore,  the  VAD  leaders  must 

hospital  is  part  of  a  larger  healthcare  system, 

meet  with  hospital  financial  departments  to  under-

internal  referral  pathways  may  already  exist. 

stand  how  reimbursement  will  affect  both  pro-

Consider  access  options  to  the  hospital  such  as 

gram 

structure 

and 

team 

composition. 

public 

transportation 

services 

available 

to 

Understanding  regional,  state,  and  local  Medicare 

patients.  Determine  whether  the  hospital  has  a 

and  Medicaid  reimbursement  patterns  is  vital  to 

relationship 

with 

local 

hotels, 

hostels, 

or 

establishing  financial  viability  for  a  VAD  program 

donation-supported  housing  available  as  external 

and  should  be  an  initial  step  in  building  a 

resources  for  patients  and  caregivers.  Other  ser-

program. 

vice  lines  at  the  hospital  may  have  already 

Medicare  determines  coverage  through  a  sys-

established  these  resources;  oncology  may  be  a 

tem  of  local  fiscal  intermediaries  called  Medicare 

department  to  contact  for  information  about 

Administrative  Contractors  (MACs).  These  pri-

housing. 

vate  healthcare  insurers  are  awarded  geographical 

As  individual  clinicians,  hospitals,  healthcare 

jurisdiction  to  process  medical  claims,  including 

organizations,  and  the  VAD  community  consider 

claims  for  durable  medical  equipment  (CMS.gov; 

the  resource  allocation  needed  to  start  and  run  a 

website  accessed  February  2022).  It  is  important 

VAD  program,  we  have  a  collective  responsibility 

to  know  how  government  and  private  insurance 

to  provide  equal  access  to  this  therapy.  Dr.  Khalil 

companies  reimburse  hospitals  within  specific 

Murad  of  the  University  of  Minnesota  Medical 

regions  to  ensure  that  inpatient  and  outpatient 

Center  and  his  colleagues  reviewed  the  largest 

services will be reimbursed favorably. Reimburse-

payer  database  in  the  country  to  explore  care 

ment  for  the  implant  equipment  is  only  the 

trends  that  illuminated  disparities  in  heart  failure 

first  step. 

therapy  (Murad  et  al. 2014).  The  data  revealed 

State-to-state  variation  in  Medicaid  reimburse-

that  females,  non-whites,  and  older  patients  in 

ment  for  outpatient  supplies  will  affect  the  long-

nonteaching  hospitals  and  hospitals  in  the  Mid-

term  ability  to  supply  VAD  equipment.  Contact 

west,  Northeast,  or  South  were  less  likely  to 

the  administrator  who  oversees  outpatient  ser-

receive  advanced  heart  failure  treatment.  These 

vices  to  determine  whether  equipment  can  be 

data  remind  those  of  us  in  the  VAD  community 

distributed  and  billed  for  during  ambulatory  clinic 

that  we  must  be  intentional  about  ensuring  that  we 

visits.  Because  the  bulk  of  equipment  is
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distributed  in  the  outpatient  setting,  this  is  an 

Clinicians’  documentation  in  the  medical 

important  step  before  deciding  whether  the  hospi-

record  drives  how  the  hospital  will  classify 

tal  has  the  infrastructure  to  bill  for  equipment. 

patients’  acuity,  services  rendered,  and  therefore, 

Medicare  defines  ventricular  assist  devices  as 

reimbursement. 

Documentation

regarding 

prosthetic  hearts;  therefore,  the  equipment  reim-

patients’  conditions  translates  into  a  standardized 

bursement  in  an  outpatient  clinic  is  analogous  to 

set  of  terms  that  capture  disease  states  called 

artificial  limb  equipment  that  is  distributed  from 

International  Classification  of  Diseases  (ICD)  so 

orthopedic  surgery  practices.  It  is  important  to 

that  insurance  companies  have  a  common  lan-

explore  insurance  reimbursement  before  opening 

guage  for  mapping  insurance  charges.  Current 

a  VAD  program  to  ensure  its  viability. 

procedural  terminology  (CPT)  codes  are  common 

Private  insurance  contracts  add  to  the  financial 

terms  used  to  classify  which  procedures  and  sur-

viability  of  the  VAD  program.  The  hospital  Man-

geries  the  patients  received  during  the  encounter. 

aged  Care  Contract  department  is  a  source  of 

The  medical  records  are  reviewed  by  clinical 

information  on  the  ratio  of  government  and  pri-

coders  who  enter  ICD  and  CPT  codes  into  the 

vate  insurance  companies,  or  payor  mix  at  the 

billing  system.  Coding  departments  have  software 

facility,  which  translates  into  reimbursement. 

algorithms  that  map  this  information  and  classify 

The  Managed  Care  team  also  has  insight  into  the 

the  diagnostic-related  group  (DRG)  for  each  hos-

relationships  between  the  insurance  companies 

pital  encounter,  based  on  the  documentation  of 

and  the  hospital.  Winning  contracts  will  result  in 

diagnoses  and  procedures.  The  DRG  is  a  struc-

referrals  being  funneled  to  the  AHF  program.  It  is 

tured,  pre-established,  reimbursement  payment 

imperative  that  VAD  program  leaders  meet  with 

based  on  the  average  resource  utilization  for  the 

the  Managed  Care  Contract  department  early  in 

services  provided  to  the  specific  patient  popula-

the  process  to  ensure  that  the  VAD  team  is  aware 

tion.  It  is  important  to  establish  a  working  rela-

of  the  metrics  that  insurance  companies  take  into 

tionship  with  the  coding  department  to  ensure  that 

consideration  when  entering  into  agreements. 

all  VAD  implants  are  classified  appropriately.  A 

Once  the  program  leaders  understand  this  insur-

classification  of  DRG  1  captures  the  acuity  of 

ance  landscape,  they  must  hardwire  the  internal 

VAD  patients  and  is  reimbursed  at  the  highest 

billing  infrastructure.  Every  piece  of  equipment 

rate.  The  coders  can  educate  the  providers  on  the 

has  either  a  serial  or  lot  number  that  must  be  linked 

precise documentation  that will ensure  an accurate 

to  the  hospital  charge  description  master  (CDM) 

capture  of  medical  acuity  and,  therefore,  classifi-

code.  Before  implanting  the  first  pump,  program 

cation  as  DRG  1.  Routine  audits  of  this  process  in 

leaders  must  ensure  that  every  VAD  component 

real  time,  before  charges  drop,  and  after  the  reve-

has  an  associated  CDM  in  the  database  so  that 

nue  cycle  is  complete,  will  illuminate  any  gaps  in 

every  billable  item  is  dropped  into  patients’ 

the  charge  system. 

accounts.  Every  product  and  serial  number  must 

Financial  advocacy  for  the  patient  and  the  pro-

be  entered  into  the  medical  record  to  document  the 

gram  is  an  important  part  of  the  role  of  the  finan-

distribution.  Creating  fields  in  either  the  electronic 

cial  coordinator.  As  important  as  it  is  to  ensure  the 

medical  record  or  forms  that  are  sent  to  the  coding/ 

financial  viability  of  the  program,  clinicians  must 

billing  department  is  an  important  documentation 

also  provide  access  to  the  VAD  technology  by 

step  in  hardwiring  the  billing  infrastructure. 

ensuring 

that 

patients 

have 

the 

necessary 

The  distribution  of  outpatient  equipment  is  a 

resources  to  cover  the  cost  of  this  therapy.  Prior 

valuable  revenue  stream.  CMS  uses  a  system  of 

to  evaluating  patients  for  VAD  therapy,  insurance 

codes  to  identify  durable  medical  equipment  and 

benefit  checks  are  performed  to  ensure  that  the 

supplies.  These  healthcare  common  procedure  cod-

insurance  company  will  pay  for  the  VAD  implant 

ing  system  (HCPCS)  codes  must  be  linked  to 

as  well  as  follow-up  care.  CMS  defines  candidate 

charges,  and  equipment  distribution  documentation 

criteria  for  VAD  long-term  coverage  in  the 

forms  must  be  created  for  the  ambulatory  VAD 

national  coverage  determination  (NCD).  Patient 

clinic. 

candidacy  is  addressed  in  earlier  chapters  and
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must  be  consistent  with  the  NCD  definition. 

diagnostic  tests  and  interventions.  Increases  in 

Financial  coordinators  are  trained  to

patient  admissions,  diagnostic  tests  performed, 

and  services  provided  can  all  be  sources  of  growth 

• Review  individual  insurance  policies

for the  hospital  (Makdisi  et al. 2016). This must  be 

• Educate  patients  on  benefits  and  coverage

taken  into  consideration  so  that  departments  are 

• Send  clinical  information  to  justify  the  services  not  overwhelmed  by  the  influx  of  increased 

that  the  insurance  company  is  being  asked  to 

patient  volume. 

pay  for

Administration  support  facilitates  access  to 

• Obtain  authorization  for  implant  and  follow-up  pre-established  hospital  resources  such  as  the 

care  and  services 

Quality  and  Regulatory  Department.  Because 

VAD  programs  are  highly  regulated,  early 

Patients  who  are  un-/underinsured  will  need 

engagement  of  the  quality  consultants  assists 

guidance  to  apply  for  public  insurance.  The  finan-

with  survey  readiness,  chart  audits,  and  inspec-

cial  coordinators  are  positioned  to  provide  that 

tions.  Medicare  reimbursement is contingent upon 

guidance.  Although  there  is  no  VAD-specific  pro-

certification  by  a  deemed  inspection  organization. 

fessional  organization  for  financial  coordinators, 

CMS  deemed  The  Joint  Commission  (TJC)  and 

they  can  obtain  a  specialized  certification  through 

Det  Norsk  Veritas  Healthcare,  Inc.  (DNV)  to  per-

the  Transplant  Financial  Coordinators  Associa-

form  inspections  of  implanting  centers  and  certify 

tion  (TFCA)  (website  accessed  February  2022). 

the  VAD  programs  to  receive  payment.  One  of 

Specialty certification  helps to establish that finan-

these  two  organizations  must  inspect  the  program 

cial  coordinators  and  other  team  members  who 

before  CMS  will  pay  for  implants.  Ensuring  that 

may  seek  out  professional  certification  are  experts 

the  Quality  Department  leaders  assist  in  facilitat-

in  their  field. 

ing  compliance  with  regulatory  standards  during 

the  early  stages  of  program  development  will 

ensure  that  the  program  is  ready  for  inspection 

Necessary  Resources 

(Lockard  et  al. 2010). 

In  addition  to  reimbursement,  it  is  important  to 

Administrative  Support 

understand  the  benefit  of  program  regulatory  cer-

tification.  Miranda  Lam  and  colleagues  reviewed 

Top-down  support  for  the  VAD  program  within  a 

the  Medicare  database,  comparing  the  outcomes 

hospital  ensures  that  the  VAD  team  will  have  the 

of  patients  cared  for  at  TJC-accredited  hospitals 

necessary  internal  resources  allocated  to  foster 

with  those  of  patients  at  hospitals  inspected  by 

success.  Before  the  first  patient  can  be  implanted, 

state  organizations.  The  study  showed  that  there 

several  significant  initial  investments  must  be 

was  only  a  modest  reduction  in  mortality  at 

made.  The  start-up  VAD  equipment  kit  and  initial 

TJC-accredited  hospitals.  There  was  a  reduction 

manufacturer  resources  are  sizable  investments 

in  30-day  readmissions  after  15  common  surgical 

themselves,  as  are  the  Interagency  Registry  for 

procedures  at  TJC  hospitals  (Lam  et  al. 2018).  It  is 

Mechanically 

Assisted 

Circulatory 

Support 

difficult  to draw  a definitive conclusion from  these 

(INTERMACS)  participation  fees  and  regulatory 

data  because  of  the  limitations  of  the  study.  For 

application  fees.  A  business  plan  detailing  equip-

example,  only  Medicare  records  were  reviewed; 

ment,  personnel,  regulatory  fees,  INTERMACS 

therefore,  the  results  cannot  be  generalized  to 

fees,  and  administrative  support  is  essential  in  the 

younger  cohorts.  Additionally,  all  hospitals  were 

preparation  of  transparent  communications  and  to 

inspected  by  an  external  organization  so  that  the 

lay  a  foundation  for  incremental  requests  for  addi-

effect  of  one  organization  over  the  other  cannot  be 

tional  resources  as  the  program  grows. 

assumed.  TJC  and  DNV  standards  assure  that 

Partnering  with  hospital  administration  is  par-

VAD  programs  have  programmatic  accountabil-

amount  to  ensuring  that  ample  resources  are  allo-

ity,  standardization  of  services,  and  sustainable 

cated  for  the  program.  AHF  patients  require  many 

processes.  Monitoring,  measuring,  and  modifying
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processes  to  positively  impact  patient  outcomes  is 

Mining  and  entering  data  into  the  system  is  a 

built  into  the  review  process.  The  mission  of  the 

work  burden  for  VAD  teams;  therefore,  explor-

certifying  organizations  is  to  inspire  hospitals  to 

ing  options  for  data  abstractors  will  ensure 

create  a  zero-harm  environment  in  which  quality 

both  compliance  with  data  entry  and  a  balanced 

care  is  consistently  delivered.  Program  leaders 

workload  for  the  team.  VAD  patient  quality  of 

should  be  trained  to  create  workflows  that  are 

life  and  functional  status  are  measured  at 

efficient  and  effective  (Chassin  2015).  There  are 

INTERMACS-defined  intervals.  The  team 

several  formal  programs  that  give  clinicians  the 

must  build  these  tests  into  the  program  and 

skill  sets  necessary  to  develop  processes  that 

capture  this  data. 

reduce  waste,  eliminate  harm,  improve  efficiency, 

and  align  actions  with  the  mission.  Strong  pro-

grams  have  leaders  invested  in  a  zero-harm 

Expert  Advanced  Heart  Failure 

culture. 

and  VAD  Clinicians 

Organizational  Chart 

Establish  Data  Collection  System 

Models of care vary depending upon the healthcare 

The  Quality  Department  may  also  possess  data 

organization,  available  resources,  and  size  of  the 

collection  and  analysis  resources.  Pre-established 

VAD  program.  As  programs  grow  and  resources 

databases  employing  trained  abstractors  can  serve 

are  added,  the  organizational  chart  and  reporting 

as  ready-made  resources  for  monitoring  outcomes 

structure  will  need  to  be  expanded.  The  addition  of 

and  avoiding  the  tedious  task  of  retrospective 

VAD  team  members  and  the  composition  of  the 

reviews.  Tracking  VAD  patient  outcomes  from 

staff  should  coincide  with  the  incremental  growth 

referral  to  end  of  support  provides  valuable  data 

of  the  number  of  supported  patients.  Regularly 

that  informs  program  clinical  practice  guidelines, 

scheduled  reviews  of  the  roles  and  responsibilities 

provides  safety  signals  if  outcomes  trend  in  a 

of  team  members  will  ensure  that  the  team  per-

negative  direction,  and  provides  justification  for 

forms  all  regulatory-required  processes.  This  will 

additional  resources  as  programs  grow.  Sophisti-

also  force  the  team  to  address  the  challenge  of  the 

cated  databases,  rich  with  demographic  nuances 

proper  assignment  of  duties  to  the  appropriately 

and  multiple  outcomes,  can  enhance  our  under-

qualified  clinician.  Some  duties  do  not  require  a 

standing  of  the  trajectory  of  VAD  patient  support. 

licensed  person  to  perform;  therefore,  expansion  of 

For  example,  programs  with  successful  outcomes 

the  team may  include  medical  office  assistants who 

of  a  large  cohort  of  female  patients,  advanced  age, 

can  manage  scheduling,  scanning,  faxing,  and 

or  a  specific  ethnicity  will  add  to  the  collective 

device  tracking. 

understanding  of  candidate  selection  and  manage-

The  organizational  chart  must  include  a 

ment  (DeFilippis  et  al. 2019).  Contribution  to  the 

transparent  chain  of  command  to  ensure  the 

VAD  community  through  publications  is  an 

accountability  of  program  leaders  through  the 

important  marker  of  a  successful  VAD  program 

ranks  of  the  organization.  As  the  VAD  program 

and  databases  are  the  source  of  content. 

is  heavily  regulated,  the  reporting  structure 

The  INTERMACS  is  a  registry  database 

should  include  the  Quality  Department.  The 

established  at  the  University  of  Alabama  in 

program  must  report  patient  outcomes  up  the 

2005,  which  is  now  maintained  by  the  Society 

chain  of  command  to  ensure  that  hospital 

of  Thoracic  Surgeons  (STS)  (website  accessed 

administration  is  aware  of  challenges  and  suc-

April  2022),  and  describes  the  long-term  out-

cesses  as  the  program  matures.  The  Biomedical 

comes  of  VAD  patient  care.  Hospitals  provid-

Department  is  essential  to  the  program.  As  this 

ing  implants  are  required  to  participate  in  a 

AHF  therapy  is  the  VAD  equipment,  the  Bio-

registry.  Note:  The  only  national  registry  as 

medical  Department  must  be  linked  on  the  orga-

of  the  writing  of  this  chapter  is  INTERMACS. 

nizational  chart. 
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Building  the  Team 

cardiologist  that  they  are  sending  their  patients 

to  a  program  where  specialized  services  are  deliv-

Patients’  physical  condition,  financial  resources, 

ered.  VAD  programs  at  nontransplant  centers  will 

and  psychosocial  resilience  are  the  three  aspects 

also  have  to  partner  with  transplant  programs  to 

of  patient  resources  that  determine  candidacy  and 

ensure  that  patients  eligible  for  heart  transplant 

require  ongoing  support  to  reduce  the  burden  of 

have  access  to  this  gold  standard  therapy  (Makdisi 

complications  and  improve  quality  of  life  on  VAD 

et al. 2016). AHF cardiologists  will  also be leaders 

support.  Assembling  a  team  of  multidisciplinary 

in  the  inpatient  services  discussed  below. 

clinicians  who  are  experts  in  these  areas  is  essen-

tial  to  patient  and  programmatic  success.  The 

Nurse  Navigators 

team  should  include  surgeons,  cardiologists,  per-

The  nurse  navigator  role  has  been  recognized  as 

fusionists, 

anesthesiologists 

and  intensivists, 

essential  to  provide  continuity  of  heart  failure  care 

nurses, VAD coordinators, social workers, palliative 

across  the  continuum.  Monza  and  colleagues  at 

care  clinicians,  pharmacists,  dieticians,  physical 

the  Carolina  Medical  Center  (CMC)  described  the 

and  occupational  therapists,  financial  coordinators 

benefits  of  the  implementation  of  the  heart  failure 

(stated  above),  quality  consultants,  data  abstractors 

nurse  navigator  role  in  their  healthcare  system. 

and  analysts,  biomedical  engineers,  and  consultants 

The  Navigators  provided  a  standardized  educa-

willing  to  collaborate  on  the  care  of  VAD  patients. 

tional  package  to  patients,  ensured  follow-up 

Team  members  should  be  encouraged  to  establish 

clinic  visits  were  scheduled  after  hospital  admis-

expertise  within  their  discipline  through  member-

sions,  and  enrolled  patients  living  far  from  the 

ship  in  professional  organizations  and  specialty  cer-

hospital  into  a  virtual  visit  program.  CMC  saw  a 

tification,  participation  in  research,  publishing  in 

reduction  in  readmissions  and  improved  patient 

peer-reviewed  journals,  and  contribution  to  the 

self-management  (Monza  et  al. 2015). Nurse 

infrastructure  of  the  program. 

navigators  provide  that  essential  link  during  tran-

sitions  of  care.  Outpatient  staff  also  provide 

access  to  services  through  remote  monitoring 

Outpatient  Clinics 

(Christensen  et  al. 2017).  Remote  monitoring 

and  virtual  visits  are  services  that  allow  patients 

Cardiologists 

to  access  care  when  they  live  a  distance  away  and 

It  is  common  to  approach  team  building  by  think-

during  the  global  pandemic. 

ing  about  the  surgical  implant  first.  However, 

although  this  is  one  of  the  most  crucial  pieces  of 

Patient  Care  Technicians  (PCTs) 

the  program,  the  team  building  really  begins  with 

Clinical  support  staff  can  facilitate  the  flow  of  VAD 

the  heart  failure  clinic.  Assembling  experts  in  all 

patients  through  clinic.  PCTs  can  be  taught  to 

facets  of  heart  failure  –  pulmonary  hypertension, 

obtain return-to-flow Doppler pressures (mean arte-

infiltrative  cardiomyopathies,  structural  heart 

rial  pressures),  document  VAD  parameters,  and 

defects,  and  collaborating  with  electrophysiology, 

perform  six-minute  walks  per  INTERMACs 

- will  build  an  infrastructure  that  will  not  only  protocol-recommended  intervals.  PCTs  who  moni-

ensure  that  advanced  care  is  provided,  but  will 

tor  and  coach  patients  through  6MWs  are  given 

also  be  a  source  of  referrals.  Although  cardiolo-

scripts and a 30 m space to conduct this noninvasive 

gists  with  advanced  heart  failure  and  transplant 

test. It is important to follow the American Thoracic 

board  certification  are  not  required  by  regulatory 

Society  (ATS)  guidelines  regarding  6  MW  course 

organizations,  it  is  a  common  standard  for  hire  at 

path  (30 m  in  a straight  hall)  and the  script to ensure 

advanced  heart  failure  and  VAD  programs.  Cardi-

the  validity  of  the  test  for  clinical  and  research 

ologists  must  be  credentialed  by  the  hospital  to 

purposes  (Fell  et  al. 2022).  PCTs  can  assist  in 

manage  VAD  patients.  Advanced  heart  failure 

administrative  duties  such  as  faxing,  filing,  and 

expertise  will  build  confidence  in  the  referring 

making  follow-up  appointments. 
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Inpatient  Services 

patients  on  support  and  the  mix  of  professional 

staff  at  the  hospital.  Meehan  and  colleagues 

The  inpatient  service  line  starts  with  carving  out 

conducted  a  survey  to  describe  different  models 

geography  in  the  hospital  where  AHF,  and  even-

of  care  at  hospitals  around  the  world.  They  dis-

tually  VAD,  patients  will  receive  care.  Cultivating 

covered  that  there  are  a  variety  of  team  members 

multidisciplinary  expertise  in  the  care  of  heart 

assembled  to  perform  this  work  at  VAD  programs. 

failure  patients  starts  with  specialized  cardiac  ser-

Nearly  70%  of  the  programs  utilize  advanced 

vices  such  as  cardiopulmonary  stress  testing, 

practice  providers  in  the  role  of  a  VAD  coordina-

echocardiography,  and  cardiac  catheterization. 

tor  (Meehan  et  al. 2020). Some  European  pro-

The  AHF  cardiologists  must  meet  with  leaders 

grams  employ  physicians  in  the  program  who 

from  these  procedure  areas  and  discuss  protocols 

perform  some  of  the  tasks  that  nurses,  engineers, 

for  testing  and  treating  patients  to  prognosticate 

or  perfusionists  do  in  the  United  States,  so  there 

and  treat  heart  failure.  Adding  other  disciplines 

exists  variation  in  the  professional  background  of 

will  not  only  bring  depth  to  the  team  but  will 

VAD  coordinators.  It  is  common  to  see  hybrid 

ensure  that  all  facets  of  patient  care  are  provided 

models  where  nurse  practitioners  and  registered 

by  experts.  Tapping  into  the  services  that  exist  at 

nurses  work  together  to  perform  the  duties  of 

the  hospital  will  provide  access  to  experts  and 

VAD  coordinators.  The  ratio  of  VAD  coordinators 

mainstream  VAD  care.  The  American  Heart  Asso-

to  patients  is  not  well  defined  in  the  literature.  The 

ciation  guidelines  describe  appropriate  referral  to 

VAD  team  at  Inova  Fairfax,  Virginia,  sought  to 

an  advanced  heart  failure  program  by  conceptual-

quantify  the  relationship  between  staff  ratios  and 

izing  the  scope  of  services  required  to  provide  this 

patient  outcomes.  Their  retrospective  review 

specialized  care  in  a  diagram  (Morris  et  al. 2021, 

revealed  that  there  was  a  lower  readmission  rate 

Fig. 1).  This  is  a  useful  tool  to  communicate  the 

during  the  time  period  when  the  patient-to-coor-

needs  of  this  patient  population  with  a  multi-

dinator  ratio  was  the  lowest  (Edwards  et  al. 2017). 

disciplinary  team. 

The International  Consortium  of  Circulatory  Sup-

The  multidisciplinary  team  comes  together 

port  Clinicians  (ICCAC)  is  the  professional  orga-

under  the  leadership  of  the  VAD  implanting  car-

nization  for  VAD  clinicians.  It  was  founded  to 

diac  surgeon  and  the  heart  failure  cardiologist. 

support  patients  through  facilitating  networking 

Cardiac  surgeons  must  be  credentialed  at  the  hos-

for professionals and educational  support (website 

pital  to  implant  durable  VADs  as  per  the  CMS 

accessed  April  2022).  Standardization  of  knowl-

NCD.  Surgeon  expertise  is  defined  by  CMS  as  an 

edge  germane  to  the  role  of  VAD  clinician  will  be 

implant  volume  threshold  of  10  implants  in  a 

defined  by  certification;  the  anticipated  launch  of 

rolling  36-month  period.  Surgeons  must  also  be 

the  VAD  Certification  exam  is  in  2022  (Schroeder 

trained  by  the  manufacturer  of  the  pumps  to 

et  al. 2021). 

ensure  the  nuances  of  each  device  are  rehearsed 

Equipment  serial  number  tracking  is  mandated 

by  the  surgeon  prior  to  patient  implants. 

by  the  Food  and  Drug  Administration  (FDA)  to 

ensure  that  any  recalled  product  is  discoverable 


VAD  Coordinator 

within  a  short  period  (minutes  to  hours)  of  time.  A 

VAD  coordinators  are  responsible  for  patient  care 

database  capable  of  running  reports  to  locate 

throughout  the  continuum,  including  equipment 

equipment  when  recalled,  list  all  equipment  each 

tracking,  policy  and  order  set  development  and 

patient  has,  and  track  expiration  dates  is  the  safest 

implementation,  patient  education,  staff  educa-

way  to  ensure  that  VAD  equipment  is  functional. 

tion,  monitoring  and  managing  patients  and 

Most  medical  clinicians,  that  is,  nurses  and  perfu-

equipment  during  procedures  and/or  surgeries, 

sionists,  are  not  formally  trained  in  materials  man-

community  outreach,  emergency  medical  service 

agement,  so  equipment  tracking  is  a  challenge.  If 

education,  round-the-clock  on-call  coverage,  and 

the  program  structure  allows,  employing  the  skill 

inpatient  and  outpatient  care.  Models  of  care  vary 

set  of  a  team  member,  not  required  to  be  licensed, 

between  programs  dictated  by  the  volume  of 

to  act  as  an  extension  of  VAD  coordinator  to  track

[image: Image 71]
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Fig.  1  Advanced  heart  failure  referral  algorithm  (Morris  et  al.  (2021)  (with  permission  of  cardiac  surgeons)) equipment,  can  free  the  coordinator  to  perform 

and  Drug  Agency  (FDA)  recall  notice.  Materials 

duties  requiring  a  license,  right  fitting  training  to 

management  and  biomedical  engineering  must  be 

duties. 

actively  engaged  in  FDA  responses.  Every  time 

there  is  a  VAD  product  recall,  the  VAD  team  in 

Biomedical  Engineers 

cooperation  with  the  materials  management  and 

The  biomedical  engineers  must  inspect  all  equip-

biomedical  teams  must  develop  a  plan  and  com-

ment  that  plugs  into  electricity  and  perform 

municate  that  to  the  clinicians  and  the  risk  depart-

manufacturer-required  annual  maintenance.  The 

ment.  The  FDA  monitors  both  the  manufacturers’ 

Information  For  Use  (IFU)  manuals  for  the  VAD 

and  hospitals’  response  to  device  recalls.  An  FDA 

systems  contains  the  specifications  for  annual 

inspector  may  present  at  hospitals,  unannounced, 

maintenance.  The  manufacturers  also  provide 

within  days  of  the  recall,  to  review  documentation 

maintenance  education  to  the  biomedical  engi-

of  the  response  to  the  recall.  Documentation  of  the 

neering  team.  The  VAD  coordinators  must  have 

acknowledgment  of  the  recall,  communication  of 

a  direct,  formal  plan  with  the  biomedical  team  to 

the  response,  and  any  follow-up  or  product 

coordinate  annual  maintenance  of  VAD  equip-

replacement  can  be  reviewed  by  an  FDA 

ment and  the  defined  intervals. Any  replaced com-

inspector. 

ponents  must  be  documented  in  the  service 

record,  and  if  there  is  a  serial  or  lot  number,  it 

Perfusionists 

must  be  captured  in  the  documentation. 

The  perfusion  team  manages  the  heart–lung 

The hospital  recall  policy  defines  how products 

bypass  machine  during  implants  and  are  experts 

are  remediated  or  replaced  in  response  to  a  Food 

in  continuous-flow  physiology  theory  so  that  they
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may  work  with  any  MCS  device  at  the  hospital. 

achieved  by  the  ICU  team,  led  by  the  intensivists 

The  American  Society  of  Extracorporeal  Technol-

(Pratt  et  al. 2014). The  ICU  team  must  be  able  to 

ogy,  established  in  1964,  is  the  professional  soci-

trouble  shoot  VAD  alarms,  especially  low  flow 

ety  for  perfusionists  and  is  a  source  for  external 

alarms,  perform  procedures  such  as  line  place-

education  and  collaboration  (website  accessed 

ment,  intubation,  echocardiograms,  and  avoid 

April  2022).  Some  perfusion  teams  are  contract 

complications  such  as  sepsis  through  meticulous 

employees  and  may  work  at  several  hospitals  in 

execution  of  bedside  care.  It  is  increasingly  com-

the  region.  Ensuring  that  the  contract  contains 

mon  that  intensivists  distinguish  themselves  as 

language  about  duties  related  to  VAD  care  will 

experts  by  defining  VAD  privileges  in  their 

avoid  coverage  issues.  Perfusionists  may  be  the 

credentialing  process. 

clinical  leads  for  the  extracorporeal  membrane 

oxygenation  (ECMO)  program  and  will  need  to 

Dieticians 

balance  coverage  for  temporary  and  durable  sup-

Malnutrition  contributes  to  heart  failure,  VAD 

port  devices  in  the  program. 

patient  frailty,  and  poor  outcomes.  Hospital  dieti-

cians  are  usually  geographically  assigned  to  units, 

Anesthesiologists 

so  working  with  the  team  deployed  to  the  AHF 

Anesthetic  management  of  VAD  patients  requires 

units  assists  the  team  in  assessing  patients  for 

expert  knowledge  of  patient  pump  interface.  Peri-

candidacy  and  making  recommendations  for  die-

operative  assessments  and  interventions  ensure 

tary  supplementation.  Dieticians  utilize  prognos-

patients  remain  stable  for  implantation  and  when 

tic  assessment  tools  such  as  the  Mini  Nutritional 

undergoing  nonimplant  surgeries  (Pisansky  et  al. 

Assessment  tool.  Genev  and  colleagues  demon-

2020)  and  procedures  (Goudra  and  Singh  2013). 

strated  that  the  use  of  such  tools  allows  dieticians 

Transesophageal  echocardiograms  (TEE)  provide 

to  project  the  trajectory  of  improvement  after 

mechanical  assessment  of  patients’  native  heart 

improved  blood  flow  and  nutritional  interventions 

structures  and  pump  cannulation.  Assessment  of 

(Genev  et  al. 2019).  Better  nutrition  is  known  to 

heart  and  valve  structure,  presence  of  patent  fora-

improve  outcomes  after  open  heart  surgery  and 

men  ovale  and  other  shunts,  inflow  cannula  and 

reduce  the  risk  of  complications  and  death 

outflow  graft  optimize  flow  through  the  native 

(Hayashi  et  al. 2020), so  dieticians  provide  essen-

heart  and  pump  are  important  for  the  anesthesia 

tial  recommendation  that  promote  healing.  Dieti-

clinicians  to  assess  during  device  implantation. 

cians  may  belong  to  professional  societies  and 

Monitoring  of  hemodynamics  and  administration 

obtain  certification.  The  American  Society  for 

of  vasoactive  medications  and  volume  are  addi-

Enteral 

and 

Parenteral 

Nutrition 

(ASPEN) 

tional  patient  management  strategies that  the anes-

(https://www.nutritioncare.org)  engages  members 

thesia  clinicians  need  to  master  (Chumnanvej 

in  lobbying  activities  on  Capitol  Hill  to  improve 

et  al. 2007). The  Joint  Commission  recognizes 

coverage  for  dietary  products,  create  collaborative 

that  anesthesia  clinicians  are  essential  to  the  suc-

research,  and  continue  education.  Dietitians  can 

cessful  outcomes;  therefore,  include  them  in  the 

distinguish  themselves  as  experts  by  obtaining 

delineation  of  VAD  team  members.  Cardiac  anes-

certification  through  the  National  Board  of  Nutri-

thesiologists  are  commonly  double  boarded  in 

tion  Support  Certification  (NBNSC,  established 

anesthesia  and  TEE  so  well  prepared  to  assess 

by  ASPEN). 

and  manage  the  patient  pump  interface. 

Rehabilitation  Therapists 

Intensivists 

Early  ambulation  and  resumption  of  activities  of 

VAD  patients  are  managed  in  the  intensive  care 

daily  living  are  key  to  a  timely  discharge. Physical 

unit  (ICU)  during  the  immediate  postoperative 

(PT)  and  occupational  therapists  (OT)  provide 

phase  and  when  they  experience  complications 

focused  fine  motor  and  strength  training  advanc-

or  decompensation.  The  delicate  balance  between 

ing  patients  from  bedbound  to  ambulatory.  OT are 

pump  filling/emptying  with  patient  factors  is 

trained  to  evaluate  patients’  ability  to  perform
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activities  of  daily  living  by  performing  standard-

maintain  safety  during  exercise.  CR  staff  must 

ized  dexterity  testing  and  evaluation  of  cognition 

have  emergency  contact  information  so  that  the 

such  as  the  Montreal  Cognitive  Assessment 

VAD  team  can  be  notified  if  patients  have  alarms 

(MoCA  at  www.mocatest.org; website  accessed 

or  symptoms  during  the  sessions. 

April  2022).  MoCA  scores  and  other  fine  motor 

tests  can  assist  the  VAD  team  in  evaluating 

Social  Workers 

patients  and  when  creating  individualized  educa-

Patients’  outcomes  hinge  on  their  ability  to  tol-

tion  plans  post  implant.  In  order  for  the  MoCA  to 

erate  and  comply  with  VAD  therapy.  The  CMS 

be  considered  valid,  the  person  administering  the 

NCD  states  social  workers  are  essential  to  VAD 

test  must  be  certified.  The  MoCA  website  (www. 

teams  to  provide  expert  psychosocial  evaluation 

mocatest.org)  has  a  link  to  guide  clinicians 

and  interventions.  Psychosocial  evaluation  pro-

through  the  certification  process.  OT  may  recom-

vides  insight  into  patients’  coping  mechanisms, 

mend  adaptations  to  VAD  equipment  such  as  Vel-

family  dynamics,  previous  medical  adherence, 

cro  to  add  sensory  cues  when  making  cable 

and  acceptance  of  the  advanced  heart  failure 

connections.  The  American  Board  of  Physical 

diagnosis,  factors  that  contribute  to  adherence. 

Therapists  offers  certifications  in  a  variety  of  sub-

In  2018,  the  International  Society  for  Heart  and 

specialties,  including  cardiovascular  and  pulmo-

Lung  Transplant  published  a  consensus  docu-

nary  (website  accessed  April  2022).  Certification 

ment  providing  guidance  to  an  otherwise  sub-

provides 

physical 

therapists 

validation 

of 

jective  psychosocial  evaluation  (Dew  et  al. 

advanced  knowledge  in  the  care  of  the  cardiopul-

2018).  The  psychosocial  evaluation  is  inher-

monary  patient  population. 

ently  wrought  with  bias  as  it  depends  on 

Inpatient  rehabilitation  facilities  (IRF)  con-

patients  and  families  to  be  open  and  honest 

tinue  physical  and  occupational  therapy  services 

and  the  VAD  team  to  be  objective.  The  tools 

after  patients  are  medically  stable  enough  to  be 

and  domains  of  evaluation  defined  by  this  con-

discharged  but  not  strong  enough  to  go  home.  It  is 

sensus  document  establish  structure  for  the 

important  to  define  criteria  that  deem  a  facility 

evaluation  and  will  help  the  team  identify  bar-

“VAD  capable”  such  as  staff  training,  proper  riers  to  adherence  (Bui  et  al. 2019).  Social equipment  (Doppler  and  driveline  exit  site  dress-workers  are  trained  to  engage  patients  and  care-

ing  kits),  facility  policies  on  the  care  of  VAD 

givers  in  these  delicate  conversations  and 

patients,  and  an  escalation  plan  for  emergency 

unpack  potential  barriers  to  a  successful  out-

response.  Although  it  has  been  demonstrated  that 

come.  The  Society  for  Transplant  Social 

VAD  patients  improve  in  function  and  strength  at 

Workers  (STSW)  and  the  International  Consor-

IRFs,  they  do  experience  a  high  rate  of 

tium  of  Circulatory  Assist  Clinicians  (ICCAC) 

readmissions  due  to  complications  (DeFiglio 

are  two  professional  societies  where  social 

et  al. 2021). This  may  be  attributed  to  the  fact 

workers  can  collaborate  and  share  best  prac-

that  sicker  patients  require  rehabilitation  and  are 

tices.  Certification  through  the  STSW  distin-

at  a  higher  risk  for  readmission  regardless  of  their 

guishes  social  workers  as  content  experts. 

disposition. 

Social  workers  may  identify  clinically  signif-

Cardiac  rehabilitation  (CR)  has  been  shown  to 

icant  psychological  issues  that  require  long-term 

be  beneficial  for  VAD  patients.  Improved  exercise 

management.  Neurotic  and  psychotic  patholo-

capacity,  mobility  independence,  and  reassurance 

gies,  addictions  to  alcohol,  illicit  substances,  or 

that  exercise  is  safe  as  patients  are  monitored 

prescription  medication  abuse  require  referral  to 

during  the  sessions.  Modifications  to  CR  proto-

specialists  (Cook  et  al. 2017).  Tosto  and  col-

cols  to  accommodate  continuous-flow  physiology 

leagues  surveyed  over  100  patients  and  demon-

may  be  required  such  as  using  MAP  goals  instead 

strated  that  there  is  a  correlation  between  device 

of  systolic/diastolic  goals  (Di  Nora  et  al. 2021). 

acceptance  and  anxiety/depression  (Tosto  et  al. 

Special  attention  to  volume  status  and  symptoms 

2019).  These  findings  suggest  that  intervening  in 

related  to  orthostatic  hypotension  are  important  to 

psychological 

stressor 

and 

diagnosis 

will
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improve  patients’  acceptance  of  the  device  and 

in  outpatient  clinics.  Peters  and  colleagues  noted  a 

perceived  quality  of  life. 

signal  in  early  postoperative  bleeding  events  in 

VAD  patients  with  higher  anti-Xa  levels,  resulting 

Palliative  Care  Clinicians 

in  a  higher  rate  of  returning  to  the  operating  room. 

Palliative  care  clinicians  are  essential  VAD  team 

Armed  with  expert  knowledge  of  anticoagulation 

members  and  are  required  as  in  the  CMS  NCD. 

medications,  the  pharmacist/surgeon dyad-led  team 

Their  expertise  is  put  to  work  during  the  evaluation 

demonstrated  that  it  was  safe  to  lower  the  anti-Xa 

for  candidacy,  while  patients  are  on  support,  and  at 

goal  without  an  increased  risk  of  clot  formation 

the  end  of  life.  Patients  who  are  offered  VAD  ther-

(Peters  et  al. 2021).  It  has  long  been  established 

apy  have  to  weigh  the  impact  of  risk  versus  benefit 

that  pharmacist-managing  INR  in  the  outpatient 

of  each  AHF  therapy.  It  is  common  for  patients  to 

setting  results  in  a  higher  time  in  therapeutic  range 

grapple  with  conflicting  emotions  when  faced  with 

(TTR).  Although  Bishop  and  colleagues  were  not 

this  decision.  Palliative  care  specialist  work  with 

able to see a difference in bleeding or clot formation 

patients  and  caregivers  in  a shared  decision-making 

rates  in  patients  managed  by  a  pharmacist  versus 

(McIlvennan  et  al. 2015)  process  (https://www. 

usual care, there was a significant difference in TTR 

idecidelearning.com; website accessed April 2022). 

(Bishop  et  al. 2014).  Maintaining  patients  in  thera-

Intentional  discussions  about  patients’  care  goals, 

peutic range may reduce the need for readmission to 

lifestyle  changes  on  support,  and  preparedness 

bridge  with  heparin  and  long-term  complications 

planning  align  their  expectations  with  their  experi-

related  to  bleeding  or  clotting. 

ence  (Bellumkonda  2017). Symptom  burden 

affects  quality  of  life;  therefore,  amelioration  of 

Community  Providers 

symptoms  improves  patient  experience.  Palliative 

care  clinicians  are  central  to  managing  AHF  symp-

Prehospital  Providers  and  First  Responders 

toms,  thereby  improving  patients’  functional  status 

Sending 

pulseless, 

electrically 

dependent 

and  quality  of  life  while  supported  on  their  VAD. 

patients  into  the  community  presents  risks  and 

Rogers  and  colleagues  determined  that  palliative 

challenges.  Emergency  clinicians  in  the  field  and 

care  interventions  improved  AHF  patients’  percep-

in  emergency  departments  require  education 

tions  of  quality  of  life  and  spiritual  well-being,  and 

regarding  the  assessment  of  continuous-flow 

reduced  anxiety  and  depression  (Rogers  et  al. 

patients,  algorithms  for  chest  compressions,  and 

2017). Although  this  study  was  conducted  with 

VAD  team  contact  information.  VAD  programs 

AHF  patients  not  on  VAD  support,  it  is  important 

must  provide  an  infrastructure  for  rapid  triaging 

to  consider  as  VAD  patients  still  experience  heart 

of  VAD  patients  once  they  are  present  (Givertz 

failure  symptoms.  By  definition,  long-term  support 

et  al. 2019).  Appropriate  responses  by  pre-

(formerly  destination  therapy)  intention  at  implant 

hospital  clinicians  will  ensure  that  chest  com-

means  those  VAD  patients  will  have  to  have  their 

pressions  are  not  performed  just  because  the 

device  disabled  at  the  end  of  life.  Palliative  care 

VAD  patient  is  pulseless,  basic  equipment  safety 

clinicians  assist  in  shifting  care  goals  from  VAD 

is  observed,  and  the  implanting  hospital  is 

support  to comfort  only and medications  to  assure  a 

contacted. 

peaceful  passing. 

Community  Providers 

Pharmacists 

In  order  to  implant  as  many  AHF  patients  as 

Pharmacists  provide  expert  anticoagulation  man-

indicated,  the  VAD  community  must  expand  the 

agement.  Hemocompatibility-related  events  plague 

model  of  care  to  include  community  cardiologists, 

VAD  patients,  so  careful  management  of  anti-

primary  care  physicians,  dentists,  and  other  con-

coagulation  can  reduce  complication  burden.  Phar-

sultants.  DeVore  and  colleagues  (DeVore  et  al. 

macists contribute to the creation of anticoagulation 

2017)  describe  the  essentials  for  non-VAD  pro-

strategies  in  the  immediate  postoperative  phase  and 

viders  to  learn  in  order  to  care  for  VAD  patients. 
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Assessment  modifications  for  continuous  flow, 

of  VAD  patients  and  have  a  defined  workflow 

complication  recognition  and  mitigation,  and 

that  ensures  standardization  of  care.  Every 

equipment  malfunction  are  the  basics  for  commu-

patient  should  expect  and  receive  the  same 

nity  providers  (Cook  et  al. 2017). 

care  regardless  of  the  clinician;  care  should  not 

VAD  patients  require  continuous  power,  so 

depend  on  who  is  providing  it.  There  is  a  regu-

partnering  with  local  electric  suppliers  ensures 

latory  requirement  mandating  that  programs 

patients  do  not  suffer  an  unnecessary  power  loss. 

select  published  clinical  practice  guidelines 

Patients  and  caregivers  rehearse  the  emergency 

including  the  management  of  heart  failure.  A 

response  to  unanticipated  power  interruption  by 

literature  review  is  the  first  step  in  defining 

describing  how  to  untether  from  wall  power  and 

evidence-based  practice.  Peer-reviewed  litera-

convert  to  batteries  if  home  power  is  lost.  Patients 

ture  will  be  the  framework  for  order  sets,  poli-

must  also  make  a  power  plan  that  includes  notifi-

cies,  and  procedures.  Professional  society 

cation  to  power  supplier  that  they  have  a  legiti-

consensus  documents  inform  the  content  of  pro-

mate  medical  reason  to  require  continuous  power. 

gram  clinical  practice  guidelines  (CPG).  Paul 

Although  no  power  supplier  can  prevent  natural 

Heidenreich  and  colleagues  recently  published 

interruptions,  nor  can  they  guarantee  when  power 

a  consensus  document  defining  the  clinical 

is  restored,  the  supplier  can  notify  patients  when 

practice  guidelines  for  the  management  of 

planned  power  outages  will  happen  and  availabil-

heart  failure  patients  (Heidenreich  et  al. 2022). 

ity  of  shelters  with  generators. 

The  International  Society  of  Heart  and  Lung 

Transplant  published  guidelines  for  the  man-

agement  of  VAD  patients  in  2013  (Feldman 

Operationalizing  Clinical  Practice 

et  al. 2013).  Other  reference  recommendations 

Guidelines  and  Regulatory 

are  listed  below.  A  routine,  thorough  literature 

Requirements 

review  is  needed  to  establish  that  references 

used  to  drive  programmatic  CPGs  are  up  to  date. 

Regulatory  Requirements 

Suggested  guidelines  from  the  literature:

As  stated  previously,  VAD  programs  have  a  reg-

• AHA/ACC/HFSA  Guideline  for  HF  Manage-

ulatory  burden  because  multiple  regulatory  agen-

ment  (Heidenreich  et  al. 2022)

cies  review  documentation  and  inspect  hospitals 

• AHA  Referral  Guidelines  (Morris  et  al. 2021)

to  verify  compliance.  An  efficient  way  to  build  a 

• SCAI  Shock  Scale  (Naidu  et  al. 2022)

program  is  to  embed  regulatory  requirements  into 

• ISHLT/APM/AST/ICCAC/STSW  Psychoso-

all  documentation  and  clinical  practice  guidelines. 

cial  evaluation  (Dew  et  al. 2018)

In  order  to  do  that,  the  team  must  read  and  be 

• ISHLT  MCS  Guidelines  (Feldman  et  al. 2013, 

familiar  with  the  regulatory  standards.  Initial  and 

note  new  guideline  anticipated  in  2022–23)

regular  meetings  with  the  hospital  quality  depart-

• ISHLT  MCS  Infection  prevention/manage-

ment  is  a  strategy  to  ensure  the  team  is  able  to 

ment  (Kusne  et  al. 2017)

translate  the  standards  into  practice.  Inherent  in 

• AHA  VAD  Ambulatory  and  community  care 

the  program  development  is  a  way  to  ensure  com-

(Cook  et  al. 2017)

pliance  through  chart  audits.  The  Quality  Depart-

• HFSA/SAEM/ISHLT  Emergency  manage-

ment  has  resources  to  assist  with  regulatory 

ment  of  VAD  patients  (Givertz  et  al. 2019) 

compliance  and  inspection  readiness. 

The  multidisciplinary  team  must  meet  to 

develop  consensus  on  interpretation  of  the  regu-

Clinical  Practice  Guidelines 

latory  standards  and  operationalization  of  the  lit-

erature.  A  formal  approach  is  useful  when 

Clinical  practice  guidelines  (CPGs)  ensure  that 

building  consensus  as  the  team  develops  policies, 

all  members  of  the  team  know  how  to  take  care 
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order  sets,  consents,  and  standards  of  practice  or 

Outpatient 

clinical  practice  guidelines.  The  Appraisal  of 

Guidelines  for  Research  and  Evaluation  II 

Many  programs  focus  on  the  inpatient  elements, 

(AGREE  II)  is  an  instrument  that  guides  teams 

but  as  patient  volumes  grow  and  patients  live  lon-

through a structured approach to creating consensus 

ger, it is the outpatient setting that becomes the bulk 

as  documents  are  written  (https://www.agreetrust. 

of  the  programmatic  workload  burden.  Defining 

org/practice-guidelines, website  accessed  April 

discharge  readiness  after  the  index  stay,  setting  up 

2022).  Ensuring  that  the  whole  team  has  a  voice 

the  frequency  of follow-up  clinic visits,  monitoring 

in  the  content  and  feels  a  sense  of  ownership  of  the 

for  complications,  and  repeated  measures  of  func-

finished  product  serves  two  purposes.  First,  as  it  is  tional  status  and  quality  of  life  provide  the  infra-important  that  clinicians  comply  with  the  guide-

structure  for  optimal  long-term  outcomes  (Elliott 

lines,  staff  will  be  committed  to  standardized  prac-

and  Edwards  2018;  Cook  et  a  l. 2017). 

tice  if  they  believe  the  requirements  are  accurate, 

safe,  and  reasonable.  Second,  staff  feel  a  commit-

ment  to  a  program  where  they  feel  that  their  contri-

Device  Education 

bution  is  valued,  and  they  can  see  the  fruits  of  their 

efforts.  Getting  this  “buy-in”  as  the  team  comes 

Staff 

together  in  the  writing  process  is  a  solid  foundation 

for the sustainability of the program and retention of 

The  VAD  program  leaders  are  responsible  to  map 

the  members. 

out  the  education  plan  for  all  clinicians  who  care 

for  VAD  patients.  Some  programs  categorize  the 

level  of  education: expert,  competent, and  aware  as 

Inpatient 

a  useful  way  to  conceptualize  the  plan.  Leaders 

must  define  who  needs  what  level  of  education, 

It  is  imperative  that  all  order  sets,  policies,  and 

vehicle  for  content  presentations,  and  frequency  of 

clinical  practice  guidelines  are  reviewed  by  the 

refreshers.  Creating  a  spreadsheet  with  the  educa-

hospital  committees  such  as  Pharmacy  &  Thera-

tion  plan  table  and  then  reviewing  it  on  an  annual 

peutics  and  Medical  Executive  Committees. 

basis  is  a  useful  exercise  in  ensuring  all  clinicians 

These 

documents 

affect 

the 

entire 

multi-

are  ready  to  provide  care  to  VAD  patients.  Include 

disciplinary  team  practice.  Mainstreaming  these 

educational  content  on CPGs  and  order  sets  as  staff 

documents  facilitates  staff  education  of  the  clini-

need  to  know  what  and  how  to  provide  care. 

cal  practice  guidelines  and  “unsilos”  the  VAD 

The  table  below  is  an  example  of  an  education 

program.  By  mainstreaming  this  work,  VAD  care 

plan  in  spreadsheet  format  with  role  definitions 

is  demystified  as  multiple  committees  will  have  to 

(Fig. 2).  This  table  is  used  at  the  author’s  organiza-

review  and  approve  documents  providing  educa-

tion  to  frame  the  annual  VAD  team  education  plan. 

tion  to  internal  stakeholders.  It  also  fulfills  regu-

SiTEL,  Simulation  Training  &  Education  Lab,  is  a 

latory  requirements  as  these  documents  go 

division  of  the  author’s  healthcare  system  that  pro-

through  the  official  channels  at  the  hospital  to 

vides  online  and  simulation-based  learning  for  the 

ensure  alignment  with  organizational  policies. 

employees.  Most  organizations  have  an  online 

This  can  be  a  long  process  measured  in  months, 

learning  platform  where  VAD  content  can  be 

so  this  can  be  done  in  parallel  with  setting  up  the 

uploaded  and  compliance  with  mandatory  viewing 

clinic  and  funneling  patients  into  the  AHF  referral 

is  tracked.  Hands-on  validation  of  skills  is  con-

base.  Write,  review,  and  approve  all  policies  and 

firmed  by  vendor  clinical  representatives,  VAD 

CPGs  prior  to  launching  VAD  device  education  as 

coordinators,  or  perfusionists,  or  “super  users” 

content  and  workflow  defined  in  these  documents 

who  have  been  checked  off  by  the  vendor  or 

must  be  part  of  the  staff  education. 

coordinators. 
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Position/Location

ACE/Compet 

Description

Frequency 

ent/Basic/A 

ware 

AHF  Cardiologist

ACE

Credentialed and Boarded in HF

Upon Hire and 

at 

reappointment 

Cardiac Surgeon

ACE

Credentialed for VAD implant 

10 cases per 

year 

Providers: 

ACE

Anesthesiologists and Intensivists 

Annual renewal 

Anesthesiologists and designees 

view SiTEL for Providers 

Intensivists 

Hospitalists, NPs and SICU team 

Hospitalists 

attend VAD class at on boarding then 

HF Nurse Practitioners 

SiTEL for Providers 

SICU LIPs 

VAD Coordinators

Competent 

Industry training and participation in 

On boarding 

experts 

VAD day 

and annually 

VAD Technician

Competent

Industry training focused on device 

On boarding 

tracking and maintenance 

and updates 

Educators and Clinical Specialist

Competent

VAD day with industry check off

On boarding 

and annually 

MEDSTAR and Flight team

Competent

VAD Day 

Annually 

Emergency Room Staff

Basic

Basic Clinician 

Annually 

Bedside nurses in 2NW and 3NW, 

Competent

VAD Day, skills competency, SiTEL 

Initial class 

Rapid Response team, 

modules 

during 

Supervisors1 

orientation and 

renewal 

annually 

CV Operating Room nurses

Aware

OR VAD aware: specific content for 

On boarding 

OR 

and annually 

Perfusionists

Competent

Industry Training

On boarding 

and annually 

Surgical Assistants

Competent

Surgical Training by industry 

On boarding 

and annually 

Rehab: Cardiac, PT, OT

Competent

Specific Rehab Material developed 

On boarding 

for Rehab and approved by VAD 

and annually 

team 

Procedure area: GI, PACU, Cath 

Basic

Basic Clinician Class 

Rolled out in 

Lab, IR 

2019 and 

annually 

Biomed Equipment 

Industry training

One time 

only 

MedStar Associates

Aware

VAD Aware SiTEL Module

Annually 

Fig.  2  Example  of  VAD  education  plan  FY  2021–22  (MedStar  Washington  Hospital  Center,  Washington,  DC) 

ACE: Advanced Care Experts

2.  VAD  coordinators  can  train  patients  and  staff 

1.  Providers  who  have  been  educated  to  manage 

in  the  care  and  maintenance  of  the  equipment. 

AHF  patients  supported  on  MCS. 

3.  Competent  experts  can  exchange  any  external 

2.  Providers  prescribe  medications  and  VAD 

component  as  required.  Trained  to  perform 

speeds  to  optimize  filling,  emptying,  and  the 

controller  exchange. 

treatment  of  AHF. 

4.  Troubleshoot  alarms  and  ensure  equipment  is 

3.  Troubleshoot  the  patient  pump  interface  when 

functioning  appropriately. 

VAD  alarms. 

Competent 

4.  NOT  trained  on  managing  equipment. 

1.  Bedside  staff,  primarily  nurses,  who  are 

Competent  Experts 

trained  to  manage  equipment:  make  all  neces-

1.  VAD  Coordinators  who  are  experts  in  equip-

sary  connections. 

ment  management  and  maintenance. 

2.  Exchange  any  external  component  as  required. 

Trained  to  perform  controller  exchange. 
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3.  Troubleshoot 

nonemergent 

alarms 

and 

Implanting  Surgeons 

problem-solve  when  to  escalate. 

CMS  defines  adequate  surgical  experience  to 

Basic 

implant  and  lead  a program  as 10  durable  implants 

1.  Procedure  area  and  ED  staff  who  are  trained  to 

in  a  36-month  period.  As  reimbursement  is 

monitor  patients  supported  with  VADs. 

directly  linked  to  this  volume  requirement,  a 

2.  Obtain  VS  including  Doppler  MAP  and  record 

well-trained  surgeon  is  essential.  Manufacturers 

VAD 

parameters 

at 

unit 

protocol-driven 

provide  device-specific  surgical  training  for 

intervals. 

implanting  physicians.  Regulatory  surveyors 

Aware 

require  documentation  of  attendance  at  surgical 

1.  Any  associate  at  MedStar  who  works  at  the 

training,  so  preserve  these  training  certificates  in 

hospital  and  may  encounter  a  VAD  patient. 

credentialing  files. 

2.  Aware  that  this  is  a  therapy  MWHC  provides. 

VAD surgeons must be granted privileges by the 

3.  Patients  with  VADs  may  not  have  palpable 

organization  to  implant  pumps.  The  criteria  for  this 

pulses. 

privilege  are  commonly  based  on the  CMS  volume 

4.  Call  a  rapid  response  and  page  VAD  coordina-

criteria  of  10  pumps  in  36  months.  The  purpose  of 

tor  if  they  witness  a  patient  decompensating. 

having this specialty privilege is twofold. It ensures 

that  individual  surgeons  meet  the  criteria,  and  it 

VAD  education  modules  and  inservices  are  not 

protects patients by preventing VAD-naïve  or inex-

only  an  opportunity  to  train  the  staff  on 

perienced  surgeons  from  implanting. 

continuous-flow  physiology  and  equipment  man-

The  Joint  Commission  requires  that  physician 

agement,  but  these  touch  points  will  also  allow 

practice  is  evaluated  on  a  regular  basis  to  ensure 

VAD  leaders  to  shape  the  team  culture.  Patient 

maintenance  of competency. The Ongoing Profes-

safety  is  affected  by  negative  dynamics  within 

sional  Practice  Evaluation  (OPPE)  is  captured  by 

the  team  and  ineffective  communication.  VAD 

the  Credentialing  Department  every  6  months. 

simulations  are  useful  exercises  to  not  only 

Criteria  are  usually  based  on  patient  outcomes  at 

observe  participants’  thought  process  as  they 

the  hands  of  individual  physicians.  Adding 

deliver  care,  cognitive  biases,  also  divisive 

VAD-specific  metrics  to  implanting  surgeons’ 

dynamics  like  authority  gradient  can  be  addressed 

OPPE  language  will  ensure  that  there  is  ongoing 

(Rosenbaum  2019). We  bear  an  ethical  imperative 

monitoring  of  individual  provider  outcomes. 

to  ensure  that  disparities  in  healthcare  are  leveled 

Focused 

Professional 

Practice 

Evaluation 

(Ziv  et  al. 2006). In  the  absence  of  learning  oppor-

(FPPE)  are  metrics  reviewed  over  a defined  period 

tunities  such  as  simulations,  patients’  bedsides 

of  time  such  as  during  on-boarding,  proctored 

become  the  place  where  clinicians  rehearse  and 

cases,  and as  needed  if there  is cause  for additional 

trial  their  medical  decision-making.  As  schools  of 

monitoring.  Review  of  new  employee  FPPE  files 

nursing  and  medicine  are  frequently  affiliated 

to  ensure  documentation  of  competence  is 

with  large  urban  hospitals,  minorities  are  dispro-

established  early  in  their  practice. 

portionately  exposed  to  new-to-practice  clini-

Each  organization  defines  additional  VAD 

cians.  Simulations  divert  those  new  clinicians  to 

training  for  providers  such  as  manufacturer  device 

a  more  appropriate  setting  for  learning.  When 

updates,  attendance  at  VAD  society  meetings,  and 

VAD  team  leaders  squelch  questions  and  opin-

participation  in  programmatic  meetings.  Records 

ions,  an  authority  gradient  is  established.  This  is 

of  attendance  are  required. 

a  safety  concern  as  staff  do  not  feel  at  liberty  to 

speak  up  about  patient  care  issues.  Simulations 

Operating  Room  Nurses 

purposely  designed  to  play  out  scenarios  where 

and  Perfusionists 

authority  gradient  exists  will  provide  a  nonthreat-

The  operating  room  staff  must  receive  training  on 

ening  venue  to  talk  through  dysfunctional 

VAD  pump  assembly  and  initiation  of  support. 

communication. 

Manufacturer  clinical  representatives  will  provide
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mock  loops  for  practice  and  are  available  for 

Understanding  pump  parameters,  normal  pump 

elbow  coaching  during  implants.  The  OR  staff 

function,  response  to  alarms,  monitoring  for  com-

must  also  know  how  to  document  the  serial  num-

mon  complications,  and  emergent  interventions 

bers  of  all  the  components  implanted/provided 

are  important  topics  in  provider  education.  Edu-

during  the  implant. 

cation  needs  to  be  documented  and  reassessed  at 

regular,  usually  annual,  intervals.  It  is  also  valu-

Advance  Heart  Failure/VAD  Cardiologist 

able  to  inform  these  providers  that  order  sets, 

Privileges  to  manage  VAD  patients  must  be 

consents, policies,  and CPGs will  guide their prac-

granted  to  cardiologists.  Commonly,  VAD  pro-

tice  and  the  patient  experience  through  the  con-

grams  decide  that  cardiologists  must  be  boarded 

tinuum  of  care.  Include  this  information  in  the 

in  AHF  and  transplant  to  manage  VADs.  This  is 

VAD  education  presentations. 

not  mandatory,  so  other  programs  define  experi-

ence  in  a  number  of  patients  co-managed  with 

Advanced  Practice  Providers  (APPs) 

another  provider  deemed  expert.  Cardiologists 

Nurse  practitioners  and  physician  assistants  are 

should  also  work  with  credentialing  to  embed 

frequently  the  frontline  providers,  so  they  are  at 

VAD-specific  metrics  into  their  OPPE  and  FPPE 

the  bedside  with  the  nurses.  As  such,  it  is  common 

monitoring.  Device-specific  industry  training  is 

for  the  APPs  to  have  equipment  manipulation/ 

also  commonly  required.  Although  this  may  not 

management  education  so  that  they  can  assist 

be  needed  to  occur  during  surgical  implant  train-

with  tethering  and  untethering  of  cables  and  emer-

ing,  all  vendors  provide  expert  management 

gent  equipment  exchange.  The  APPs  also  pre-

inservices  for  AHF  cardiologists.  Each  organiza-

scribe  medications  and  therapies  that  affect 

tion  defines  additional  VAD  education  for  AHF 

filling  and  emptying,  so  they  need  patient  man-

cardiologists  as  they  do  for  the  surgeons. 

agement  education  too. 

VAD  Coordinators 

Bedside  Nurse  on  Inpatient  Units 

Coordinator  education  may  take  as  long  as  a  year 

Nurses  who  are  assigned  to  care  for  VAD  patients 

before  they  acquire  all  the  experience  and  are 

during  their  hospital  stay  must  have  education  on 

exposed  to  various  scenarios  that  deem  them 

how  to  manage  the  equipment  and  monitor 

experts.  Orientation  is  structured  so  that  coordi-

continuous-flow  patients.  This  includes  connec-

nators  rehearse  all  the  tasks  defined  in  their  job 

tions,  controller  exchanges,  VAD  parameter  basic 

description  and  demonstrate  critical  problem-

interpretation,  measuring  MAPs,  and  emergency 

solving  skills  when  responding  to  VAD  alarms 

response.  Nurses  must  also  perform  driveline  exit 

and  equipment  issues.  Manufacturer  representa-

site  care  as  per  hospital  policy.  The  model  of  care 

tives  should  provide  direct  device-specific  train-

varies,  so  nurses  may  require  additional  training  if 

ing  to  each  coordinator.  Annual  manufacturer 

they  are  responsible  for  monitoring  patients  dur-

updates,  attendance  at  VAD  professional  society 

ing  procedures  so  that  they  care  recognize  suction 

meetings,  online  modules,  and  command  of  the 

events  and  know  how  to  escalate  care. 

content  of  the  VAD  manuals  will  ensure  VAD 

Rapid  response  and  Code  Blue  nurses  must 

coordinators  are  experts  in  device  management. 

receive  education  on  VAD  alarm  and  emergency 

response.  Assessment  of  poor  perfusion  and  deci-

Intensivists,  Hospitalists, 

sion  to  perform  chest  compressions  must  happen 

and  Anesthesiologists 

quickly,  so  these  response  teams  must  be  taught 

Physicians who manage VAD patients by ordering 

the  appropriate  triggers  for  cardiopulmonary 

and  administering  vasoactive  medication,  ventila-

resuscitation  (Givertz  et  al. 2019). 

tor  settings,  and  volume  resuscitation  are  required 

to  have  VAD  management  education.  As  pump 

Rehabilitation  Therapists 

function  is  preload  dependent  and  afterload  sen-

The  PT/OT  team  may  not  be  responsible  for  mak-

sitive,  these  providers’  decisions  affect  flow. 

ing  power  connections,  so  the  program  can  decide
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what  content  is  appropriate  for  them.  It  is  benefi-

creating  their  own  VAD  policies,  obtaining  sup-

cial  for  the  therapy  team  to  have  some  education 

plies  such  as  a  Doppler,  gel,  and  blood  pressure 

regarding  connections  so  that  they  can  tailor  their 

cuff,  and  dressing  supplies,  documenting  VAD 

plan of care to assist  with VAD patient acclimation 

assessments  in  their  medical  record,  physician 

to  the  device. 

leadership  VAD  education,  alarm  response,  and 

escalation  of  care  plan. 

Emergency  Room  and  Procedure 

Area  Staff 

As  there  may  be  times  that  VAD  patients  are  in  the 

Patients  and  Caregivers 

emergency  room  or  procedure  areas  unattended 

by  a  VAD-competent  clinician,  it  behooves  VAD 

Patients  and  caregivers  must  transition  from 

leaders  to  consider  providing  VAD  education  to 

VAD-naïve  laypersons  to  experts  so  that  they 

these  staff  such  as  basic  continuous  flow  patient 

can  advocate  for  themselves  as  most  healthcare 

assessment,  measuring  MAPs,  alarm  response 

clinicians  and  people  in  their  home  communities 

and  escalation  of  care,  and  the  appropriate  time 

will  not  know  how  to  care  for  the  equipment. 

to  perform  chest  compressions.  Models  of  care 

They  must  learn  about  lifestyle  changes,  recogni-

dictate  the  amount  of  VAD  education  procedure 

tion  of  complications,  alarm  response,  and  health 

area  nurses  receive  and  depend  on  what  they  are 

promotion  (Cook  et  al. 2017).  Hanke  and  col-

expected  to  do  while  VAD  patients  are  in 

leagues  conducted  an  international  survey  of 

their  area. 

390  VAD  patients  to  describe  motor  vehicle 

safety.  The  majority  of  those  surveyed  stated 

All  Other  Hospital  Employees 

they  returned  to  driving.  There  were  no  causalities 

Pulseless,  electrically  dependent  patients  are 

related  to  VAD  patient  being  behind  the  wheel. 

clearly  unique  and  may  cause  confusion  for  hospi-

They  concluded  that  driving  after  3  months  of 

tal  employees  who  are  unaware  of  this  technology. 

VAD  support  appears  to  be  safe  (Hanke  et  al. 

A  hospital-wide  campaign  to  create  awareness  of 

2018). Driving  is  associated  with  the  sense  of 

this  technology  is  a  part  of  ensuring  VAD  patients 

independence  for  VAD  patients  (Cook  et  al. 

get  the  appropriate  care.  Many  hospitals  include 

2017). As  retrospective  data  support  that  it  is 

VAD  patient  recognition  in  the  annually  required 

safe  and  represents  a  return  to  normalcy,  allowing 

educational  modules.  This  ensures  100%  of  the 

VAD  patients  to  drive  should  be  considered  by 

staff  hear  this  information. 

implanting  programs.  Driving  laws  vary  from 

state  to  state;  therefore,  patients  must  be  instructed 

Outside  Facilities:  Acute  Rehabilitation, 

to  follow  local  Department  of  Motor  Vehicle laws. 

Skilled  Nursing,  Home  Health,  Dialysis, 

Satisfaction surveys give  patients  and  caregivers 

and  Hospice 

a  voice  in  their  care  and  insight  for  leaders  into  the 

Although  VAD  education  is  the  only  facet  to 

impact the program has on patients’ lives. Although 

ensure  outside  facilities  are  “VAD  capable,”  it  is 

a validated VAD-specific patient satisfaction survey 

essential  to  provide  VAD  patient  care  education. 

does  not  exist,  the  MyLVAD  website  posted  a 

Equipment  connections,  driveline  exit  site  care, 

“recipient  survey” (www.MyLVAD.com;  website 

alarm  recognition,  Doppler  use  to  measure  MAPs, 

accessed  May  2022).  This  tool  can  be  used  by 

emergency  response  and  escalation  of  care  plan 

hospitals  to  track  patient  responses  and  guide  deci-

are  topics  to  include  for  these  clinicians.  Measur-

sions  that  impact  the  patient  experience . 

ing  and  monitoring  MAPs  at  outside  facilities  is 

Patient  satisfaction,  repeated  quality-of-life 

important  as  clinical  decisions  such  as  volume  of 

measures,  and  quantifying  functional  status  are 

fluid  removal  during  dialysis  is  impacted  by  ways  the  VAD  team  tracks  the  patient  experience 

changes  in  the  MAP  (Roehm  et  al. 2017). “VAD 

and  ensures  patients  remain  at  the  center  of  the 

capable”  is  a  commitment  facilities  make  to 

care  delivered  by  the  program. 
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Conclusions 

DeVore  A,  Patel  P,  Patel  C.  Medical  management  of 

patients  with  LVADs  for  the  non-left  ventricular  assist 

device  specialist.  JACC:  Heart  Fail.  2017;5(9):621–31. 

The  MCS/VAD  team  must  be  intentional  when 

Dew  M,  DeMaritini  A,  Dobbels  F.  The  2018  ISHLT/APM/ 

designing  and  implementing  the  VAD  program. 

AST/ICCAC/STSW  recommendations  for  the  psycho-

The  infrastructure  is  built  on  patient  advocacy, 

social  evaluation  of  adult  cardiothoracic  transplant  can-

evidence-based  practice,  regulatory  compliance, 

didates  and  candidates  for  long-term  mechanical 

circulatory 

support. 

J 

Heart 

Lung 

Transplant. 

safe  care  through  education,  financial  prudence, 

2018;37(7):803–23. 

and  healthy  team  dynamics.  Patient  outcomes 

Di  Nora  C,  Guidetti  F,  Livi  U,  et  al.  Role  of  cardiac 

depend  on  vigilant  attention  to  the  program  and 

rehabilitation  after  VAD  implant.  Heart  Fail  Clin. 

the  team  by  the  MCS  leaders. 

2021;17:273–8. 

Edwards  L,  Phillips  S,  Binetti  M,  et  al.  Defining  the  opti-

mal  VAD  coordinator  to  patient  ratio.  J  Card  Fail. 

2017;23(8):S130. 
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Support  (IMACS)  and  the  Interagency  Registry 

DT

Destination  therapy 

for  Mechanically  Assisted  Circulatory  Support 

EQ-5D-3L 

EuroQol-5  Dimension 

(Intermacs)  database  have  been  developed  with 

Questionnaire 

great success. Both registries were established to 

FDA

United  States  Food  and  Drug 

advance  the  understanding  and  knowledge 

Administration 

about  mechanical  circulatory  support  to 

HRQoL

Health-related  quality  of  life 

improve  outcomes  and  the  quality  of  life  for 

IDE

Investigational  Device 

individuals  with  advanced  heart  failure.  By 

Exemption 

providing  “real-world”  data,  registries  pro-

Intermacs

Interagency  Registry  of 

vide  unique  information  complementary  to 

Mechanically  Assisted  Circula-

data  generated  from  clinical  trials  and  fill  an 

tory  Support 

important  clinical  need  to  enable  analyses 

ISHLT

International  Society  of  Heart 

from  large  sets  of  observational  data.  The 

and  Lung  Transplantation 

roles  of  registries  have  been  evolving  from 

KCCQ-12 

Kansas  City  Cardiomyopathy 

being  purely  descriptive  to  promoting  stan-

Questionnaire 

dardization  of  research  and  providing  a 

LVAD

Left  ventricular  assist  device 

benchmarking 

tool 

that 

allows 

quality 

MCS

Mechanical  circulatory  support 

improvement  initiatives.  Overall,  registries 

MCS-ARC 

Mechanical  Circulatory  Support 

contribute  to  writing  history  in  the  MCS 

Academic  Research  Consortium 

field  and  allow  clinicians,  scientists,  re-

MCSD

Mechanical  circulatory  support 

searchers,  and  stakeholders  to  appreciate  the 

devices 

20  years  of  technological  progress,  manage-

NHLBI

National Heart, Lung, and Blood 

ment,  and  outcomes.  Intermacs,  now  admin-

Institute 

istered  by  the  Society  of  Thoracic  Surgeons, 

O/E

Observed  to  expected  ratio 

has  become  the  cornerstone  for  MCS  longitu-

OPTN

Organ  Procurement  and  Trans-

dinal  study  in  the  United  States,  providing  the 

plant  Network 

field  with  real-world  evidence  and  standard-

PMA

Post-market  approval 

ized  adverse  event  definitions.  This  successful 

REMATCH  Randomized  Evaluation  of 

registry  endeavor  has  led  to  similar  durable 

Mechanical  Assistance  for  the 

mechanical  circulatory  support  device  regis-

Treatment  of  Congestive  Heart 

try  endea vors worldwide. 

Failure 

STS

Society  of  Thoracic  Surgeons 

Keywords 

UNOS

United  Network  for  Organ 

Sharing 

Heart  failure  ·  Left  ventricular  assist  device  · 

US

United  States 

Mechanical  circulatory  support  ·  Mechanical 

VAD

Ventricular  assist  device 

circulatory  support  devices  ·  Registries 

VAS

Visual  Analog  Scale 

Introduction:  The  History  of  Clinical 

Abbreviations 

Registries  for  Durable  Mechanical 

ASAIO

American  Society  of  Artificial 

Circulatory  Support  Devices 

Internal  Organs 

BTC

Bridge  to  candidacy 

The International Society of Heart and Lung Trans-

BTT

Bridge  to  transplant 

plantation  (ISHLT)  and  the  American  Society  for 

CMS

Centers  for  Medicare  and  Med-

Artificial  Internal  Organs  (ASAIO)  first  proposed 

icaid  Services 

an  international  registry  to  capture  clinical  data  on
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patients  receiving  durable  mechanical  circulatory 

on  the  recommendations  from  the  consensus  con-

support  devices  (MSCDs),  including  the  total  arti-

ference  (Deng  et  al. 2001,  2003; Deng  2003). 

ficial  heart  in  1985.  This  international  effort 

The compelling  need  for a US-based registry to 

resulted in the  publication of a  report on 83 patients 

capture  data  on  clinical  outcomes  for  patients 

receiving  durable  MCSDs  in  this  registry  in  1986 

receiving  durable  MCSDs  was  initially  fostered 

(Pae  and  Pierce  1986).  Following  publication  of 

by the Institute  of Medicine recommendations  and 

five reports, the last detailing the outcomes on more  subsequently  by  evidence  from  the  Randomized 

than  2000  patients  who  received  MCSDs,  inade-

Evaluation  of  Mechanical  Assistance  for  the 

quate  funding  led  to  the  termination  of  the  registry 

Treatment 

of 

Congestive 

Heart 

Failure 

project  in  1995  (Oaks  et  al. 1991). The  importance 

(REMATCH)  clinical  trial  that  demonstrated  the 

of  a  registry  to  capture  data  on  patients  receiving 

superiority  of  permanent,  durable  MCSD  therapy 

durable  MCSDs  was  further  recognized  in  1991 

(HeartMate  XVE;  Abbott  Labs,  Chicago,  IL)  over 

when  the  Institute  of  Medicine  published  recom-

optimal  medical  management  in  the  treatment  of 

mendations:  (1)  to  capture  detailed  longitudinal 

advanced  heart  failure  for  patients  not  eligible  for 

data  on  patients  receiving  long-term  mechanical 

heart  transplantation.  In  the  REMATCH  trial, 

circulatory  support  devices,  (2)  that  patients  be 

treatment  with  durable  MCSD  therapy  was  asso-

followed  through  a  registry  for  the  remainder  of 

ciated  with  a  reduction  of  48%  in  the  risk  of  death 

their  lives,  and  (3)  that  maintaining  a  registry  of 

from  any  cause  compared  with  patients  receiving 

recipients  should  be  considered  a  routine  aspect  of 

optimal  medical  therapy  alone  (relative  risk,  0.52; 

this  care  (Hogness  and  VanAntwerp  1991). Driven 

95%  confidence  interval,  0.34–0.78;  P  =  0.001). 

by  increasing  clinical  adoption  and  evolving 

The  rates  of  survival  at  1  year  were  52%  in  the 

MCSD  technology,  a  multidisciplinary  conference 

MCSD  group  and  25%  in  the  medical  therapy 

was  held  in  Bethesda,  MD,  in  June  2000,  jointly 

group,  and  the  rates  at  2  years  were  23%  and 

sponsored  by  the  American  College  of  Cardiology 

8%,  respectively.  However,  the  frequency  of  seri-

and  major  national  and  international  medical  and 

ous  adverse  events  in  the  MCSD  group  was  2.35 

surgical  societies.  The  conference  brought  together 

(95%  confidence  interval,  1.86–2.95)  times  that  in 

physicians,  scientists,  the  United  States  Food  and 

the  medical  therapy  group,  with  a  predominance 

Drug Administration (FDA)  and industry represen-

of  infection,  bleeding,  and  malfunction  of  the 

tatives  to  discuss  advancing  MCSD  therapy  and 

device.  Importantly,  the  quality  of  life  was  signif-

establish  consensus  on  design  principles  of  future 

icantly  improved  at  1  year  in  the  group  receiving 

clinical  trials  (Stevenson  et  al. 2001).  Abroad  con-

an  MCSD.  In  2002,  based  upon  the  findings  from 

sensus  was  reached  from  this  conference  that 

the  REMATCH  trial,  the  FDA  approved  durable 

recommended  development  of  a  mandatory  regis-

MCSD  therapy  for  permanent  use  establishing  the 

try  to  capture  all  implantable  MCSDs  to  facilitate 

new  indication  of  “destination  therapy”  (DT).  In 

the  (1)  identification  of  patient  populations  who 

2003,  following  regulatory  approval  by  the  FDA, 

would  potentially  benefit  from  MCSD  implanta-

the  Centers  for  Medicare  and  Medicaid  Services 

tion;  (2)  characterization  of  the  spectrum,  nature, 

(CMS)  established  a  reimbursement  policy  for  the 

and  rates  of  adverse  events  associated  with  MCSD 

use  of  durable  MCSDs  for  DT.  This  policy  deci-

implantation;  (3)  generation  of  multivariate  predic-

sion  was  monumental  in  that  it  established  the 

tive  models  of  outcomes;  and  (4)  assessment  of  the 

reality  of  lifelong  durable  MCSD  therapy 

mechanical  and  biological  reliability  of  current  and 

uncoupled  from  the  need  for  cardiac  transplanta-

future 

MCSDs. 

Subsequently, 

the 

ISHLT 

tion  in  the  United  States.  The  findings  from  the 

established  the  Scientific  Council  on  Mechanical 

REMATCH  trial  and  initial  successful  experience 

Circulatory Support, which was charged to develop 

from  the  international  ISHLT  MCSD  registry  sub-

an  international  MCSD  registry  (Deng et al. 2001, 

sequently  led  clinicians  to  pursue  the  develop-

2003;  Den  g 2003).  The  ISHLT  published  its  first 

ment  of  a  US-based  MSCD  registry.  A  Request 

international  MCSD  registry  report  in  2003  based 

for  Proposal  was  subsequently  developed  and
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released  on  January  5,  2004,  by  visionary  leaders 

patients  have  been  enrolled  in  the  registry  (STS 

at  the  National  Heart,  Lung,  and  Blood  Institute 

Intermacs  Database  2022)  In  the  last  10  years, 

(NHLBI)  to  develop  a  US  MSCD  registry.  This 

data  from  the  STS  Intermacs  Database  have  been 

Request  for  Proposal  by  the  NHLBI  has  subse-

used  in  more  than  120  scientific  publications,  pro-

quently  represented  one  of  the  most  impactful 

viding  clinicians  important  information  on  patient 

initiatives  in  the  field  of  durable  mechanical  cir-

selection,  prognosis,  health-related  quality  of  life, 

culatory  support  (MCS)  (Stewart  et  al. 2020).  In 

survival,  adverse  events,  and  management  of  adult 

2005,  as  a  result  of  the  NHBLI  Request  for  Pro-

patients  who  underwent  durable  MCSD  implanta-

posal,  the  Interagency  Registry  of  Mechanically 

tion  in  North  America.  The  STS  Intermacs  Data-

Assisted  Circulatory  Support  (Intermacs)  was 

base  has  become  the  cornerstone  for  MCSD 

established  as  a  joint  collaboration  between  the 

longitudinal  study  in  the  United  States,  providing 

NHLBI  and  the  University  of  Alabama  at  Bir-

the  field  with  real-world  evidence.  This  successful 

mingham,  which  served  as  the  data  coordinating 

registry  endeavor  has  led  to  similar  MCSD  registry 

center,  along  with  federal  partners  including  the 

endeavors  in  Europe  and  Japan  and  has  fostered 

FDA  and  CMS,  and  industry,  scientists,  and  cli-

development  of  a  pediatric  arm  to  the  STS 

nicians.  Prospective  patient  enrollment  and  data 

Intermacs  Database,  PediMACS  (data  collection 

collection  in  Intermacs  began  in  June  2006  with 

commencing  on  September  19,  2012)  (Blume 

publication  of  the  first  registry  report  in  2008 

et  al. 2016;  de  By  et  al  . 2015;  Nakatani  et a l  . 

(Kirklin  et  al. 2008).  In  2007,  the  clinical  impact 

2017;  Stewart  et  al. 2020). 

of  the  registry  was  further  strengthened  when 

CMS  modified  its  policy  for  National  Coverage 

Determination  for  Ventricular  Assist  Device 

The  History  of  the  STS  Intermacs 

(VAD)  therapy  and  required  those  facilities 

Database  and  Its  Goals 

implanting  VADs  for  DT  or  permanent  use  to  be 

and  Contributions  to  the  Field 

a  participating  member  of  Intermacs  (Centers  for 

of  Durable  Mechanical  Circulatory 

Medicare  and  Medicaid  Services  2007).  This  reg-

Support 

ulatory  mandate  by  CMS  served  to  establish 

Intermacs  as  the  single  largest  national  US  repos-

The  STS  Intermacs  Database  was  developed  to 

itory  of  clinical  data  on  patients  receiving  durable 

investigate,  facilitate,  and  improve  the  application 

MCSDs.  In  2013,  CMS  subsequently  removed  its 

of  durable  MCSDs  as  long-term  therapy  to 

mandate  specifically  naming  participation  in 

improve  the  duration  and  quality  of  life  for 

Intermacs,  but  continued  to  mandate  that  facilities 

patients  with  advanced  heart  failure  (Kirklin 

maintain  a  database  of  patients  and  their  outcomes 

et  al. 2008).  The  initial  goals  of  the  registry  were 

in  order  to  monitor  quality  and  benchmark  against 

to  (1)  refine  patient  selection  to  maximize  sur-

other  facilities  (Centers  for  Medicare  and  Medic-

vival;  (2)  identify  predictors  of  good  outcomes, 

aid  Services  2014).  By  default,  Intermacs  contin-

as  well  as  risk  factors  for  adverse  events; 

ued  to  represent  the  largest  and  only  important 

(3)  encourage  consensus  best  practice  guidelines 

clinical  repository  of  data  on  patients  receiving 

to  improve  clinical  management;  (4)  identify 

durable MCSDs. After 12 years being administered 

opportunities  for  improvements  in  technology; 

under  an  NHLBI  contract,  Intermacs  was  inte-

and  (5)  guide  clinical  testing  and  approval  of 

grated  into  the  Society  of  Thoracic  Surgeons 

new  devices.  STS  Intermacs  encompasses  several 

(STS)  National  Databases  as  the  STS  Intermacs 

functions  and  roles  for  both  research,  regulatory, 

Database  in  January  2018.  To  date,  the  STS 

and  quality  purposes  (Table  1). An  important 

Intermacs  Database  remains  the  largest  national 

function  of  the  STS  Intermacs  Database  has  been 

clinical  repository  available  for  studying  durable 

the  publication  of  an  annual  report  based  on  reg-

MCSD  outcomes.  As  of  August  1,  2022,  183  US 

istry  data  highlighting  important  changes  in  prac-

and  3  Canadian  implanting  centers  were  contribut-

tice  patterns  of  MCSD  use  and  clinical  outcomes 

ing data to the STS Intermacs Database, and 36,929 

of  durable  MCSD  therapy  (Kirklin  et  al. 2008, 
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Table  1  Functions  of  the  Society  of  Thoracic  Surgeons 

description  of  patient  characteristics  at  the  time  of 

(STS)  Intermacs  Database 

durable  MCSD  implantation  that  has  enabled  a 

Domain

Function 

more  granular  description  of  the  acuity  of  illness 

Research

Understand  the  impact  of  patient 

of  patients  receiving  MCSD  therapy  compared  to 

characteristics  on  durable  MCSD 

the  more  familiar  New  York  Heart  Association 

outcomes  to  refine  patient  selection 

functional  status  (Cascino  et  al. 2019; Stevenson 

Standardize  adverse  event  definitions  to 

improve  the  understanding  of  types, 

et  al. 2009)  (Table  2,  Fig. 1). The  Intermacs  Patient 

severity,  and  rates  of  adverse  events 

Profiles  characterized  acuity  of  illness  ranging 

following  durable  MCSD  implantation 

from  Patient  Profile  1  (“Critical  Cardiogenic 

Assess  device  reliability  and 

Shock”)  to  more  stable  patients  who  were  ambula-

performance  to  improve  future  device 

tory  without  resting  symptoms  or  need  for 

designs  and  development  of  novel 

MCSDs 

inotropes  (i.e.,  Intermacs  Patient  Profile  7) 

Regulatory 

Support  IDE  clinical  studies  to  obtain 

(Table  2).  Developing  these  seven  clinical  profiles 

FDA  approval of investigative  MCSDs in 

along with modifiers was an important milestone in 

the  United  States 

the MCS field and improved the characterization of 

Support  PMA  clinical  studies  to  assess 

patients with advanced heart failure receiving dura-

post-market  approval  MCSD 

ble  MCSDs  who  remained  symptomatic  despite 

performance 

Monitor  MCSD  performance  post-FDA 

guideline-directed  medical  therapy  (Stevenson 

approval 

et  al. 2009).  While  heterogeneity  exists  among 

Quality

Improve  the  management  of  patients 

healthcare  providers  in  assigning  Intermacs  Patient 

supported  with  durable  MCSDs  and  to 

Profiles,  this  paradigm  continues  to  demonstrate 

develop  the  best  practices  and  processes 

important  prognostic  information  with  respect  to 

of  care 

survival and the Intermacs Patient Profiles continue 

Benchmark  institutional  outcomes  to 

promote  quality  improvement  initiatives 

to  be  included  in  nearly  all  publications  describing 

Develop  new  quality  metrics  for  durable 

outcomes  of  durable  MCSD  therapy  (Cowger  et  al. 

MCSD  therapy 

2016).  Ongoing  studies  from  the  STS  Intermacs 

FDA,  United  States  Food  and  Drug  Administration;  IDE, 

Database  continue  to  describe  the  distribution  of 

Investigational  Device  Exemption;  MCSD,  mechanical 

Intermacs  Patient  Profiles  for  patients  receiving 

circulatory  support  device;  PMA,  post-market  approval 

durable  MSCDs  and  have  documented  that  the 

majority  of  patients  receiving  durable  MCSDs  in 

2010, 2011,  2012,  2013,  2014b, 2015a,  2017; 

the United States are inotrope dependent at the time 

Kormos  et  al. 2019; Molina  et  al. 2021;  Sha  

h

of  device  implantation  (i.e.,  Intermacs  Patient  Pro-

et  al. 2022;  Teuteberg  et  al. 2020). 

files  1–3).  Most  recently,  approximately  88%  of 

patients  receiving  durable  MCSDs  are  character-

ized  as  Patient  Profiles  1–3  (Fig. 2). Only  11%  of 

STS  Intermacs  Database:  Changes 

patients  are  characterized  as  Patient  Profile 

in  Practice  Patterns  of  Mechanical 

4  (non-inotrope  dependent  but  with  symptoms  at 

Circulatory  Support  Device  Use 

rest  or  with  any  activity),  and  less  than  2%  of 

and  Clinical  Outcomes  of  Durable 

patients  are  characterized  as  Patient  Profile  5–7  at  

Mechanical  Circulatory  Support  Device 

the  time  of  MCSD  implantation  (Shah  et  al. 2022). 

Therapy 

Importantly,  implantation  of  a  durable  MCSD  in 

patients characterized by Patient Profile 1 (“Critical 

One  of  the  major  contributions  to  the  MCS  field 

Cardiogenic  Shock”)  is  associated  with  worse 

from  the  STS  Intermacs  Database  was  the  devel-

short- and  long-term  survival  (Fig. 3). Despite 

opment 

of 

the 

Intermacs 

Patient 

Profiles 

these  findings,  very  little  adoption  of  durable 

(Stevenson  et  al. 2009).  The  Intermacs  Patient  Pro-

MCSD  therapy  has  occurred  in  the  non-inotrope 

files  have  provided  an  easily  applied,  subjective  population  of  patients  with  advanced  heart  failure
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Table 2 Intermacs Patient Profile descriptions

Table 2 (continued)

Time frame for

Time frame for

Intermacs Patient Profile

intervention

Intermacs  Patient  Profile

intervention 

Profile 1: Critical cardiogenic shock

Profile  5:  Exertion  intoler ant 

Patients with life-

Definitive intervention

Comfortable  at  rest  and 

Variable  urgency,  depends 

threatening hypotension

needed within hours

with  ADL  but  unable  to 

upon  maintenance  of 

despite rapidly escalating

engage  in  any  other 

nutrition,  organ  function, 

inotropic support, critical

activity,  living 

and activity

organ hypoperfusion, often

predominantly  within  the 

confirmed by worsening

house.  Patients  are 

acidosis and/or lactate

comfortable  at  rest  without 

levels. “Crash and burn.” 

congestive  symptoms,  but 

Profile  2:  Progressive  decline 

may  have  underlying 

Patient  with  declining 

Definitive  intervention 

refractory  elevated 

function  despite 

needed  within  few  days 

volume  status,  often  with 

intravenous  inotropic 

renal  dysfunction.  If 

support,  may  be  manifest 

underlying  nutritional 

by  worsening  renal 

status  and  organ  function 

function,  nutritional 

are  marginal,  patient  may 

depletion,  inability  to 

be  more  at  risk  than 

restore  volume  balance 

Intermacs  4,  and  require 

“sliding  on  inotropes.” 

definitive  intervention. 

also  describes  declining 

Profile  6:  Exertion  limited 

status  in  patients  unable  to 

Patient  without  evidence of 

Variable,  depends  upon 

tolerate  inotropic  therapy. 

fluid  overload  is 

maintenance  of  nutrition, 

Profile  3:  Stable  but  inotrope  dependent 

comfortable  at  rest,  and 

organ  function,  and 

Patient  with  stable  blood 

Definitive  intervention 

with  activities  of  daily 

activity level

pressure,  organ  function, 

elective  over  a  period  of 

living  and  minor  activities 

nutrition,  and  symptoms 

weeks  to  few  months 

outside  the  home  but 

on  continuous  intravenous 

fatigues  after  the  first  few 

inotropic  support  (or  a 

minutes  of  any  meaningful 

temporary  circulatory 

activity.  Attribution  to 

support device or both), but 

cardiac  limitation  requires 

demonstrating  repeated 

careful  measurement  of 

failure  to  wean  from 

peak  oxygen  consumption, 

support  due  to  recurrent 

in  some  cases  with 

symptomatic  hypotension 

hemodynamic  monitoring 

or  renal  dysfunction 

to  confirm  severity  of 

“dependent  stability.” 

cardiac  impairment. 

“Walking  wounded.” 

Profile  4:  Resting  symptoms 

Profile  7:  Advanced  NYH A III 

Patient  can  be  stabilized 

Definitive  intervention 

close  to  normal  volume 

elective  over  period  of 

A  placeholder  for  more 

Transplantation  or 

status but experiences daily 

weeks  to  few  months 

precise  specification  in 

circulatory  support  may 

symptoms  of  congestion  at 

future,  this  level  includes 

not currently be indicated

rest  or  during  ADL.  Doses 

patients  who  are  without 

of  diuretics  generally 

current  or  recent  episodes 

fluctuate  at  very  high 

of  unstable  fluid  balance, 

levels.  More  intensive 

living  comfortably  with 

management  and 

meaningful  activity  limited 

surveillance  strategies 

to  mild  physical  exertion. 

Possible Pro

should  be  considered, 

files to

Modifiers  for  Profiles 

Modify

which  may  in  some  cases 

reveal  poor  compliance 

TCS  –  Temporary 

1,2,3 in hospital. 

that  would  compromise 

Circulatory  Support  can 

outcomes with any therapy. 

modify  only  patients  in 

Some  patients  may  shuttle 

hospital  (other  devices 

between  4  and  5. 

would  be  Intermacs 

(continued)

devices)

(continued)
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Table 2 (continued)

Database  demonstrated  that  these  regulatory  and 

Possible Profiles to

reimbursement  pathways  for  BTT  or  DT  did  not 

Modifiers for Profiles

Modify

align  with  real-world  practice  and  strategies  of  use 

A  –  Arrhythmia  –  can 

Any profile. 

of  durable  MCSDs.  The  initial  intent  or  strategy  of 

modify  any  profile. 

MCSD  use  changed  in  many  patients  following 

Recurrent  ventricular 

MSCD  implant  and  that  a  significant  number, 

tachyarrhythmias  that 

have  recently  contributed 

approximately  40%  of  patients,  received  durable 

substantially  to  clinical 

MSCD  therapy  without  clear  established  transplant 

compromise.  This 

eligibility  (i.e.,  BTC  intent)  (Teuteberg  et  al. 2013). 

includes  frequent  ICD 

These  real-world  challenges,  documented  through 

shock  or  requirement  for 

external  defibrillator, 

investigations  from  the  STS  Intermacs  Database, 

usually  more  than  twice 

led  industry  and  clinicians  to  develop  a  clinical 

weekly. 

trial  design  to  better  evaluate  real-world  uses  of 

FF  –  Frequent  Flyer  –  can 

3  if  at  home,  4,5,6.  A 

durable  MCSDs  (Acker  et  al. 2013;  Heatley  et  al. 

modify  only  outpatients, 

frequent  flyer  would  rarely 

designating  a  patient 

be  profile  7. 

2016). This effort led the FDA to accept recognition 

requiring  frequent 

of  new  indications  for  durable  MCSDs  termed 

emergency  visits  or 

“short  term”  and  “long  term”  support  that  did  not 

hospitalizations  for 

incorporate  transplant  listing  status  as  a  regulatory 

diuretics,  ultrafiltration,  or 

temporary  intravenous 

requirement  for  receiving  durable  MCSD  therapy 

vasoactive  therapy. 

(Goldstein  et  al. 2020). These  new  durable  MCSD 

indications,  uncoupled  from  heart  transplant  eligi-

bility,  have  subsequently  been  incorporated  into 

(i.e.,  Intermacs  Patient  Profiles  4–7)  despite 

CMS  reimbursement  policy  (Centers  for  Medicare 

improving  outcomes  with  the  latest  durable 

and Medicaid Services 2021). Despite the change in 

MCSD  technology  (i.e.,  HeartMate  3,  Abbott 

regulatory  pathways,  the  STS  Intermacs  Database 

Labs,  Chicago,  IL)  (Mehra  et  al. 2019,  2021). 

continues to track real-world intent (i.e., BTT, BTC, 

Thus, adoption of durable MCSD therapy in ambu-

or  DT)  and  the  changing  trends  in  the  intent  for  use 

latory  non-inotrope  dependent  populations  with 

of  durable  MCSD  therapy  at  the  time  of  MSCD  

advanced  heart  failure  has  been  very  limited  to 

implant. Previously, studies from the STS Intermacs 

date  and  suggests  that  the  majority  of  healthcare 

Database  have  reported  that  nearly  one-third  of 

providers  in  the  MCS  community  do  not  support 

patients  receiving  durable  MCSD  therapy  were 

indications  for  use  of  durable  MCSDs  for  ambula-

either  listed  or  likely  eligible  for  heart  transplanta-

tory, 

non-inotrope 

dependent 

patients 

with 

tion  at  the  time  of  durable  left  ventricular  assist 

advanced  heart  failure. 

device  (LVAD)  implantation  (BTT  listed  and  BTT 

The  STS  Intermacs  Database  captures  impor-

likely)  while  a  significant  number  of  patients  addi-

tant  data  on  the  intent  of  MCSD  use  or  “strategy” 

tionally  received  durable  MCS  therapy  as  BTC 

at  the  time  of  MCSD  implantation  that  includes 

(transplant  status  uncertain,  approximately  25%) 

the  categories  of  bridge  to  transplant  (BTT), 

(Kormos  et  al. 2019;  Shah  et  al. 2022). Only 

bridge  to  candidacy  (BTC),  and  DT  (permanent 

40–50%  of  patients  previously  received  durable 

use)  determinations.  Formally,  the  strategies  of 

MCSD  for  permanent  use  or  DT  intent  (Fig. 4). 

BTT  and  DT  aligned  with  designated  regulatory 

However,  in  October  2018,  the  Organ  Procurement 

approval  pathways  by  FDA  and  reimbursement 

and  Transplant  Network  (OPTN)  and  United  Net-

policy  from  CMS,  while  BTC  was  a  termed  devel-

work for  Organ Sharing  (UNOS)  instituted  changes 

oped  by  clinicians  recognizing  the  practicality  that 

in  the  heart  donor  allocation  policy  that  assigned 

patient  status  with  respect  to  heart  transplant  eligi-

less  urgency  to  patients  waitlisted  for  heart  trans-

bility  remained  fluid  at  the  time  of  MCSD  implant 

plantation  and  supported  with  durable  MCSDs  and 

and was subject  to  possible  change  (Teuteberg  et  al. 

proscribed  greater  waitlist  urgency  for  heart  trans-

2013).  Previous  studies  from  the  STS  Intermacs 

plant  candidates  supported  with  temporary  MCSDs

[image: Image 72]

[image: Image 73]
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Fig.  1  Diagram  comparing  the  Intermacs  Patient  Profiles 

New  York  Heart  Association  functional  class  III  or  IV 

to  the  New  York  Heart  Association  Functional  Class  and 

symptoms  and  AHA/ACC  stage  C  and  D  heart  failure. 

American  Heart  Association  (AHA)/American  College  of 

(Reprinted  by  permission  from  Springer  Nature:  Current 

Cardiology  (ACC)  Heart  Failure  Stages.  The  Intermacs 

Heart  Failure  Reports  (Cascino  et  al. 2019), [Copyright] 

Patient  Profiles  provide  a  more  granular  description  of 

(2019)) 

patient  acuity  of  illness  for  patients  presenting  with 

Fig.  2  Distribution  of  STS  Intermacs  Patient  Profiles  at 

Breathett,  Omar  Wever-Pinzon,  Van-Khue  Ton,  William 

the  time  of  primary,  continuous-flow  left  ventricular  assist 

Hiesinger,  Devin  Koehl,  James  K.  Kirklin,  Ryan  S.  Cantor, 

device  implant  (N  =  25,880;  January  1,  2011,  through 

Jeffrey  P.  Jacobs,  Robert  H.  Habib,  Francis  D.  Pagani, 

December  31,  2020)*.  *Profiles  5–7  comprise  less  than 

Daniel  J.  Goldstein,  Twelfth  Interagency  Registry  for 

2%  of  MCSD  implants  and  are  not  depicted  in  the  figure. 

Mechanically 

Assisted 

Circulatory 

Support 

Report: 

STS,  The  Society  of  Thoracic  Surgeons.  (Reprinted  from 

Readmissions  after  left  ventricular  assist  device,  Pages 

The  Annals  of  Thoracic  Surgery,  Vol.  113,  Palak  Shah, 

722–737,  Copyright  (2022),  with  permission  from 

Melana  Yuzefpolskaya,  Gavin  W.  Hickey,  Khadijah 

Elsevier) 

(i.e.,  MCSDs  not  permitting  patient  discharge  from 

85%)  now receiving  a  durable  MCSD  for DT intent 

the  hospital)  (Shore  et  al. 2020).  As  a  consequence 

(Shah  et  al. 2022). 

of  this change in heart  donor allocation policy, there 

The  evolution  of  device  technology  and  types 

has  been  a  very  significant  change  in  practice  pat-

of  devices  used  for  durable  MCS  has  been  an 

terns  in  how  physicians  care  for  patients  waitlisted 

important  investigation  in  the  field  of  MCS.  At 

for  heart  transplantation  with  more  patients  receiv-

the  beginning  of  the  STS  Intermacs  Database,  the 

ing  temporary  MCSDs  as  a  direct  bridge  to  heart 

only  available  FDA-approved  devices  in  use  in 

transplantation.  Studies  from  STS  Intermacs  have 

the  United  States  were  large,  pulsatile  devices 

shown  a  significant  decrease  in  the  use  of  durable 

(Goldstein  et  al. 1998;  Kirklin  et  al. 2008). In 

MCSDs  for  BTT  or  BTC  intent,  with  the  over-

2008,  continuous-flow  rotary  pumps  with  axial 

whelming  majority  of  patients  (approximately 

design  (HeartMate  II;  Abbott  Labs,  Chicago,  IL)

[image: Image 74]

[image: Image 75]
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Fig.  3  Survival  while  on  MSCD  support  stratified  by  STS 

Omar  Wever-Pinzon,  Van-Khue  Ton,  William  Hiesinger, 

Intermacs  Patient  Profile  following  primary,  continuous-

Devin  Koehl,  James  K.  Kirklin,  Ryan  S.  Cantor,  Jeffrey 

flow  left  ventricular  assist  device  implant  (N  =  25,880; 

P.  Jacobs,  Robert  H.  Habib,  Francis  D.  Pagani,  Daniel 

January  1,  2011,  through  December  31,  2020)*.  MCSD, 

J.  Goldstein,  Twelfth  Interagency  Registry  for  Mechani-

mechanical  circulatory  support  device;  STS,  the  Society 

cally  Assisted  Circulatory  Support  Report:  Readmissions 

of  Thoracic  Surgeons.  (Reprinted  from  The  Annals  of 

after  left  ventricular  assist  device,  Pages  722–737,  Copy-

Thoracic 

Surgery, 

Vol. 

113, 

Palak 

Shah, 

Melana 

right  (2022),  with  permission  from  Elsevier) 

Yuzefpolskaya,  Gavin  W.  Hickey,  Khadijah  Breathett, 

Fig.  4  Proportion  of  MSCD  implants  in  STS  Intermacs 

Wever-Pinzon,  Van-Khue  Ton,  William  Hiesinger,  Devin 

stratified  by  indication  or  strategy  for  device  implant 

Koehl,  James  K.  Kirklin,  Ryan  S.  Cantor,  Jeffrey 

(N  =  26,439;  January  1,  2011,  through  December 

P.  Jacobs,  Robert  H.  Habib,  Francis  D.  Pagani,  Daniel 

31,  2020).  MCSD,  mechanical  circulatory  support  device; 

J. Goldstein, Twelfth Interagency  Registry for Mechanically 

STS, the Society of Thoracic Surgeons. (Reprinted from The 

Assisted  Circulatory  Support  Report:  Readmissions  after 

Annals  of  Thoracic  Surgery,  Vol.  113,  Palak  Shah,  Melana 

left  ventricular  assist  device,  Pages  722–737,  Copyright 

Yuzefpolskaya, Gavin W. Hickey, Khadijah Breathett, Omar 

(2022),  with  permission  from  Elsevier)

received  FDA  approval  in  the  United  States  and 

significant  improvements  in  device  reliability  and 

were  brought  into  general  clinical  use.  This  revo-

patient  outcomes  compared  to  the  pulsatile 

lutionary  device  design  at  the  time  demonstrated 

MCSDs  (Pagani  et  al. 2009).  As  a  consequence, 

[image: Image 76]
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Fig.  5  MCSD  implants  in  STS  Intermacs  stratified 

MCSD,  mechanical  circulatory  support  device;  STS,  the 

by  device  design:  pulsatile  intracorporeal  pump  versus 

Society  of  Thoracic  Surgeons.  (Reprinted  from  The  Jour-

pulsatile  paracorporeal  pump  versus  continuous-flow 

nal  of  Heart  and  Lung  Transplantation,  Vol.  30,  James 

intracorporeal  pump  (N  =  2325;  June  1,  2006  through 

K.  Kirklin,  David  C.  Naftel,  Robert  L.  Kormos,  Lynne 

June  30,  2010).  Following  approval  of  continuous-flow 

W.  Stevenson,  Francis  D.  Pagani,  Marissa  A.  Miller, 

rotary  pumps  with  axial  design  by  the  FDA  in  2008,  the 

Karen  L.  Ulisney,  J.  Timothy  Baldwin,  James  B.  Young, 

use  of  larger  pulsatile  pumps  were  abandoned  in  favor  of 

Third  INTERMACS  Annual  Report:  The  evolution  of 

continuous-flow  rotary  pumps  and  there  was  a  substantial 

destination  therapy  in  the  United  States,  Pages  115–123, 

increase  in  numbers  of  patients  receiving  durable  MCSDs. 

Copyright  (2011),  with  permission  from  Elsevier) 

FDA,  United  States  Food  and  Drug  Administration; 

there  was  (1)  a  significant  increase  in  the  number 

including  an  intrapericardial  design  that  mini-

of  patients  receiving  continuous-flow  rotary 

mized  surgical  dissection  and  improved  ease  of 

pumps  compared  to  pulsatile  pumps  and  (2)  an 

surgical  implant,  reduced  size  permitting  use  for 

increase  in  overall  adoption  of  durable  MCSD 

pediatric  applications  (Adachi  et  al. 2015), ease  of 

therapy  with  a  substantive  increase  in  the  total 

application  for  novel  support  configurations 

number  of  patients  receiving  durable  MCSDs 

including  use  as  a  durable  RVAD  for  biventricular 

(Fig. 5)  (Kirklin  et  al. 2011).  With  the  approval 

assist  (Arabía  et  al. 2018),  and  potential  to  implant 

of  a  continuous-flow  rotary  pump  with  centrifugal 

using  a  minimally  invasive  approach with  an  ante-

flow  design  and  hybrid  levitation  of  the  internal  rior  lateral  thoracotomy  incision  or  without  car-

impellor  (HeartWare  HVAD,  Medtronic,  Minne-

diopulmonary  bypass  (McGee  Jr  et  al. 2019). 

apolis,  MN)  in  2012  for  BTT indication,  there  was 

In  August  2017,  the  most  recent  technology  of 

an  important  shift  in  use  to  this  newer  technology 

durable  MCSDs  was  approved  for  use  in  the 

with  nearly  50%  of  patients  receiving  continuous 

United  States  (HeartMate  3,  Abbott  Labs,  Chi-

flow  pumps  with  centrifugal  design  and  hybrid  cago,  IL).  The  HeartMate  3  is  a  durable, 

levitation  of  the  internal  impellor  by  2018 

continuous-flow  rotary  pump  with  centrifugal 

(Kormos  et  al. 2019).  Several  key  design  attri-

design  with  total  magnetic  levitation  of  the  inter-

butes  advanced  the  application  of  the  centrifugal 

nal  impellor  (Mehra  et  al. 2019, 2021).  In  a  pro-

technology  for  both  adult  and  pediatric  patients, 

spective,  multicenter,  randomized  clinical  trial, 

[image: Image 77]
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Fig.  6  MCSD  implants  in  STS  Intermacs  stratified  by 

support  device;  STS,  the  Society  of  Thoracic  Surgeons. 

device  design:  continuous-flow  LVAD  with  axial  design 

(Reprinted  from  The  Annals  of  Thoracic  Surgery,  Vol. 

versus continuous-flow LVAD  with  centrifugal  design  with 

113, 

Palak 

Shah, 

Melana 

Yuzefpolskaya, 

Gavin 

hybrid  levitation  of  the  internal  rotor  versus  continuous-

W.  Hickey,  Khadijah  Breathett,  Omar  Wever-Pinzon, 

flow  LVAD  with  centrifugal  design  with  total  magnetic 

Van-Khue  Ton,  William  Hiesinger,  Devin  Koehl,  James 

levitation  of  the  internal  rotor  (N  =  26,688;  January 

K.  Kirklin,  Ryan  S.  Cantor,  Jeffrey  P.  Jacobs,  Robert 

1,  2011,  through  December  31,  2020).  With  the  approval 

H.  Habib,  Francis  D.  Pagani,  Daniel  J.  Goldstein,  Twelfth 

of  continuous-flow  pumps  with  centrifugal  design  and 

Interagency  Registry  for  Mechanically  Assisted  Circula-

hybrid  levitation  of  the  internal  impellor  in  2012,  there 

tory  Support  Report:  Readmissions  after  left  ventricular 

was  a  gradual  shift  in  use  of  this  technology  in  place  of 

assist  device,  Pages  722–737,  Copyright  (2022),  with  per-

continuous  flow  pumps  with  axial  design.  LVAD,  left 

mission  from  Elsevier) 

ventricular  assist  device;  MCSD,  mechanical  circulatory 

the  HeartMate  3  was  identified  as  being  superior 

use  in  the  United  States  (Fig. 6)  (Yuzefpolskaya 

to  the  HeartMate  II  device  with  respect  to  a  com-

et  al. 2022).  In  2019,  STS  Intermacs  recorded  the 

posite  outcome  of  survival  on  the  originally 

greatest  number  of  annual  MCSD  implants  that 

implanted  device  and  free  from  disabling  stroke 

were  followed  by  two  successive  years  of 

(Mehra  et  al. 2019,  2021). Over  the  next  2  years 

decreases  in  the  number  of  annual  durable  MCSD 

following  approval  of  the  HeartMate  3  device, 

implants  in  2021  and  2022  (Yuzefpolskaya  et  al. 

implantation  of  continuous-flow  pumps  with 

2022).  This  decrease  in  the  number  of  durable 

axial  design  (i.e.,  HeartMate  II)  and  continuous-

MCSD  implants  was  likely  due  to  the  impact  of 

flow  pumps  with  centrifugal  design  with  hybrid  the  COVID-19  pandemic  and  recent  change  in 

levitation  of  the  internal  impellor  (i.e.,  HeartWare 

UNOS  policy  reducing  heart  transplant  waitlist 

HVAD)  were  largely  abandoned  in  favor  of 

priority  for  patients  supported  with  durable 

continuous-flow  pumps  with  centrifugal  design 

MCSDs. 

and  total  magnetic  levitation  of  the  internal  impel-

There  have  been  substantial  improvements  in 

lor.  In  June  2021,  the  HeartWare  HVAD  was 

survival  outcomes  while  on  support  with  durable 

removed  from  commercial  market  distribution 

MCSD  therapy,  mostly  attributed  to  advancements 

by  Medtronic,  Inc.  due  to  an  occurrence  of  an 

in  MCSD  technology.  Survival  at  1  year  was 

unsolvable  device  malfunction  leaving  only  the 

approximately  50%  for  early  implantable  pulsatile 

continuous-flow  pump  with  centrifugal  design 

MCSDs,  which  has  significantly  increased  to 

and  total  magnetic  levitation  of  the  internal  impel-

nearly  82%  for  continuous-flow  pumps  with  axial 

lor  as  the  only  FDA-approved  durable  MCSD  for 

design  (Kirklin  et  al. 2008; Teuteberg  et  al. 2020)

[image: Image 78]
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Fig.  7  Percent  survival  on  durable  mechanical  circulatory 

2015  for  Annual  Report  #7;  Kirklin  et  al. 2017  for  Annual 

support  reported  by  year  of  publication  of  the  Intermacs 

Report  #8;  Kormos  et  al. 2019  for  Annual  Report  #9; 

annual report. See Kirklin et al. 2008 for Annual Report  #1, 

Teuteberg  et  al. 2020  for  Annual  Report  #10;  Molina 

Kirklin et al. 2010 for Annual Report #2; Kirklin et al. 2011 

et  al. 2021  for  Annual  Report  #11;  Shah  et  al. 2022  for 

for  Annual  Report  #3;  Kirklin  et  al. 2012  for  Annual 

Annual  Report  #12;  and  Yuzefpolskaya  et  al. 2022  for 

Report  #4;  Kirklin  et  al. 2013  for  Annual  Report  #5; 

Annual  Report  #13 

Kirklin  et  al. 2014b  for  Annual  Report  #6;  Kirklin  et  al. 

(Fig. 7).  Gains  in  survival  were  more  substantial 

been  found  to  increase  the  early hazard  (i.e.,  initial 

when  continuous-flow  rotary  pumps  replaced  early 

6  months  of  MCSD  support)  of  mortality  follow-

pulsatile MCDS designs. Improvements in survival 

ing  device  implantation  have  included  age,  female 

with  introduction  of  continuous-flow  pumps  with 

sex,  higher  body  mass  index,  presence  of  an 

centrifugal  flow  have  continued  but  have  been 

implantable 

cardio-defibrillator 

at 

implant, 

more  modest  as  documented  by  the  STS  Intermacs 

Intermacs  Patient  Profile  1,  use  of  a  temporary 

annual  reports  (Fig. 7).  With  the  introduction  of 

MCSD  at  the  time  of  durable  MCSD  implant, 

continuous-flow  pumps  with  centrifugal  design 

significant  renal  or  hepatic  dysfunction  including 

and  total  magnetic  levitation  of  the  internal  rotor, 

the  need  for  dialysis,  presence  of  malnutrition 

1-year  survival  has  improved  to  approximately 

with  low  serum  albumin  levels,  evidence  of 

87%  with  more  recent  evidence  of  continuing 

right-heart  failure  manifest  by  elevated  central 

improvements  in  survival  (Fig. 8)  (Shah  et  al. 

venous  pressure,  history  of  previous  cardiac  sur-

2022; Teuteberg  et  al. 2020). 

gery,  and  history  of  coronary  artery  bypass 

In  addition  to  improvements  in  MCSD  tech-

grafting  (Kirklin  et  al. 2017; Kormos  et  al. 2019; 

nology,  the  impact  of  patient  comorbidities  on 

Molina  et  al. 2021;  Teuteberg  et  al. 2020;  Shah 

survival  outcomes  has  significantly refined  patient 

et  al. 2022). Risk  factors  for  late  hazard  of  mor-

selection  and  improved  management  paradigms 

tality  include  blood  type  not  O,  white  race, 

for  patients  receiving  durable  MCSD  therapy. 

implantable  cardio-defibrillator  at  implant,  inter-

The  large  numbers  of  patients  enrolled  in  STS 

vention  with  an  intra-aortic  balloon  pump  within 

Intermacs  have  permitted  clinicians  to  reliably 

48  hours  of  LVAD  implant,  DT indication,  periph-

identify  the  prognostic  factors  associated  with 

eral  vascular  disease,  chronic  obstructive  pulmo-

poor  outcomes  and  subsequently  improve  patient 

nary  disease,  renal  dysfunction,  and  poor  scores 

selection.  Important  comorbidities  identified  from 

with  quality-of-life  assessments  (Kirklin  et  al. 

analyses  of  the  STS  Intermacs  Database  that  have 

2017; Kormos  et  al. 2019;  Molina  et  al. 2021; 

[image: Image 79]
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Fig.  8  Survival  by  MSCD  type  in  STS  Intermacs  after 

(Reprinted  from  The  Annals  of  Thoracic  Surgery,  Vol. 

primary,  continuous-flow  LVAD  implant  (January  1,  2014, 

109,  Jeffrey  J.  Teuteberg,  Joseph  C.  Cleveland,  Jennifer 

through  December  31,  2018)  compared  with  survival  after 

Cowger,  Robert  S.  Higgins,  Daniel  J.  Goldstein,  Mary 

heart  transplantation.  CF-HL,  centrifugal  flow  with  hybrid 

Keebler,  James  K.  Kirklin,  Susan  L.  Myers,  Christopher 

levitation;  CF-FML,  centrifugal  flow  with  full  magnetic 

T.  Salerno,  Josef  Stehlik,  Felix  Fernandez,  Vinay  Badhwar, 

levitation;  ISHLT, International Society for Heart and Lung 

Francis  D.  Pagani,  Pavan  Atluri,  The  Society  of  Thoracic 

Transplantation;  LVAD,  left  ventricular  assist  device; 

Surgeons  Intermacs  2019  Annual  Report:  The  Changing 

MCSD,  mechanical  circulatory  support  device;  STS, 

Landscape  of  Devices  and  Indications,  Pages  649–660, 

the  Society  of  Thoracic  Surgeons;  TXPL,  transplant. 

Copyright  (2020),  with  permission  from  Elsevier) 

Teuteberg  et  al. 2020;  Shah  et  al. 2022). Ongoing 

measure,  and  the  Kansas  City  Cardiomyopathy 

analyses  of  comorbidities  continue  to  evolve  with 

Questionnaire (KCCQ-12), a heart  failure-specific 

updated analyses from the STS Intermacs Database. 

HRQoL  measure,  that  is  assessed  at  baseline 

One  of  the  most  important  outcome  measures 

pre-MCSD  implant  and  at  3,  6,  and  12  months 

assessed  longitudinally  in  the  STS  Intermacs 

following  durable  MCSD  implant  and  every 

Database  is  the  assessment  of  health-related  qual-

6  months  thereafter.  Data  from  the  STS  Intermacs 

ity  of  life  (HRQoL)  (Grady  et  al. 2015; Maciver 

Database  has  consistently  demonstrated  that  dura-

et  al. 2011). The  STS  Intermacs  Database  incor-

ble  MCSD  therapy  improves  patient  HRQoL 

porates  assessment  of  HRQoL  using  two  assess-

(Kormos  et  al. 2019).  Following  MCSD  implan-

ment  tools,  including  the  EuroQol-5  Dimension 

tation,  patients  typically  improve  functional 

Questionnaire  (EQ-5D-3L),  a  generic  HRQoL 

capacity  with  less  physical  and  psychological
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symptoms  leading  to  improved  HRQoL  (Kugler 

as  pump  thrombosis,  pump  failure,  or  major  post-

et  al. 2011).  In  addition,  psychosocial  factors 

operative  bleeding  has  decreased  over  time  due  to 

have  been  shown  to  significantly  influence 

advancements  in  pump  technology,  patient  selec-

HRQoL  following  MCSD  implant.  Strong  social 

tion,  and  surgical  technique.  Unfortunately,  infec-

support  from  caregivers,  family,  and  friends  is 

tion, 

right 

ventricular 

failure, 

stroke, 

and 

associated  with  better  HRQoL,  while  more  severe 

gastrointestinal  bleeding  remain  a  relatively  fre-

depression  reduces  improvement  in  HRQoL  after 

quent  occurrence  in  the  LVAD  population  and 

durable  MCSD  implantation  (Grady  et  al. 2021). 

have  a  negative  impact  on  the  patients’  HRQoL 

Although  cognitive  function  typically  improves 

(Molina  et  al. 2021). 

after  durable  MCSD  therapy,  patients  with  con-

Historically,  adverse  event  definitions  for  dura-

tinued  cognitive  dysfunction  tend  to  have  worse 

ble  MCSD  clinical  trials  conducted  in  the  United 

quality  of  life  (Casida  et  al. 2017;  Faulkner  et  al. 

States  were  agreed  upon  between  FDA  and  device 

2020).  In  a  study  examining  factors  related  to 

manufacturers  for  a  specific  clinical  trial.  With  the 

HRQoL  2  years  following  MCSD  implantation, 

growth  of  durable  MCSD  use,  initiatives  to  stan-

Grady  et  al. 2021  observed  that  patients  eligible 

dardize  adverse  event  definitions  were  fostered  by 

for  heart  transplantation  on  durable  MCSD  sup-

the  MCSD  database  of  the  ISHLT,  first  published 

port  had  a  significantly  higher  mean  Visual  Ana-

in  2003  (Deng  et  al. 2003).  The  creation  of 

log  Scale  (VAS)  score  versus  patients  with 

adverse  event  definitions  for  the  STS  Intermacs 

uncertain  transplant  eligibility  and  patients  not 

database  has  greatly  facilitated  the  longitudinal 

eligible  for  heart  transplantation.  Two-year  mean 

studies  of  outcomes  following  durable  MCSD 

scores  did  not  differ  by  group  for  the  KCCQ-12. 

implantation.  With  standardized  adverse  event 

Factors  associated  with  a  worse  VAS  score  2  years 

definitions,  regulatory  agencies  have  more  fre-

postoperatively  included  not  working;  not  being 

quently  recommended  incorporation  of  these 

transplant  eligible;  and  postoperative  neurological 

standardized 

definitions  into  clinical  trials 

dysfunction;  greater  health-related  stress;  coping 

conducted  in  the  United  States  and  globally.  The 

poorly;  less  VAD  self-care  confidence;  and  less 

incorporation  of  standardized  adverse  event  defi-

satisfaction  with  VAD  surgery;  explaining  28%  of 

nitions  has  supported  global  harmonization  of 

variance.  Factors  associated  with  a  worse  KCCQ-

adverse  event  definitions  within  global  registries 

12  2  years  postoperatively  included  not  working; 

and  US  clinical  trials,  permitting  better  compari-

history  of  high  body  mass  index  and  diabetes 

son  of  outcomes  among  different  clinical  trials 

mellitus;  and  postoperative  renal  dysfunction; 

and  global  registries.  Recently,  the  Mechanical 

greater  health-related  stress;  coping  poorly;  less 

Circulatory  Support  Academic  Research  Consor-

VAD  self-care  confidence;  less  satisfaction  with 

tium  (MCS-ARC),  a  multidisciplinary  and  collab-

VAD  surgery,  and  regret  regarding  VAD  implan-

orative  group  of  stakeholders  in  the  MCS  field, 

tation;  accounting  for  36%  of  variance. 

proposed  a  comprehensive  update  of  the  defini-

tions  of  adverse  events  for  use  in  the  MCSD  field 

and  provided  recommendations  for  reporting  out-

Adverse  Event  Definitions  and  Scope 

comes  for  patients  receiving  durable  MCSDs 

of  Adverse  Events  Associated 

(Kormos  et  al. 2020).  These  modifications  of  pre-

with  Durable  Mechanical  Circulatory 

vious  STS  Intermacs  adverse  event  definitions 

Support  Therapy 

have  been  adopted  and  utilized  in  the  latest  data-

base  version  of  the  STS  Intermacs  Database. 

Despite  important  improvements  in  survival, 

The magnitude of the adverse event burden and 

functional  capacity,  and  HRQoL,  patients  receiv-

types  of  adverse  events  associated  with  durable 

ing  durable  MCSDs  continue  to  present  with  a 

MCSD  therapy  has  been  well  characterized 

high  rate  of  hospitalizations  (more  than  30%  at 

through  research  within  the  STS  Intermacs  Data-

90  days  and  more  than  70%  at  12  months)  and 

base.  Historically,  pulsatile  devices  were  associ-

experience  a  high  adverse  event  burden  (Molina 

ated  with  significant  limitations  in  mechanical 

et  al. 2021).  The  prevalence  of  serious  events  such 

durability 

and 

reliability 

that 

significantly
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impacted  long-term  survival  (Kirklin  et  al. 2008). 

with  significant  neurological  risk,  particularly 

The  magnitude  of  the  operation  required  for 

from  hemorrhagic  strokes  and  pump  thrombosis 

implantation  of  these  large  pulsatile  devices 

(Cho  et  al. 2021; Najjar  et  al. 2014; Pagani  et  al. 

placed  patients  at  significant  risk  for  infection 

2022). The  introduction  of  the  latest  device  tech-

complications,  both  device  and  non-device-

nology,  designed  with  centrifugal  flow  and  total 

related 

infections. 

The 

introduction 

of 

magnetic levitation of the internal rotor, has nearly 

continuous-flow  rotary  pumps  with  axial  design 

eliminated  the  risk  of  pump  thrombosis  and  has 

for  commercial  use  in  2008  brought  significant 

dramatically  reduced  the  risk  of  neurologically 

improvements  in  device  reliability  and  durability 

injury  from  stroke  (Mehra  et  al. 2021). However, 

(Miller  et  al. 2007;  Pagani  et  al. 2009). Despite 

the  risk  of  nonsurgical  bleeding,  although  lower, 

improvements  in  device  design,  neurological 

remains  an  important  adverse  event  impacting 

complications  from  stroke  and  pump  thrombosis 

survival and quality of life. Infection  has  remained 

were  important  complications  associated  with  this 

a  significant  problem  for  all  generation  of  devices 

technology  (Kirklin  et  al. 2014a,  2015b;  Najjar 

and  has  now  become  one  of  the  most  frequent 

et  al. 2014;  Starling  et  al. 2014).  In  2014,  Starling 

adverse  events  following  durable  MCSD  implan-

et  al. (2014)  observed  an  increase  in  incidence  of 

tation  (Patel  et  al. 2020;  Shah  et  al. 2022). 

pump  thrombosis  associated  with  a  continuous-

A  significant  limitation  of  durable  LVADs  is  the 

flow  LVAD  with  axial  design  (i.e.,  HeartMate  II;  lack  of  corresponding  right-heart  support,  which 

Abbott  Labs,  Chicago,  IL)  used  in  the  United 

results  in  one-third  of  patients  developing  clinical 

States. Later studies from the STS Intermacs  Data-

right-heart  failure  following  LVAD  implantation 

base  confirmed  the  higher  rate  of  pump  thrombo-

(Drakos  et  al . 2010). While  isolated  implantation 

sis  (Kirklin  et  al. 2014a,  2015b;  Jeffries  et  al. 

of  a  durable  LVAD  represents  the  most  common 

2015;  Smedira  et  al. 2015)  in  this  device  com-

device  configuration  implanted  in  patients  receiv-

pared  to  what  was  observed  in  clinical  trials  that 

ing  durable  MCS  (approximately  96%,  Shah  et  al. 

led  to  a  number  of  root-cause  analyses  by  the 

2022),  other  configurations  of  device  support  and 

manufacturer  and  release  of  an  alert  from  the 

devices  are  captured  in  the  STS  Intermacs  Data-

FDA  cautioning  use  of  the  MCSD  devices  for 

base.  Approximately  4%  of  patients  require  right-

approved  indications  in  appropriately  selected 

sided  ventricular  assist  device  (either  temporary  or 

patients  (Voelker  2015). This  experience  with 

durable)  implantation  at  the  time  of  durable  left-

the  then  current  generation  of  MCSDs  and  along 

sided  MCSD  implantation.  Despite  the  success  of 

with  confirming  data  from  the  STS  Intermacs 

application  of  biventricular  support  in  some 

Database  supported  the  decision  by  the  NHBLI 

patients,  better  outcomes  continue  to  be  achieved 

to  discontinue  further  clinical  trial  investigation  of 

with  isolated  LVADs,  producing  an  environment 

the  use  of  durable  MCSDs  for  patients  with  less 

where  durable  BiVAD  are  generally  only  under-

advanced  stages  of  heart  failure,  that  is,  patients 

taken  in  situations  where  patients  fail  to  wean  from 

with  ambulatory  non-inotrope-dependent  heart 

cardiopulmonary  support  with  LVAD  support  only 

failure  (Intermacs  Patient  Profiles  4–7)  (Pagani 

or  who  demonstrate  medically  refractory  right-

et  al. 2016). 

heart  failure  in  the  postoperative  course  (Cleveland 

Following  the  introduction  of  the  clinical  use 

Jr  et  al. 2011). 

of  rotary  pumps  with  axial  design,  newer  pump 

designs  incorporating  centrifugal  flow  with 

hybrid  levitation  of  the  internal  rotor  were  intro-

The  Role  of  the STS  Intermacs  Database 

duced  into  clinical  use  in  the  United  States  in 

in  the  US  Regulatory  Approval  Process 

2012.  This  pump  design,  permitting  smaller 

for  Durable  Mechanical  Circulatory 

pump  size,  was  quickly  adopted  and  contributed 

Support  Devices 

to  the  innovative  surgical  approaches  to  device 

implant  including  minimally  invasive  left  anterior 

The  STS  Intermacs  Database  has  provided  signif-

thoracotomy  approaches  (McGee  Jr.  et  al. 2019). 

icant  support  of  regulatory  activities  overseeing 

However,  this  device  design  was  still  associated 

clinical  testing  of  MCSDs  in  the  United  States  for
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the  MCS  community.  Industry  partners  and  the 

Database,  raised  challenges  with  directly  assessing 

FDA  have  utilized  the  STS  Intermacs  registry  to 

outcomes  with  the  investigational  device.  Despite 

support  (1)  preclinical  Investigational  Device 

these  challenges,  the  use  of  the  STS  Intermacs 

Exemption  (IDE)  clinical  trials,  (2)  post-market 

Database  was  unique  in  the  process  of  regulatory 

approval  (PMA)  clinical  studies,  and  (3)  post-

approval  for  durable  MCSDs. 

market  approval  surveillance  of  device  perfor-

The  STS  Intermacs  registry  has  additionally 

mance.  The  STS  Intermacs  Database  represents  a 

supported  a  number  of  post-approval  clinical 

real-world  data  source  of  durable  MCS  devices 

studies  to  support  PMA  applications.  Post-

that  can  address  knowledge  gaps  not  informed 

approval  studies  typically  include  investigation 

through  randomized  clinical 

trials. 

Patients 

of  a  defined  number  of  patients  receiving  newly 

implanted  with  non-FDA-approved  devices  are 

approved  MCSDs  in  the  commercial  setting  and 

not  captured  in  STS  Intermacs,  thus  the  registry 

are  typically  required  by  FDA  to  support  PMA 

monitors  durable  MCS  device  performance  fol-

applications. 

Following 

approval 

of 

the 

lowing  FDA  approval  for  commercial  use. 

HeartMate  II  device  for  BTT  indication  in  2008 

Numerous  studies  using  the  STS  Intermacs  Data-

and  DT approval  in  2010,  both  PMA  applications 

base  have  been  invaluable  in  identifying  device 

were  supported  with  prospective  post-approval 

malfunctions  and  providing  data  for  comparative 

clinical  studies  conducted  through  the  STS 

effectiveness  studies  of  devices  not  directly  com-

Intermacs  Database.  Starling  et  al.  (2011)  com-

pared  in  randomized  clinical  trials. 

pared  the  performance  of  the  HeartMate  II  pump 

The  ADVANCE  clinical  trial  was  a  multicen-

to  other  commercially  approved  pumps  entered 

ter,  prospective  study  of  the  HeartWare  HVAD  for 

into  the  STS  Intermacs  Database  for  BTT  indica-

BTT  indication  in  the  United  States  and  was  one 

tion  and  demonstrated  that  the  HeartMate  II  pump 

the  first  trials  to  utilize  the  STS  Intermacs  Data-

had  adverse  event  rates  similar  or  lower  to  other 

base  to  assist  with  the  conduct  of  an  IDE  clinical 

commercially  available  pumps  and  that  overall 

trial  involving  a  durable  MCSD  and  utilized  a 

survival  on  support  was  85%  at  1  year  for  the 

contemporaneous  control  cohort  derived  from 

HeartMate  II  and  70%  for  other  commercially 

FDA-approved  durable  LVADs  entered  into  the 

available  MCSDs  implanted  in  the  STS  Intermacs 

STS  Intermacs  registry  during  the  course  of  the 

Database.  Jorde  et al. (2014) performed a prospec-

IDE  clinical  trial  (Aaronson  et  al. 2012).  Utilizing 

tive  evaluation  of  the  first  247  patients  receiving  a 

the  trial  design  above,  the  ADVANCE  clinical 

HeartMate  II  pump  for  DT  indication  in  the  com-

trial  enrolled  a  total  of  140  patients  who  received 

mercial  setting  and  compared  outcomes  to  a  his-

the  investigational  pump  (i.e.,  the  HeartWare 

torical  control  group  from  the  pivotal  HeartMate 

HVAD),  and  499  patients  who  received  a  com-

II  IDE  trial  for  DT  indication  (Slaughter  et  al. 

mercially  available  pump  implanted  contempora-

2009). These  investigators  demonstrated  that 

neously  and  entered  into  the  STS  Intermacs 

adverse  events  in  the  patients  receiving  a 

Database.  Success  occurred  in  90.7%  of  patients 

HeartMate  II  pump  in  the  commercial  setting 

receiving  the  investigational  pump  and  in  90.1% 

were  similar  or  lower  to  patients  receiving  the 

of  patients  receiving  a  control  device  in  the  STS 

HeartMate  II  pump  in  the  clinical  trial  setting, 

Intermacs  Database,  establishing  the  noninferiority 

and  that  survival  at  2  years  was  62%  for  patients 

of  the  investigational  pump  (P  <  0.001;  15%  non-

receiving  the  HeartMate  II  in  the  commercial  set-

inferiority  margin).  These  data  from  the  STS 

ting  and  58%  for  patients  receiving  the  HeartMate 

Intermacs Database assisted in supporting approval 

II  in  the  clinical  trial  setting.  More  recently,  the 

of  the  HeartWare  HVAD  for  commercial  use  in  the 

STS  Intermacs  Database  was  used  to  support  a 

United  States  in  2012  for  BTT  indication.  How-

clinical  trial  for  the  HeartWare  HVAD  to  expand 

ever,  imbalance  in  some  of  the  patient  characteris-

label  indications  for  the  device  to  permit  implan-

tics  of  the  enrolling  patients,  with  a  trend  toward 

tation  with  a  minimally  invasive  left  anterior  tho-

more  ill  patients  entered  into  the  STS  Intermacs 

racotomy  approach  (McGee  Jr.  et  al. 2019). 
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Assessing  Device  Performance  Across 

2015).  These  studies  led  the  FDA  to  issue  an  alert 

Its  Lifetime:  Generation  of  Real-World 

to  clinicians  concerning  serious  adverse  events 

Data  and  Evidence 

associated  with  implantable  LVADs  including  the 

risk  of  increased  rate  of  pump  thrombosis  with  the 

To  date,  a  significant  amount  of  evidence  to  sup-

HeartMate  II  device  and  a  high  rate  of  stroke, 

port  durable  MCSD  selection  has  been  developed 

particularly 

hemorrhagic 

stroke, 

with 

the 

through  randomized  clinical  trials  (Mehra  et  al. 

HeartWare  HVAD,  and  a  risk  of  bleeding  compli-

2019;  Milano  et  al. 2018;  Rogers  et  al. 2017;  Rose 

cations  with  both  devices.  According  to  the  FDA, 

et  al. 2001; Slaughter  et  al. 2009). However,  pre-

“When  used  for  the  currently  approved  indications 

vious  randomized  clinical  trials  investigating 

in  appropriately  selected  patients,  [we  believe]  the 

durable  MCSD  outcomes  have  not  been  powered 

benefits  of  these  LVADs  continue  to  outweigh  the 

to  assess  mortality  benefit  alone,  nor  have  they 

risks.”  However,  healthcare  professionals  were 

reflected  real-world  populations  that  may  differ 

advised to take these risks into consideration before 

from  patients  participating  in  randomized  clinical 

recommending  an  LVAD  device  for  patient  use 

trials  (Brescia  et  al. 2021a, b; Rothwell  2005). 

(Voelker  2015). 

Thus,  a  real-world  experience  captured  in  clinical 

More  recently,  the  STS  Intermacs  Database 

registries  becomes  a  complimentary  data  source 

was  pivotal  in  identifying  the  comparative  effec-

(Rothwell  2005).  If  the  impact  of  confounding 

tiveness  of  the  HeartWare  HVAD  and  HeartMate 

from  inferences  derived  from  real-world  data  can 

3  devices.  In  more  recent  years,  the  HeartMate 

be  mitigated,  real-world  data  becomes  an  impor-

3  and  HeartWare  HVAD  devices  were  the  two 

tant  source  to  inform  clinical  decision-making 

most  common  MCSDs  implanted  in  patients  in 

(Sherman  et  al. 2016; Roche  et  al. 2014). Thus, 

the  STS  Intermacs  registry  (Shah  et  al. 2022; 

the  STS  Intermacs  Database  provides  a  valuable 

Teuteberg  et  al. 2020).  However,  efficacy  and 

source  of  real-world  experience  to  supplement 

safety  of  these  devices  were  never  directly  com-

data  obtained  from  randomized  clinical  trials  in 

pared  in  a  prospective,  randomized  clinical  trial. 

the  field. 

In  both  FDA  IDE  clinical  trials  for  the  HeartWare 

The  STS  Intermacs  Database  has  been  utilized 

HVAD  and  HeartMate  3,  the  comparator  control 

to  identify  device  performance  across  the  lifetime 

used  to  study  the  performance  and  efficacy  of  the 

of MCS devices  during commercial use. One of the 

two  devices  was  the  HeartMate  II.  Using  the  STS 

first  major  studies  of  the  STS  Intermacs  Database  Intermacs  Database,  comparative  effectiveness 

to  evaluate  device  performed  involved  confirma-

studies  of  the  HeartMate  3  and  HeartWare 

tion of an increasing rate of pump thrombosis in the 

HVAD  established  a  superior  safety  profile  of 

HeartMate  II  device,  first  identified  in  the  study  by 

the  HeartMate  3  device  (Cho  et  al. 2021;  Pagani 

Starling  et  al. (2014)  as  previously  discussed 

et  al. 2022; Teuteberg  et  al. 2020). Using  three 

above.  Data  from  the  STS  Intermacs  Database 

statistical  methodologies  for  adjustment  and  to 

provided  a  number  of  follow-up  studies  to  assess 

minimize  confounding,  the  HeartWare  HVAD 

the  prevalence  and  magnitude  of  the  issue  of  pump 

was  associated  with  a  3.11-fold  higher  risk  of 

thrombosis  with  the  HeartMate  II  for  the  FDA 

death  at  1  year  (Pagani  et  al. 2022;  Teuteberg 

(Jeffries  et  al. 2015; Kirklin  et  al. 2014a, 2015b; 

et  al. 2020). The  1-year  survival  for  the  HeartMate 

Smedira  et  al. 2015). These  authors  found  that 

3  was  88%  compared  to  79%  for  HeartWare 

younger  age,  higher  body  mass  index,  history  of 

HVAD.  In  an  analysis  of  stroke,  Cho  et  al. 

noncompliance,  severe  right-heart  failure,  and  ele-

(2021)  identified  a  significantly  greater  hazard  of 

vated  lactate  dehydrogenase  during  the  first-month 

stroke  for  the  HeartWare  HVAD  compared  to  the 

post-implant were associated with an increased risk 

HeartMate  3.  In  June  2012,  Medtronic,  Inc.  (Min-

of  pump  thrombosis.  This  early  work  led  to  an 

neapolis,  MN)  halted  commercial  distribution  of 

FDA  communication  highlighting  the  problem  of 

the  HeartWare  HVAD  due  to  a  major  device  mal-

pump  thrombosis  and  stroke  in  the  then  current 

function  and  recent  data  from  the  STS  Intermacs 

generation  of  implantable 

MCSDs  (Voelker 

Database  supporting  clinical  superiority  of  the
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HeartMate  3  device  (Stehlik  and  Kirklin  2021). 

time. 

Additionally, 

the 

dashboard 

provides 

After  the  performance  issues  with  the  HeartWare 

healthcare  providers  with  real-time  incidences  of 

HVAD and its discontinuation in June 2021, it was 

the  occurrence  of  adverse  events  in  the  early  post-

important 

to 

determine 

whether 

patients 

operative  period.  Future  quality  initiatives  from 

remaining  supported  with  a  HeartWare  HVAD 

the  STS  Intermacs  Database  include  development 

device  would  benefit  from  elective,  preemptive 

of  a  risk  model  for  primary,  durable  LVAD 

HeartWare 

HVAD 

to  HeartMate 

3  device 

implantation  to  permit  comparison  of  risk-

exchange  to  mitigate  the  risk  of  the  HeartWare 

adjusted  outcomes  at  the  center  level. 

HVAD  device  malfunction  or  continue  support 

The  STS  Intermacs  Database  has  generated 

on  a  normally  functioning  HeartWare  HVAD 

several  works  examining  issues  of  quality  assur-

device.  To  support  both  industry  and  FDA  recom-

ance.  An  STS  Intermacs  Database  study  by 

mendations  to  remain  on  support  with  a  normally 

Cowger  et  al.  (2017)  demonstrated  that  center 

functioning  HeartWare  HVAD  device,  an  analysis 

implant  volume  correlates  with  survival  following 

using  the  STS  Intermacs  Database  demonstrated 

durable  MCSD  implantation  with  worse  survival 

that  survival  following  exchange  of  a  HeartWare 

observed 

at 

very-low-volume 

centers 

(≤10 

HVAD  to  HeartMate  3  device  was  associated  with 

implants/year).  A  recent  analysis  from  the  STS 

a  significant  increase  in  mortality  compared  to 

Intermacs  Database  by  Pienta  et  al. (2022)  dem-

continued  support  on  a  normally  functioning 

onstrated  an  important  risk-adjusted  variance  in 

HeartWare  HVAD  device  (Cogswell  et  al. 2021). 

hospital performance assessed by the observed-to-

Based  on  these  findings,  a  group  of  experts 

expected  (O/E)  ratio  for  mortality  and  a composite 

supported  recommendations  against  elective  or 

outcome  including  mortality  and  adverse  events. 

systematic  preemptive  device  exchange  of  the 

These  investigators  observed  a  risk-adjusted  O/E 

HeartWare  HVAD  to  the  HeartMate  3  device 

ratio  for  mortality  that  varied  from  0.0  to  6.1  at  the 

(Salerno  et  al. 2022). 

center  level,  suggesting  substantial  differences  in 

outcomes  across  center  and  the  need  to  establish 

benchmarks  for  quality  assurance.  A  better  under-

The  STS  Intermacs  Database: 

standing  of  the  factors  associated  with  such  vari-

Advancing  Quality  Initiatives 

ability  will  help  the  development  of  quality 

and  Quality  Assurance 

improvement  and  eventually  improve  patient 

care  and  outcomes.  For  these  reasons,  assessing 

While  a  major  focus  of  the  STS  Intermacs  Data-

quality  metrics  through  national  or  international 

base  has  been  on  research,  a  substantial  effort  of 

databases  has  important  implications  for  patients, 

the  registry  has  been  committed  to  providing 

stakeholders,  and  hospitals. 

information  back  to  healthcare  providers  to  assess 

individual  center  performance  compared  to  over-

all  registry  outcomes.  STS  Intermacs  provides 

Current  Global  Initiatives  in  Durable 

quarterly  reports  to  centers  providing  comprehen-

Mechanical Circulatory  Support  Device 

sive  data  on  center  performance  and  patient  char-

Registries 

acteristics  compared  to  the  aggregate  of  patients 

entered  into  the  registry.  Although  these  data  are 

The  International  Society  for  Heart 

not  risk  adjusted,  the  data  provide  a  useful  metric 

and  Lung  Transplantation  (ISHLT) 

to  assess  quality  performance  at  a  center.  More 

Mechanical  Assisted  Circulatory 

recently,  STS  Intermacs  Database  has  developed  a 

Support  Registry  (IMACS) 

dashboard 

that 

permit 

centers 

to 

generate 

Kaplan–Meier  survival  estimates  for  specific 

Following  the  inception  of  the  Intermacs  registry, 

cohorts  of  patients  and  compare  a  center’s  sur-

efforts  to  maintain  an  international  registry 

vival  outcomes  to  the  aggregate  of  patients  in 

through  the  ISHLT  were  discontinued.  With  the 

STS  Intermacs  with  similar  characteristics  in  real 

success  of  Intermacs  and  successful  development
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of  other  global  durable  MCSD  registries,  ISHLT 

survival  on  durable  LVAD  support  confirming 

sought  to  again  foster  the  development  of  an  inter-

that  durable  MCSD  therapy  has  a  significant 

national  registry  for  durable  MCSDs  and  put  forth 

place  in  the  treatment  of  advanced  heart  failure 

a  proposal  to  develop  the  ISHLT  Mechanically 

(Mehra  et  al. 2022).  Thus,  continuation  of  registry 

Assisted  Circulatory  Support  (IMACS)  Registry 

activities  remains  an  important  directive  to  bench-

in 2011. Subsequently, the IMACS Registry Com-

mark  outcomes  (Stehlik  et  al. 2016). 

mittee  was  formed  with  international  representa-

tion  and  directed  by  Dr.  James  Kirklin  as  its  first 

chairman  (Goldstein  et  al. 2019;  Kirklin  and 
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cardiac  intensive  care  unit  (CICU)  focus  on 

management.  The  palliative  care  team  consists  of 

advance  care  planning,  improving  symptom 

physicians,  advanced  care  providers  (i.e.,  nurse 

control,  caregiver  support  and  family-centered 

practitioners  or  physician  assistants),  social 

care,  chaplain  and  religious  considerations, 

work/care  coordination,  chaplaincy,  and  nursing 

decision-making  capacity,  device  failure,  deac-

staff  to  help  clarify  and  support  patients  and  their 

tivation  of  implanted  cardiac  devices,  and 

family’s  pre- and  post-device  implantation. 

much  more.  In  this  setting,  early  specialized 

Whenever  appropriate,  the  palliative  care  team 

inpatient  palliative  care  involvement  is  integral 

aims  to  bolster  the  ethical  and  legal  bounds  that 

to  navigating  these  challenges  as  well  as 

govern  patient  autonomy  and  shared  decision-

supporting  an  interdisciplinary  approach  of  all 

making.  As  cardiac  technology  continues  to 

medical  specialties.  With  more  recent  support 

evolve,  the  palliative  care  team  will  continue  to 

and  guidance  from  scientific  societies,  the 

grow  as  a  key  stakeholder  in  what  works  for 

niche  of  specialty  inpatient  palliative  care  has 

patients  and  medical  teams  alike. 

grown  into  a  trusted  medical  specialty  that 

continues  to  play  a  keen  role  within  cardiac 

intensive  care  units.  Similarly,  the  utilization 

The  Specialized  Inpatient  Palliative 

of  mechanical  circulatory  support  devices  is 

Care  Team 

increasing  and  more  ethical  dilemmas  are 

occurring 

and 

require 

the 

programmatic 

The following  key  topics  and  terms,  as used  in  this 

involvement  of  specialty  palliative  care  to 

chapter,  have  the  following  general  meanings  in 

help  improve  advance  care  planning,  support 

practice  unless  indicated  otherwise: 

caregivers  and  family,  and  ensure  that  patients’ 

Advance  care  planning  documents.  Are  doc-

dignity  is  preserved  throughout  the  trajectory 

uments  that  allow  individuals  to  choose  their 

of  their  illness.  Moreover,  hospitals  generally 

treatment  preferences  in  the  event  they  can  no 

see  increased  positive  patient  outcomes  as  the 

longer  have  the  ability  to  make  their  own  medical 

specialty  aims  to  help  patients  ease  their  bur-

decision(s).  There  are  two  types  of  advance  care 

den  of  symptoms,  improve  length  of  stays,  and 

planning  documents:  legal  documents  and  medi-

decrease  mortality  rates. 

cal  orders  (e.g.,  legal:  living  wills,  health  care 

surrogate; 

and 

medical: 

do-not-resuscitate 

Keywords 

(DNR)  orders,  physician  orders  for  life-sustaining 

treatment  (National  POLST  2022). Unless  stated 

Cardiac  ·  End-of-life  care  ·  Ethics  ·  Legal  · 

otherwise,  the  surrogate  decision-maker(s)  will 

Mechanical  circulatory  support  ·  Specialty 

make  decisions  when  it  has  been  determined  that 

palliative  care  ·  Team 

the  patient  cannot  make  healthcare  and  treatment 

decisions  or  on  a  specific  date. 

Advance  directives.  Are  legal  documents  that 

Introduction 

can  be  completed  by  any  adult  with  decision-

making  capacity  in  order  to  express  their 

The importance  of  collaboration  between  patients, 

healthcare  preferences  for  general  and  sometimes 

families,  and  their  medical  specialists  requires 

mental  health  care  treatment  when  they  cannot 

high-level  attention  to  medical  and  psychosocial 

make  their  own  medical  decisions.  In  order  for 

details  when  delivering  care  to  patients  seeking 

these  documents  to  be  valid,  they  must  be  written, 

mechanical  circulatory  support  (MCS).  Palliative 

be  dated,  indicate  the  patient’s  name,  be  executed 

care  teams  are  trained  in  these  subject  matters  to 

by  the  patient  with  decision-making  capacity,  and 

provide  concurrent  medical  care  with  cardiology, 

contain  a  valid  signature  of  the  principal  with 

heart  failure,  and  intensive  care  specialists  (ICU) 

verification,  usually  via  witnesses  or  notary. 

to  ensure  mechanical  circulatory  support  patients 

Depending  on  state  law,  an  advance  directive 

have 

clear 

goals 

of 

care 

and 

symptom 

can  have  limitations  of  when  it  goes  into  effect, 
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who  may  serve  as  a  witness,  and  when  these  are 

situation,  appreciation  of  the  consequences  of 

automatically  deemed  invalid  (e.g.,  if  the  patient 

their  decision,  and  reasoning  in  their  thought  pro-

is  pregnant  or  actively  going  through  divorce  pro-

cess,  and  if  they  can  communicate  their  wishes” 

ceedings).  A  patient  can  revoke  an  advance  direc-

(Barstow  et  al. 2018). If  a  patient  is  deemed  to  not 

tive  in  accordance  with  the  laws  of  the  state  in 

have  capacity,  decision-making  will  transition  to 

which  they  reside.  Most  states  have  a  reciprocity 

the  legally  authorized  representative  (in  the  order 

statute  that  recognizes  an  advance  directive  of 

of  highest  priority)  or  emergent  consent  will  be 

another 

state/jurisdiction 

where 

the 

patient 

utilized  until  the  patient  is  medically  stable  and 

resides,  if  it  substantially  complies  with  the  state’s 

regains  capacity,  another  representative  is  located, 

rules  where  the  patient  is  receiving  care.  In  gen-

or  guardianship  is  pursued. 

eral,  referrals  for  assistance  in  completing  an 

Decision-making  standards.  First  person  is 

advance  directive  document  can  be  made  to  palli-

the  standard  for  decision-making  and  is  when  the 

ative  care,  social  work/care  management,  and 

patient  has  decision-making  capacity  and  is  able 

pastoral  care. 

to  make  decisions  on  their  own  based  upon  their 

Chaplain.  Inpatient  chaplains  are  usually  mas-

own  beliefs,  values,  and  preferences.  Substituted 

ter’s  level  prepared  and  have  completed  clinical 

judgment  refers  to  the  ethical  duty  of  guardians 

chaplaincy  training.  For  intensive  care  units, 

and  surrogate  decision-makers  to  make  an  effort 

board  certification  in  chaplaincy  is  preferred.  Cer-

to  understand  the  patient’s  beliefs  and  values  prior 

tified  chaplains  may  specialize  in  palliative  care 

to  making  decisions  on  the  patient’s  behalf  (Sul-

through  specialized  certification.  The  palliative 

livan  et  al. 2019).  The  best-interests  standard  is 

care  chaplain  is  the  spiritual  care  specialist  on 

when  the  care  team  in  conjunction  with  the 

the  interdisciplinary  team  and  is  trained  to  address 

patient’s  representative  or  surrogate  decision-

spiritual  and  religious  concerns  of  all  patients  and 

maker  choose  options  for  the  patient  based  on 

caregivers,  regardless  of  their  spiritual  or  religious 

what  is  typically  thought  to  be  the  best  course  of 

beliefs  and  practices.  The  chaplain  also  serves  as 

action  or  treatment  in  the  given  clinical  scenario. 

an  emotional  care  generalist  and  interfaces  closely 

Any  of  these  forms  of  decision-making  should  be 

with  the  social  worker  and  other  health  providers 

determined  based  on  the  benefits  and  burdens  of 

to  provide  psychosocial-spiritual  care  as  a  unified 

the  available  options. 

domain. 

Do-not-resuscitate  (DNR)  order.  A  physi-

Decision-making  capacity.  Patients  are  pre-

cian’s  written  order  not  to  attempt  cardiopulmo-

sumed  to  have  capacity  until  there  is  documenta-

nary  resuscitation  in  the  event  that  they  suffer 

tion  in  the  medical  record  determining  otherwise. 

cardiac  or  respiratory  arrest.  Code  status  orders 

“Medical  decision-making  capacity  refers  to  the  need  to  be  entered  into  the  patient’s  chart  by  a 

time-sensitive  determination  of  a  patient’s  ability 

medical  provider. 

to  make  a  specific  clinical  choice”  (Kepple  et  al. 

Ethics  Committee.  In  general,  an  ethics  com-

2014).  The  attending  provider,  or  another 

mittee  is  an  interdisciplinary  standing  committee 

consulted  provider,  can  determine  if  a  patient  has 

that  has  a  consultative  role  and  is  available  to  help 

the  capacity  to  make  medical  decisions.  Assess-

when  no  consent  can  be  reached  or  when  other 

ment  of  capacity  is  essential  for  providing  care 

ethical  dilemmas  arise. An  ethics  committee  serves 

that  preserves  and  respects  a  patient’s  autonomy, 

as  an  advisory  body  for  individual  case  consulta-

while  meeting  the  ethical  and  legal  standards  of 

tions  and  is  a  confidential  forum  to  discuss  ethical 

informed  consent.  An  individual’s  capacity  is 

dimensions  of  care  delivery.  Ethics  committees 

evaluated  in  relation  to  the  requirements  of  a 

should also require that there be proper knowledge, 

particular  healthcare  decision,  can  change  over 

experience,  and  training  of  its  members  regarding 

time  (ebb  and  flow),  and  can  vary  depending  on 

ethical  issues.  To  ensure a  diverse  representation of 

the  nature  of  the  decision  that  is  being  made. 

professional  perspectives  and  healthcare  special-

“Patients  have  medical  decision-making  capacity  ties,  recommendations  for  healthcare  ethics  com-

if  they  can  demonstrate  understanding  of  the 

mittees  include  some  or  all  of  the  following
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members:  ethics  services/ethics  consultant;  physi-

on  improving  quality  of  life  for  both  the  patient 

cian;  nurse;  social  worker;  member  of  the  clergy/ 

and  the  family  (Kitko  et  al. 2020). “Specialty 

mission  leader;  legal  counsel;  risk  management; 

palliative  care”  is  the  active,  total  care  of  patients 

community  member;  and  an  ethicist.  The  goal  is 

with  serious  illness  and  their  families.  Care  is 

to  include  representation  from  the  hospital  system, 

provided  by  an  interdisciplinary  team  whose 

clinical  services  areas,  the  community,  and  any 

members  have  undergone  recognized  specialist 

academic  partnerships.  For  specialty  areas  such  as 

palliative  care  training  (Sullivan  et  al. 2019).  Spe-

cardiology,  there  may  be  specialty  (sub)commit-

cialty  palliative  care  is  most  available  in  hospitals 

tees  to  ensure  the  group  is  promoting  a  culture  that 

and  not  as  common  in  the  community,  nursing 

is  sensitive  to  the  unique  needs  of  the  case.  This 

homes,  or  hospices.  Throughout  this  chapter, 

also  helps  identify  trends  and  opportunities  for 

“palliative  care”  and  “specialty  palliative  care” 

education,  policy  development,  and  improvement 

are  used  interchangeably  and  can  be  applied 

initiatives  related  to  specialty  care  such  as  mechan-

depending  on  the  patient’s  location  and  availabil-

ical  circulatory  support.  The  ethicist  will  usually 

ity  of  services. 

lead  the  meetings  and  ensure  a  minimum  of  com-

Palliative  care  interdisciplinary  team  (IDT). 

mittee  members  participate  in  case  consultations 

Specialty  palliative care interdisciplinary  teams  col-

per  applicable  protocol. 

laborate  with  other  care  providers  (i.e.,  physicians, 

Informed  consent.  Mechanical  circulatory 

nurses,  social  worker/case  manager,  therapists,  etc.) 

support  decisions  are  complex  and  will  require 

to  coordinate  care and  attend to the holistic  needs  of 

extensive  discussions  between  patient  and  surro-

the  patient.  Depending  on  the  care  needs  of  each 

gate  decision-makers/medical  power  of  attorney 

patient  and  family,  the  IDT  can  expand  to  include 

as  informed  consent  must  be  attained  given  the 

other  clinicians  and  community  service  providers 

short- and  long-term  benefits  and  ramifications  of 

and  can  offer  physician,  psychosocial,  emotional, 

these  types  of  procedures.  “The  requirements  of 

and  spiritual  needs.  The  ultimate  goal  of  this  meet-

an  informed  consent  for  a  medical  or  surgical 

ing  is  to  help  members  of  the  treatment  team  to 

procedure,  or  for  research,  are  that  the  patient  or 

coordinate  care  and  to  document  communication 

subject  (i)  must  be  competent  to  understand  and 

among  all  members  of  the  medical  team  related  to 

decide;  (ii)  receives  a  full  disclosure;  (iv)  acts 

the  patient’s  plan  of  care  or  other  treatment  goals. 

voluntarily,  and  (v)  consents  to  the  proposed 

Many  times,  inpatient  or  other  rehabilitation  treat-

action”  (Varkey  2020). Autonomy  is  the  under-

ment  is  deemed  reasonable  and  necessary  from  a 

pinning  principle  of  informed  consent  and  forms  a 

billing  perspective  based  upon  the  IDT’s  feedback. 

bridge  between  the  providers  and  patient  and/or 

This  team  meeting  is  usually  required  on  at  least  a 

their  surrogate  decision  maker/medical  power  of 

weekly  basis  but  can  be  less  or  more  depending  on 

attorney. 

the  patient’s  specific  situation. 

Palliative  care.  Palliative  care  is  patient- and 

Principles  of  ethics.  The  four  main  principles 

family-centered  care  that  aims  at  optimizing  qual-

of  ethics  include  (1)  autonomy  (people  are  ratio-

ity  of  life  by  anticipating,  preventing,  and  treating 

nal,  self-determining  beings  capable  of  making 

suffering,  providing  a  comprehensive  manage-

their  own  judgments  and  decisions  and  should 

ment  of  patients  facing  incurable  diseases,  regard-

be  respected  as  such);  (2)  beneficence  (promote 

less  of  age,  diagnosis,  or  prognosis”  (Mercadante 

the  welfare  of  others);  (3)  distributive  justice  (all 

et  al. 2018).  Palliative  care  focuses  on  profes-

involved  should  have  equal  entitlement  to  access 

sional  assessment  and  management  of  pain  and 

benefits  and  burdens);  and  (4)  nonmaleficence 

other  symptoms,  support  of  caregiver  needs,  and 

(do  no  harm)  (Beauchamp  and  Childress  2019). 

coordination  of  total  care.  Palliative  care  is  pro-

These  principles  are  used  as  the  main  tenets  when 

vided  by  an  interdisciplinary  healthcare  team, 

approaching  shared  decision-making,  informed 

including  nurses,  social  workers,  chaplains,  and 

consent,  and  as  clinical-ethical  guidance. 

physicians. Through early  integration  into the care 

Shared  decision-making  (SDM).  Shared 

plan  of  seriously  ill  people,  palliative  care  focuses 

decision-making  is  a  preferable  process  for
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many  patient-provider  relationships  and  bene-

appointed  by  the  patient  via  an  advance  directive 

fits  positive  outcomes  and  patient  satisfaction.  or  serve  as  a  court-appointed  guardian.  Patients 

“Shared  decision-making  is  the  process  by  can  name  anyone  of  their choosing  when  selecting 

which  clinicians  and  patients  work  together  to 

a  surrogate  decision-maker,  permitted  that  person 

make  health  care  decisions  that  align  with 

is  not  excluded  by  state  law  criteria.  Commonly, 

patients’  goals,  preferences,  and  values” 

this  person  is  sometimes  referred  to  as  the 

(Yahanda  and  Mozersky  2020). Although  def-

patient’s  “proxy  decision-maker,”  “attorney-in-

initions  of  shared  decision-making  can  be  dis-

fact,” 

“substitute  decision-maker,”  “legally 

cordant, 

the 

concept 

focuses 

on 

good 

authorized  representative,”  or  “medical  power  of 

communication,  individual  autonomy,  patient 

attorney  (MPOA).” 

participants,  and  patient-centered  decision-

making  (Bae  2017). In  general,  “Three  essen-

tial  elements  must  be  present  for  shared  deci-

Ethical  Considerations  and 

sion  making  to  occur.  First,  both  the  health  care 

Decision-Making 

provider  and  the  patient  must  recognize  and 

acknowledge  that  a  decision  is,  in  fact, 

Patient-Centered  Decision-Making 

required.  Second,  they  must  both  know  and 

and  MCS 

understand 

the 

best 

available 

evidence 

concerning  the  risks  and  benefits  of  each 

Healthcare  workers  should  be  guided  by  appro-

option.  Third,  decisions  must  take  into  account 

priate  ethical  principles  with  respect  to  decision-

both  the  provider’s  guidance  and  the  patient’s 

making  for  patients  with  chronic,  complex,  and 

values  and  preferences.”  (Elwyn  et  al. 2012). 

terminal  illnesses.  This  is  particularly  the  case  for 

Shared  decision-making  does  not  need  to  be  a 

patients  with  heart  failure  who  are  considering 

lengthy  process,  but  something  to  enhance 

mechanical  circulatory  support.  Medical  ethics 

quality  and  cultivate  the  provider’s  relation-

has  created  a  patient-centered  framework  for 

ship  with  the  patient  (Yahanda  and  Mozersky 

assessing  the  ethical  obligations  to  provide  medi-

2020). 

cal  intervention.  It  also  assists  in  decisions  to 

Supportive  care  plan  (SCP).  A  plan  of  care 

withhold  and/or  withdraw  medical  interventions. 

developed  by  the  healthcare  team  for  a  specific 

Although  this  framework  can  vary  depending  on 

patient.  “The  Supportive  Care  Plan  (SCP)  was 

the  healthcare  organization  where  the  patient  is 

designed  to  encourage  discussion  of  patients’ 

receiving  care,  in  general  five  major  elements 

preferences  for  end-of-life  care,  and  to  provide  a 

should  be  identified:  (1)  benefits  of  treatment; 

tool  for  recording  those  preferences  and  commu-

(2)  burdens  of  treatment;  (3)  the  ratio  of  benefits 

nicating  them  to  other  healthcare  professionals” 

to  burdens;  (4)  the  effectiveness  of  treatment;  and 

(Thompson-Hill  et  al. 2009).  The  SCP  is  individ-

(5)  fully  understanding  the  patient’s  (or  surrogate 

ualized  to  meet  the  patient’s  needs  and  can  include 

decision-maker  acting  on  behalf  of  the  patient) 

review  of  oral/intravenous/nutritional  therapies, 

wishes,  values,  and  goals.  Prior  to  advances  in 

symptom  management,  medication  review,  and 

mechanical  circulatory  support,  the  use  of  venti-

any  diagnostic  or  therapeutic  procedures  includ-

lators,  hemodialysis,  and  other  life  sustaining 

ing  respiratory/cardiac  interventions.  The  SCP 

treatments  were  the  mainstay  of  treatments  of 

also  includes  non-medical  interventions  such  as 

multisystem  organ  failure.  With  the  incorporation 

the  patient’s  cultural,  psychosocial,  and  spiritual 

and  optimization  of  mechanical  circulatory  sup-

needs. 

port  procedures,  patients  should  be  informed  of 

Surrogate 

decision-maker 

(healthcare 

both  the  benefits  and  burdens  of  treatment  as 

proxy,  healthcare  agent).  A  healthcare  surrogate 

patients  can  now  survive  for  extended  and  indef-

is  someone  appointed  to  make  healthcare  deci-

inite  (but  not  infinite)  time  frames  through  heroic 

sions  when  the  patient  is  unable  to  make  or  com-

technological  advancements  (Swetz  and  Mansel 

municate  decisions. 

The  surrogate  can  be 

2013). 
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Decision-Making  Capacity 

Surrogate  Decision-Making  and  Goals 

of  Care 

The  treating  provider  should  assess  and  determine 

whether  a  patient  has  capacity  to  make  particular 

Healthcare  delivery  aims  to  provide  and  promote 

healthcare  decisions.  If  the  treating  provider  has 

superior,  evidence-based  care  with  patient-centered 

determined  that  a  patient  does  have  capacity  to 

decision-making.  To  the  extent  possible,  patients 

make  informed  medical  decisions  on  his  or  her 

with  heart  failure  who  opt  for  mechanical  circula-

own  behalf,  the  patient  shall  be  able  to  proceed 

tory  support  should  receive  excellent  medical  treat-

with  making  such  decisions.  This  includes  major 

ment and assessment that medicine and research has 

medical  decision-making  such  as  do-not-resusci-

available,  including  end-of-life  care  and  support. 

tate  order and/or  the withholding  and  withdrawing 

Surrogate  decision-makers  acting  on  their  behalf 

of  life-sustaining  treatment(s).  However,  if  the 

should  always  seek  to  weigh  the  risks,  benefits, 

treating  provider  has  determined  that  the  patient 

and  burdens  of  receiving  diagnostically  therapeutic 

lacks  the  capacity  to  make  his  or  her  own  medical 

care. Specifically, surrogate decision-makers should 

decisions,  then  the  medical  treatment  proceeds 

make  great  efforts  to  avoid  under-/over-treatment 

according  to  applicable  state  law  and  institutional 

when  presented  with  complicated  medical  choices 

guidelines  and  policies/procedures  for  surrogate 

and  should  always  aim  to  uphold  the  patient’s 

decision-making  and/or  guardianship.  In  general, 

expressed wishes and goals of care. It can be helpful 

if  the  patient  is  without  capacity  or  in  a  permanent 

to  consider  the  person’s  values  and  beliefs  and  to 

unconscious  state  and  the  provider  has  questions 

recall  any  past  conversations  about  their  medical 

regarding  the  care  plan  such  as  needed  and/or 

preferences  to  ensure  healthcare  decisions  are 

suggested  medical  interventions  requiring  con-

aligned  with  what  the  patient  would  decide.  Surro-

sent,  this  case  should  be  referred  to  the  Ethics 

gate  decision-makers  should  make  all  efforts  to 

Committee  for  further  review  and  dialogue.  Fur-

protect  and/or  preserve  the  dignity  of  the  patient 

thermore,  under  the  American  Medical  Associa-

confronting  heart  failure  along with  potential  termi-

tion’s  Code  of  Medical  Ethics  (2016),  the provider 

nal  illness(es)  or  other  difficult  decision-making. 

should  assist  the  surrogate  to  make  decisions  in 

The  surrogate  decision-maker  has the  responsibility 

keeping  with  the  best  interests’ standard  when  the 

to  make  healthcare  decisions  that  reflect  the 

patient’s  preferences  and  values  are  not  known. 

patient’s  values,  beliefs,  and  preferences  as  much 

Additionally,  if  the  patient  lacks  capacity  due  to  a 

as  possible by using the  “substituted judgment  stan-

developmental  disability  or  psychological  impair-

dard”  for  making  decisions.  In  the  event  the 

ment,  the  lack  of  capacity  should  be  confirmed  by 

healthcare  team  is  unable  to  locate  a  decision-

another  provider’s  reassessment  with  appropriate 

maker,  one  may  be  appointed  in  accordance  with 

specialized  training.  In  some  situations,  the 

applicable  state  laws.  The  healthcare  providers  will 

patient  may  not  have  the  capacity  to  make  major 

look  to  the  following  individuals  in  relation  to  the 

medical decisions (or  the patient’s  ability  ebbs  and 

patient  to  make  healthcare  decisions:  spouse;  adult 

flows)  but  could  have  the  capacity  to  make  other  children  (collectively);  parents;  siblings;  and  lastly 

decisions  and/or  communicate  preferences  about 

any  next  closest  relatives  or  friends. 

treatment  options.  The  treating  provider  should 

make  all  efforts  to  determine  these  preferences 

and  should  include  these  in  the  treatment  plan. 

Shared  Decision-Making 

Most  importantly,  if  a  patient  who  lacks 

decision-making  capacity  clearly  expresses  the 

The  critical  decisions  made  by  patients  and  fami-

coexistent  desire  that  medically  appropriate  inter-

lies  about  to  undergo  evaluation  and  treatments 

ventions  be  used  to  sustain  life  be  provided,  that 

for  mechanical  circulatory  support  devices  cannot 

wish  should  take  precedence  over  any  contrary  or 

be  understated.  “Shared-decision  making  sup-

previous  recommendation  or  determination. 

ports 

healthcare 

professionals  in 

informing
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patients  about  the  benefits  and  harms  of  proposed 

circulatory  support  with  the  overall  goal  of 

interventions  and  allows  for  strong  patient-

improving 

cardiovascular 

symptoms 

and 

clinician  communication”  (Elwyn  et  al. 2012). 

extending  life  expectancy.  However,  we  all  have 

Patient  satisfaction  with  this  open  line  of  commu-

implicit  or  unconscious  biases  that  draw  from  our 

nication  translates  into  better  outcomes  and 

personal  use  with  general  technology.  “Implicit 

healing  as  it  delineates  the  risk:benefit  analysis 

bias  stems  from  subconscious  associations  gath-

and  provides  a  road  map  for  potential  expected 

ered  over  a  lifetime  that  can  override  conscious 

and  unexpected  outcomes.  The  American  College 

beliefs  and  cause  people  to  unknowingly  act  in 

of  Physicians  (2022)  states  that,  “employing 

ways  that  are  inconsistent  with  their  true  values” 

shared  decision  making  can  lead  to  safer  care, 

(Streed  2015).  Factors  such  as  depression  or  an 

better  quality  of  life,  and  improved  patient  out-

altered  mental  state  must  be  ruled  out  to  ensure 

comes.”  When  patients  lose  capacity  and  their 

that  patients  are  making  informed  decisions  with  a 

decision-making  ability,  or  are  unable  to  fully 

consistent  desire  over  a  certain  time  period.  Fur-

comprehend  the  nuances  of  diagnostic  and  thera-

thermore,  we  all  understand  the  simple  limitations 

peutic  care,  ethical  and/or  legal  problems  may 

of  technology  and  as  we  all  know  that  the  heart’s 

arise.  However,  when  patients  and/or  their  family 

pump  function  can  only  be  supported  as  long  as 

members  are  able  to  participate  and  drive  these 

their  power-source  (i.e.,  batteries,  wall  outlet)  and 

decisions  in  line  with  the  ethical  principle  of 

pump  function  are  maintained.  Therefore,  a  can-

autonomy,  then  these  issues  are  usually  mitigated. 

did  conversation  with  patients  presented  with  this 

“The  U.S.  Preventive  Services  Task  Force  type  of  therapy  is  important  to  ensure  that  any 

(USPSTF),  which  makes  evidence-based  recom-

unconscious  bias  is  not  preventing  or  influencing 

mendations  for  preventative  medical  services, 

treatment  options.  One  study  by  Bruce  et  al. 

states  that  ‘it  is  the  ethical  right  of  patients  to  be 

(2013)  focused  on  there  being  three  stages  or 

provided  with  information  and  to  make  decisions 

decision  points  where  ethical  considerations  are 

collaboratively  with  their  clinician’”  (American 

most  related  to  the use  of  ventricular  assist  devices 

College  of  Physicians  2022).  Overall,  the  use  of 

(VADs)  in  end-stage  organ  failure,  which  are  ini-

shared  decision-making  with  mechanical  circula-

tiation  (synthesis  and  weighing  of  a  variety  of 

tory 

support 

patients 

is 

preferred 

among 

concerns  and  ethical  appeals);  continued  use 

healthcare  providers  in  order  to  support  patient 

(time-limited  trials  to  determine  if  the  patient  is 

autonomy,  maintain  transparency,  and  encourage 

improving  or  deteriorating),  and  deactivation 

an  interdisciplinary  approach. 

(finding  an  ethical  consensus).  These  questions 

are  important  when  analyzing  the  benefits  as 

well  as  the  limitations  and  potential  complications 

Ethical  Concerns  with  Cardiac 

of  mechanical  support  technology.  Furthermore, 

Technologies 

Sonntag  et  al.  (2019)  highlighted  common  ethical 

questions  raised  with  use  of  mechanical  circula-

The  benefits  of  new  cardiac  technologies  are 

tory  support  technologies  including  “(1)  How  can 

awe-inspiring.  These  technologies  have  extended 

we  ensure  a  patient’s  best  interest  is  upheld  when 

life  well  beyond  the  bounds  of  what  anyone  antic-

risk-benefit  analysis  and  predictions  of  quality  of 

ipated.  However,  “[i]n  order  to  apply  technology 

life  with  new  technologies  are  becoming  increas-

in  an  appropriate  way  –  helping  and  not  harming 

ingly  complex?;  (2)  How  should  shared  decision-

people  –  we  need  to  reflect  on  the  power,  goals, 

making  and  informed  consent  happen  when  these 

and  implications  of  technology  –  especially  when 

therapies  are  implemented  emergently?;  (3)  To 

handling  the  physiologically  vital  and  historically 

whom  should  life-sustaining  therapies  be  offered 

most  venerated  organ  of  human  beings:  the  heart” 

and  according  to  which  criteria?;  and  (4)  When  is 

(Hofmann  2021). Patients  and  families  alike  take 

it  permissible  to  withdraw  a  mechanical  circula-

careful 

consideration 

to 

pursue 

mechanical 

tory  support  device?”.  As  technology  advances, 
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applying  ethical  constructs  to  patient  care  is 

medical  orders  for  the  terminally  ill  (e.g.,  Stage 

becoming  more  important  and  at  the  same  time 

D  heart  failure  patients  seeking  mechanical  circu-

more  difficult.  Importantly,  informed  consent, 

latory  support)  is  the  Physician  Orders  for  Life-

which  has  both  legal  and  ethical  justifications,  is 

Sustaining  Treatment  (POLST)  (also  known  in 

a  mainstay  to  ensure  the  patient’s  understanding 

various  formats  as  Medical  Orders  for  Life-

of  technology  is  aligned  with  their  long-term 

Sustaining  Treatment  (MOLST);  Medical  Orders 

goals  of  care  and  due  to  their  underlying  implicit 

on  Scope  of  Treatment  (MOST);  or  Physician’s 

biases. 

Orders  on Scope  of  Treatment  (POST)). This  form 

is  meant  to  complement  advance  directives  and 

living  wills  and  is  a  signed  medical  order. 

Support  and  Resources 

A  POLST  program  is  currently  available  or 

being  developed  in  all  50  states  (National 

Advance  Care  Planning  and  Supportive 

POLST  2022). Majority  of  prominent  organiza-

Care  Plans 

tions  such  as  the  American  Bar  Association,  Soci-

ety  for  Post-Acute  and  Long-Term  Care  Medicine 

Patients  and  their  families  should  routinely  be 

(AMDA),  American  Nurses  Association  (ANA), 

encouraged  to  create  and/or  update  their  advance 

the  American  Academy  of  Hospice  and  Palliative 

care  documents  when  undergoing  mechanical  cir-

Medicine  (AAHPM),  and  Catholic  Health  Asso-

culatory  support.  Advance  directives  are  com-

ciation  of  the  United  States  (CHA)  have  passed 

monly  integrated  into  the  patient’s  supportive 

formal  decisions  in  support  of  POLST  programs. 

care  plan  when  mechanical  circulatory  support  is 

In  addition,  The  Centers  for  Medicare  and  Med-

being  pursued.  However,  supportive  care  plans 

icaid  Services  (CMS)  has  approved  billing  codes 

can  be  carried  out  at  the  beginning  or  during  the 

for  providers  to  seek  reimbursement  for  advance 

course  of  a  debilitating  chronic  or  terminal  dis-

care  planning  consultations  when  discussing 

ease.  “Compared  to  advance  directives,  support-

potential  treatment  options  and  wishes  for  end-

ive  care  plans  have  the  advantage  of  being 

of-life  care  with  patients  and  families  as  well  as 

developed  and  agreed  within a patient-doctor  rela-

the  time  it  takes  to  fill  out  advance  care  plans 

tionship  considering  the  specific  clinical  context 

(including  POLST  forms)  when  the  patient  is 

and  future  evolution  of  disease”  (Houben  et  al. 

terminally  ill  (Scotti  2016).  Overall,  the  POLST 

2014;  Brinkman-Stoppelenburg  et  al. 2014). Sup-

form  aims  to  carry  the  patient’s  wishes  through 

portive  care  plans  are  best  administered  through 

medical  orders  across  care  settings. 

an  interdisciplinary  team  (IDT),  which  recognizes 

With  advance  care  planning,  patients  can  des-

patient-specific  cultural  and  spiritual  factors 

ignate  a  medical  power  of  attorney  who  can  assist 

through  the  lenses  of  multiple  points  of  view 

with  decisions  if  the  patient  loses  medical 

(i.e.,  physicians,  social  work,  psychology,  nurs-

decision-making  capacity.  More  importantly, 

ing,  physical/occupational  therapy,  etc.).  This 

patients  should  be  encouraged  to  hold  an  advance 

team  approach  ensures  that  multiple  domains 

care  planning  discussion  with  their  designated 

affecting  decisions  are  addressed  and  placed  into 

medical  power  of  attorney  and  any  close  family/ 

context of the patient  and family’s short- and long-

friends  who  will  be  taking  an  active  role  in  the 

term  goals  of  care. 

mechanical  circulatory  support  plans  of  care.  The 

The  patient’s  goals  of  care  will  include  a  frank 

discussion 

should 

include 

active 

treatment 

discussion  about  code  status  or  what  to  do  in  the 

options,  end-of-life  wishes,  organ  donation,  and 

event  of  cardiac  pulmonary  arrest  and  resuscita-

the  possibility  of  deactivation  and  withdrawal  of 

tion  efforts.  Unless  otherwise  stated,  the  default 

mechanical  circulatory  support.  If  organ  donation 

code  status  is  “full  code”  which  means  attempt 

is  part  of  the  patient’s  end-of-life  wishes,  a  spe-

cardiopulmonary 

resuscitation, 

cardioversion 

cialized  organ donation team will join the patient’s 

(if  indicated),  and  intubation  with  mechanical 

medical  power  of  attorney  and/or  family  to  edu-

ventilation.  A  national  effort  to  standardize 

cate  them  on  the  process  of  donation  and  to  obtain
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appropriate  consent  as  well  as  which  organs  are 

Ethics  Committee  consults  promote  more 

eligible  for  donation.  There  is  much  debate  and  a 

timely,  informed,  and  compassionate  care  by 

paucity  of  guidelines  for  patients  with  mechanical 

being  available  to  support  the  relationship 

circulatory  support  and  organ  transplantation. 

between  the  care  team  and  the  patient.  During  an 

There  have  been  cases  in  patients  with  mechanical 

ethics  consult,  the  members  can  provide  broader 

circulatory 

support, 

specifically  LVAD  and 

understanding  of  the  ethical  dilemma  by  identify-

ECMO,  where  the  patient  underwent  organ  trans-

ing  the  appropriate  individuals  to  be  included  in 

plantation  with  successful  procurement  and  trans-

the  deliberation,  understanding  the  patient’s  med-

plantation;  however,  the  number  of  patients  with 

ical  history,  prognosis,  and  current  concern  and 

organ  retrieval  from  donors  with  LVADs  is  still 

weighing  this  against  the  patient’s  goals  of  treat-

small  (Loforte  et  al. 2022).  Patients  who  are  on 

ment.  This  group  is  also  able  to  minimize  the  costs 

organ  transplant  lists  continue  to  increase  nation-

of  potential  legal  interventions  by  aiding  guard-

ally  and  internationally  and  the  gap  between 

ianships,  finding  an  independent  advocate  for 

recipients  and  donors  continues  to  be  problematic 

unrepresented  patients,  and  using  deliberation 

with  less  availability  of  donated  organs.  The  dis-

tools  to  weigh  contextual  features  in  accordance 

cussion  and  advocacy  for  widening  the  inclusion 

with  patient  preferences  and  quality  of  life.  Com-

of  patients  with  mechanical  circulatory  support 

mon  healthcare  ethics  deliberation  tools  focus  on 

devices  for  transplant  will  need  to  be  further 

four  main  facets:  (1)  medical  indications  (benefi-

encouraged  and  explored  to  meet  the  growing 

cence  and  nonmaleficence);  (2)  patient  prefer-

transplant  demands. 

ences  (respect  of  patient  autonomy);  (3)  quality 

of  life  (beneficence,  nonmaleficence,  and  respect 

for  autonomy);  and  (4)  contextual  features  (justice 

Ethics  Committees  and  Consultations 

and  fairness)  (Jonsen  et  al. 2015). 

Legal  counsel  is  commonly  available  to  weigh 

The  implementation  and  recognition  of  a  standing 

in  during  palliative  care  ethics  consultations  for 

Ethics  Committee  within  the  healthcare  organiza-

mechanical  circulatory  support  patients  when  the 

tion  is  imperative  to  patient-centered  care. 

situation  may  include  the  following:  determina-

“Recent  efforts  to  professionalize  the  field  of  bio- tion  of  capacity  to  make  medical  decisions; 

ethics  has  led  to  the  development  of  the 

patient  or  family  requests  for  care  that  is  not 

Healthcare  Ethics  Consultant-Certified  Program 

medically  indicated  or  may  cause  undue  burden; 

(HEC-C) 

intended 

to 

credential 

practicing 

withdrawal  of  technology;  cessation  of  medically 

healthcare  ethics  consultants”  (Horner  et  al. 

provided  oral  nutrition  and/or  hydration;  and 

2020).  This  certification  is  valuable  to  ensure  the 

sedation of  the imminently  dying  patient  (Sullivan 

standing  ethicist  practices  in  a  manner  that  helps 

et  al. 2019).  In  partnership  with  ethics,  many 

resolve  the  presented  ethical  concern  using  con-

institutions  utilize  Legal  and  Risk  Management 

sistent  and  medically acceptable processes that  are 

to  navigate  the  aforementioned  situations  in 

patient-focused  and  supported  by  the  American 

order  to  protect  the  dignity  of  patients  and  ensure 

Society  for  Bioethics  and  Humanities.  For  exam-

ethical  problem-solving  is  compliant  under  the 

ple,  Ethics  Committees  that  service  cardiac  inten-

law  and  aligned  with  institutional  policy. 

sive  care  units  need  involvement  from  individuals 

with  augmented  knowledge  surrounding  the 

nature  and  characteristics  of  patients  with 

Caregiver  Support  and 

mechanical  circulatory  support  and  similar  treat-

Family-Centered  Care 

ment(s).  The  Ethics  Committee  should  be  avail-

able  for  case  consultation  in  a  prompt,  respectful, 

In  general,  a  caregiver  is  someone  who  is  respon-

and  timely  manner  proportional  to  the  urgency  of 

sible  for  attending  to  the  daily  needs  of  their  loved 

the  pending  situation. 

one,  whether  that  is  a  family  member,  friend,  or 

domestic  partner.  Caregivers  may  be  tasked  with
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supporting  the  patient  emotionally,  physically, 

those  with  end-stage  cardiac  disease  necessitating 

and/or  even  financially  due  to  the  patient  having 

mechanical  circulatory support and possible trans-

chronic  illness,  injury,  or  a  disability.  These  tasks 

plant,  and/or  nearing  the  end  of  life.  In  addition  to 

can  extend  beyond  activities  of  daily  living 

traditional  clinical  pastoral  education  (CPE), 

(ADLs)  and  can  consist  of  helping  the  patient 

chaplains  can  receive  advanced  certification 

with  medication  administration  and  regimens, 

through  the  Board  of  Chaplaincy  Certification 

navigating  the  healthcare  system  and  appointment 

Inc.  (an  affiliate  of  the  American  College  of  Phy-

scheduling,  maintaining  the  patient’s  residence, 

sicians)  to  specialize  in  Palliative  Care  and  Hos-

and/or  making  up  for  lost  income  or  finding 

pice  (i.e.,  BCC-PCHAC  credential)  in  order  to 

interim  assistance  with  kids  or  other  familial 

provide  competent,  evidence-based  care  (BCCI 

responsibilities  (Kitko  et  al. 2020).  “Health  con-

2022). A  palliative  care  chaplain  can  also  address 

ditions  impact  the  entire  family  and/or  those 

any  existential  suffering  that  may  impact  a  deci-

closely  affiliated  with  the  patient  in  an  informal 

sion  to  pursue  or  discontinue  mechanical  circula-

caring  or  supportive  role.  Therefore,  supporting 

tory  support.  They  are  uniquely  qualified  to 

the  health  and  well-being  of  the  caregiver  directly 

identify  any  cultural,  religious,  family  dynamics, 

impacts  health  outcomes  of  the  patient”  (Russell 

and/or  other  factors  that  may  influence  the 

and  Saketkoo  2021). As  heart  failure  or  other 

patient’s  decision-making  with  treatment.  The 

critical  illness  progresses,  patients’  needs  change 

palliative  care  chaplain  can  also  help  ensure  deliv-

–  they  may  become  more  dependent  on  their  care- ery  of  any  special  requests  from  the  patient  or 

giver  for  communication,  time  management, 

family,  such  as  aiding  and/or  participating  with 

activities  of  daily  living,  emotional  support, 

any  prayer  services  or  rituals  that  may  be  needed. 

and/or  physical  needs.  “Achieving  the  right  bal-

The  palliative  care  chaplain  can  also  guide 

ance  between  optimizing  survival,  symptom  man-

bereavement  services  for  the  family  and  their 

agement,  spiritual  well-being,  and  existential 

loved  ones.  A  wide  range  of  heavy  emotions  are 

concerns  at  the  end  of  life  is  challenging  for 

experienced  during  and  after  the  mechanical  cir-

patients  with  LVADs  and  their  caregivers.  Despite 

culatory  support  journey,  and  the  importance  of 

symptom  burden  and  limited  prognosis,  palliative 

closure for  family  as  well as  the medical teams  can 

care  involvement  and  hospice  utilization  remain 

be  facilitated  by  the  palliative  care  chaplain.  The 

low  for  patients  with  LVADs  and  their  caregivers” 

palliative  care  chaplain  is  also  uniquely  qualified 

(Slavin  et  al. 2020). The  involvement  of  care-

to  aid  with  moral  distress,  bereavement,  and  crisis 

givers  with  patients  have  been  associated  with 

management.  One  study  by  Wilson  et al. (2022)  in  

improved  patient  adherence  to  therapy  and  help 

an  academic  medical  center’s  ICU  during  the 

the  patient  cope  with  feelings  of  isolation  (Russell 

COVID  pandemic  shows  the  benefits  of  chap-

and  Saketkoo  2021).  Therefore,  this  introduction 

laincy.  The study  demonstrated  “positive  ancillary 

should  be  made  early  on  and  the  relationship 

outcomes  included  capitalizing  upon  the  listening 

fostered  in  order  to  meet  the  changing  needs  of 

and  interviewing  skills  of  a  chaplain,  teaching 

the  patient. 

medical  students  to  listen  for  key  components  of 

a  person’s  story,  developing  a  model  of  outreach 

by  phone,  providing  spiritual  and  emotional  sup-

Chaplain/Religious  Considerations 

port  to  families  who  cannot  visit  the  hospital,  and 

providing  an  easily  accessed  audio  file  for  the 

Chaplains  are  trained  to  provide  multiple  services, 

medical  team  to  use  in  rounds  and  in  their 

“including  crisis  support,  compassionate  pres- professional  capacity”  (Wilson  et  al. 2022). 

ence,  spiritual  care,  bereavement  support,  staff 

Hospital-based  bereavement  programs  can  pro-

debriefing,  and  prayer  with  and  for  patients,  fam-

vide  much-needed  support  and  connection  for 

ilies,  and  staff”  (Tennyson  et  al. 2021).  The 

families  after  a  patient’s  death.  Those  patients’ 

healthcare  team  wants  to  honor  every  patient’s 

families  who  had  a  longer  mechanical  circulatory 

cultural,  religious,  and  spiritual  needs,  especially 

support  journey  may  find  it  beneficial  if  the  heart
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failure  team  is  available  to  join  the  palliative  care 

the  context  of  the  patient’s  goals  of  care,  and 

chaplain  in  meeting  in  follow-up  to  provide  emo-

coordination 

of  healthcare 

among 

different 

tional  support,  answer  questions  about  the 

healthcare  settings.  “Programmatic  involvement 

patient’s  medical  course,  and  invite  feedback 

of  hospice  and  palliative  care  in  the  continuum 

regarding  the  family’s  experience.  Chaplains  are 

of  care  of  LVAD  patients  has  the  potential  to 

also  able  to  identify  any  mission  or  sponsor-

increase  and  improve  advance  care  planning, 

alignment  considerations  relevant  to  the  patient’s 

support 

surrogate 

decision-making, 

improve 

care.  For  example,  Catholic  healthcare  organiza-

end-of-life  compassionate  care,  and  to  support 

tions  are  obligated  to  follow  the  Ethical  and  Reli-

caregivers”  (Pak  et  al. 2020). 

gious  Directives  (ERDs)  for  Catholic  Healthcare 

At  minimum,  a  specialized  inpatient  palliative 

Services.  These  Directives  are  a  series  of  instruc-

care  team  should  consist  of  the  following  board 

tions  constructed  by  the  United  States  Conference 

certified  and/or  trained  individuals:  hospice  and 

of  Catholic  Bishops  to  guide  healthcare  in  a  way 

palliative  medicine  physician,  advanced  practice 

that  is  aligned  with  Catholic  teachings  (United 

providers  (e.g.,  advanced  practice  registered 

States  Conference  of  Catholic  Bishops  2020). 

nurse,  nurse  practitioner,  or  physician  assistant), 

Overall,  a  qualified  chaplain  with  experience  in 

registered  nurses,  social  worker,  and  a  chaplain. 

spiritual  care,  moral  distress,  crisis  management, 

Palliative  care  can  be  implemented  from  the  onset 

and 

bereavement 

support 

make 

them 

of  serious  illness  through  terminal  stages  of  dis-

well-prepared  for  work  within  the  CVICU  and 

eases.  Palliative  care  principles  do  not  focus  on 

specifically  with  patients  who  are  undergoing 

withholding  treatments.  Instead,  palliative  care 

mechanical  circulatory  support. 

aims  to  provide  relief  of  distress  with  the  manage-

ment  of  refractory  pain  and  symptoms,  complex 

depression,  anxiety,  grief,  and  existential  suffer-

Programmatic  Palliative  Care 

ing  (Quill  and  Abernethy  2013).  Furthermore, 

Involvement 

palliative  care  manages  ethical  and  medical  dis-

cussions  when  conflict  arises  among  treating 

Early  Involvement  of  Specialized 

teams,  family  members,  and  requests  regarding 

Inpatient  Palliative  Care  Team 

withdrawing/withholding  of  medications  or  inter-

ventions.  In  patients  that  require  complex  dis-

Specialty  palliative  care  is  the  ability  to  provide 

charge  planning,  palliative  social  workers  assist 

care  that  is  aligned  with  the  patient’s  values,  pref-

with  care  coordination  and  where  appropriate, 

erences,  and  goals  of  care.  Palliative  care  special-

home  health  care,  skilled  nursing  facility/acute 

ists  should  ideally  be  board-certified  providers 

rehab,  or  hospice  services  (Quill  and  Abernethy 

with  extra  competence  and  training  in  the  pallia-

2013). 

tive  care  field.  Palliative  care  specialists  are 

In  2013  the  International  Society  for  Heart  and 

consulted  in  cooperation  with  the  care  team  to 

Lung  Transplantation  published  an  executive 

provide  treatment  of  complex  and  refractory  pain 

summary  for  mechanical  circulatory  support. 

in  addition  to  debilitating  symptoms  such  as  anx-

These  clinical  guidelines  recommended  early 

iety;  depression;  nausea/vomiting/diarrhea/con-

involvement  of  specialty  palliative  care  in  the 

stipation;  opioid  titration;  discussions  regarding 

pre- and  postoperative  management  of  VAD 

existential  distress  and  assistance  in  patient/fam-

patients  and  emphasized  the  importance  of  opti-

ily  discord;  and  open  dialogues  between  treating 

mizing  symptom  management  (Feldman  et  al. 

care  teams  (Romano  2021).  An  interdisciplinary 

2013). This  executive  summary  also  demon-

approach  is  best  in  order  to  provide  care  aimed  to 

strated  the  importance  of  partnering  with  pallia-

enhance  the  patient’s  quality  of  life.  Palliative  care 

tive  care  to  ensure  that  highly  complex  and 

focuses  on  several  objectives  that  revolve  around 

severely  ill  patients  and  their  families  have  the 

symptom  management,  relief  of  suffering,  com-

needed  support  and  information  required  for 

munication  of  prognosis  and  treatment  options  in 

shared 

decision-making 

and 

a 

proactive
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establishment  of  care  goals  and  preferences. 

delivery  of  optimal  and  compassionate  care  of 

Informed  decision-making  is  a  critical  component 

these  patients.  The  special  attention  to  patient-

for  patient-centered  care  (Jacquez  et  al. 2013). In 

and  family-centered  care  ensures  that  medical 

2014,  the  Joint  Commission  revised  its  require-

teams  are  aware  of  the  patient/family’s  nuanced 

ments  for  disease-specific  advanced  certification 

needs  and  expectations  during  mechanical  circu-

programs  for  ventricular  assist  devices  with  desti-

latory  support  therapy.  In  one  Palliative  Care  in 

nation  therapy  and  now  requires  the  inclusion  of  a 

Heart  Failure  Trial  by  Rogers  et  al.  (2017), “an 

specialty  palliative  care  representative  to  be  part 

interdisciplinary  palliative  care  intervention  in 

of  the  core  interdisciplinary  team.  Following  the 

advanced  heart  failure  patients  showed  consis-

Joint  Commission  updates,  Centers  for  Medicare 

tently  greater  benefits  in  quality  of  life,  anxiety, 

and  Medicaid  Services  (CMS)  published  its  final 

depression,  and  spiritual  well-being  compared 

memorandum  of  VAD  for  bridge-to-transplant 

with  usual  care  alone.”  Involving  palliative  care 

and  destination  therapy.  This  mandated  the  addi-

teams  early  and  often  when  heart  failure  is  diag-

tion  of  palliative  care  specialists  to  be  a  part  of  the 

nosed  and  progresses  to  the  need  for  mechanical 

interdisciplinary  medical  team  caring  for  benefi-

circulatory  support  will  undoubtedly  benefit  the 

ciaries  receiving  ventricular  assist  devices  as  des-

patient,  their  families,  and  the  care  team. 

tination  therapy  (Kavalieratos  et  al. 2017). Since 

this  change  in  requirements  took  effect,  palliative 

care  has  also  shown  to  be  beneficial  in  intensive 

Concurrent  Palliative  Care  in  the  MCS 

care  settings  by  way  of  facilitating  earlier  family 

Continuum 

meetings  and  decreased  hospital  length  of  stay 

(Mercadante  et  al. 2018). 

The  gravity  of  end-stage  heart  failure  and  the  use 

With  this,  patients  with  heart  failure  who  are 

of  mechanical  circulatory  support  requires  not 

opting  for  mechanical  circulatory  support  should 

only  excellent  attention  to  detail  from  a  medical 

have  access  to  palliative  care  services  early  on  in 

and  surgical  standpoint,  but  perhaps  more  impor-

their  disease  process  in  order  to  help  navigate 

tantly, the  impacts  on the  patient  and  their  family’s 

complex  medical  decision-making  alongside  the 

understanding  about  the  known  risks  and  benefits 

cardiologist  and  other  heart  failure  specialists. 

that  will  invariably  require  discussions  possible 

Many  scientific  societies  have  published  guide-

ethical  dilemmas  and  end-of-life  decisions.  “Pal-

lines  emphasizing  that  palliative  care  should  be 

liative  care  consultation  should  be  a  component  of 

considered  for  patients  with  advanced  heart  fail-

the  treatment  of  end-stage  heart  failure  during  the 

ure  and  that  it  should  be  introduced  in  the  early 

evaluation  phase  for  mechanical  circulatory  sup-

phases  of  the  disease  process,  if  applicable,  and 

port.  In  addition  to  symptom  management,  goals 

increased  over  the  disease  progression  (Yancy 

and  preferences  for  end  of  life  should be  discussed 

et  al. 2017). One  study  by  Woodburn  et  al. 

with  patients  receiving  mechanical  circulatory 

(2019)  demonstrated  “that  the  programmatic  inte-

support  as  destination  therapy”  (Jacquez  et  al. 

gration  of  palliative  care  in  the  care  of  LVAD 

2013).  The  patient’s  social  support(s)  will  be  rig-

patients  pre-implant  to  post-implant  was  associ-

orously  analyzed  due  to  the  necessity  of  multiple 

ated  with  improvement  in  quality  of  life  scores  for 

family/friend  caregivers  who  will  need  to  assist  in 

both  patients  and  their  caregivers,  increased  doc-

the  maintenance  of  therapy  and  follow-up 

umentation  of  advance  care  plans,  and  improve-

appointments.  Further,  there  is  a  high  risk  of 

ment  in  multidisciplinary  team  communication.” 

rehospitalization  due  to  known  complications 

Palliative  care  ensures  that  there  is  the  appropriate 

(i.e.,  bleeding,  infections,  stroke,  device  failure, 

medical,  emotional,  physical,  psychosocial,  and 

multi-organ  failure,  etc.),  which  the  palliative  care 

spiritual  care  involved  during  their  mechanical 

team  is  well  positioned  to  address. 

circulatory  support  journey.  Specifically,  pallia-

One  study  from  Chuzi  et  al. (2021)  found  six 

tive  care  is  attuned  and  well-equipped  to  navigat-

themes  related  to  patients  with  left  ventricular 

ing  any  complications  that  can  complicate  the 

assist  devices  implanted  as  destination  therapy
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receiving  suboptimal  preparation  for  and  at  the 

but  would  be  unlikely  to  encourage  meaningful 

end  of  life:  “(1)  timing  end-of-life  discussions  in 

collaboration  if,  for  example,  a  palliative  care 

the  setting  of  unpredictable  illness  trajectories, 

clinician  is  only  vaguely  familiar  with  mechanical 

(2) 

prioritizing 

end-of-life 

preparation 

and 

circulatory  support  technology  or  a  cardiothoracic 

decision-making,  (3)  communicating  uncertainty 

surgeon  is  reluctant  to  allow  palliative  care 

while  providing  support  and  hope,  (4)  lack  of 

engagement”  (Wordingham  and  McIlvennan 

consensus  on  responsibility  for  end-of-life  discus-

2019). Cardiology  and  Palliative  Care’s  relation-

sions,  (5)  perception  of  the  LVAD  team  as  invin-

ship  needs  to  be  mutual.  The  continuum  of 

cible,  and  (6)  divergent  perceptions  of  LVAD 

mechanical  circulatory  support  requires  focused 

withdrawal.”  These  conclusions  can  help  stan-

medical  care  and  the  recognition  of  the  impor-

dardize  early  intervention  with  palliative  medi-

tance  and  need  for  early  and  continued  palliative 

cine  by  creating  a  consistent  interdisciplinary 

care  involvement  beyond  the  initial  mechanical 

team  presence  while  allowing  the  advanced  heart 

circulatory  support  evaluation. 

failure  team  to  focus  on  the  optimization  of  the 

chosen  mechanical  circulatory  support  device. 

Similarly,  Halatchev  et  al. (2020)  proposed  a 

Continued  Barriers  to  Palliative  Care 

care  paradigm  for  long-term  management  of 

Involvement 

heart failure patients in order to improve outcomes 

of  patients  at  a  lower  cost  (“the  360  degree  HF 

Recognition  of  early  palliative  care  involvement 

Centre”).  This  care  model  presents  a  multi-

is  crucial  to  patient- and  family-centered  care 

disciplinary  healthcare  approach  among  providers 

models  that  optimize  state-of-the-art  cardiac  treat-

that  is  led  by  care  coordinators  and  includes  heavy 

ments  while  maximizing  open  lines  of  communi-

involvement  from  wellness  educators,  dietitians, 

cation  between  cardiac  specialists,  nursing  teams, 

and  social  workers.  However,  the  model  centers 

and  rehabilitation  therapy  teams.  Notwithstand-

around  the  patient  coupled  with  the  care  coordi-

ing,  the  term  “palliative  care”  can  carry  negative 

nator  who  was  equipped  to  initiate  palliative  care 

connotations  with  the  lay  public  as  it  has  been 

consultations  as  appropriate  (Halatchev  et  al. 

often  utilized  interchangeably  with  hospice  and 

2020).  This  model  supports  palliative  care  inter-

equated  as  end-of-life  care.  Similarly,  cardiac  spe-

vention  and  the  benefits  of  early  assistance  with 

cialists  can  be  reluctant  to  early  palliative  care 

facilitating  end-of-life  and  goals  of  care  discus-

involvement  for  mechanical  circulatory  support 

sions  in  patients  with  advanced  heart  failure  or 

patients  as  it  may  be  perceived  as  therapeutic 

other  cardiac  issues. 

failure  (Rusinova  and  Belohlavek  2021).  Physi-

Pinney  et  al. (2017)  explains  that  in  order  for  a 

cians  and  medical  providers  are  trained  to  pro-

patient  on  mechanical  circulatory  support  to 

mote  wellness  and  healing  and  maintain  a 

achieve  decreased  mortality  and  improved  quality 

stalworth  opposition  to  illness  and  death.  Little 

of  life,  there  has  to  be  advancement  in  mechanical 

time  is  spent  on  end-of-life  care  training  and  rec-

circulatory  support  technology,  strong  caregiver 

ognition  of  the  human  suffering  journey  during 

support  that  recognizes  impending  burnout,  and 

acute  and  chronic  illnesses.  However,  therapeutic 

interdisciplinary  collaboration  between  heart  fail-

healing  and palliative  care discussions do not need 

ure  and  the  palliative  care  team.  Furthermore, 

to  be  mutually  exclusive.  Palliative  care  discus-

palliative  care  team  members  should  seek  and 

sions  in  patients  with  mechanical  circulatory  sup-

maintain  continuing  medical  education  that 

port  aim  to  bolster  the  cardiac  team’s  efforts  by 

focuses  on  up-to-date  advances  and  techniques 

helping  patients  and  their  families  understand 

in  mechanical  circulatory  support  in  order  to  com-

their  own  short- and  long-term  goals  and  provide 

municate  effectively  and  best  prepare  the  patient 

both  sides  with  each  other’s  concerns  and  hopes. 

and  family.  “Hospital  policies  can  help  support 

Discussions  using  best  and  next-best  case  scenar-

mechanical  circulatory  support-palliative  care 

ios  help  families  understand  clinical  benefits  as 

collaboration  as  partnerships  develop  or  deepen 

well 

as 

expected/unexpected 

complications
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(i.e.,  prolonged  intubation,  renal  replacement 

ventricular  assist  devices  and  transcatheter  valve 

therapies,  vasopressor  support,  artificial  nutrition, 

replacement.  However,  in  the  2016  report  from 

etc.)  and  possible  technology/pump  failures. 

the  American  College  of  Cardiology  (ACC)  Pal-

In  addition,  the  COVID-19  pandemic  has 

liative  Care  Working  Group,  a  survey  of  all  ACC 

added  complexities  to  an  already  serpiginous 

members  revealed  only  10.5%  having  received 

path 

with 

mechanical 

circulatory 

support 

any  formal  instruction  on  the  topic  during  train-

decision-making.  The  limitation  of  visitors  to  the 

ing” (Han  et  al. 2020).  Other  ways  for  providers  to 

patient’s  bedside  in  order  to  prevent  the  spread  of 

stay  abreast  of  palliative  care  initiatives  is  through 

infection  has  negatively  impacted  family  meet-

the  National  Palliative  Care  Research  Center  that 

ings  with  the  appropriate  family  members  and 

has  collaborated  with  the  Center  to  Advance  Pal-

clinicians.  Whereas  in-person  family  meetings  in 

liative  Care  (CAPC)  in  efforts  to  improve  clinical 

the  patient’s  presence  was  the  norm  before  the 

care  and  provides  suggestions  of  other  notable 

pandemic,  remote  telehealth  involvement  with 

palliative  care  organizations.  These  organiza-

family  stakeholders  has  attenuated  palliative 

tions’  efforts  are  being  made  to  bolster  the  educa-

care’s  means  of  aiding  decision-making  as 

tion  of  medical  students,  residents,  and  fellows; 

non-verbal  and  verbal  communications  are  not 

however,  much  effort  is  still  needed  in  develop-

easily  translated  via  two-way  communications. 

ment  of  integration  of  ethics  and  palliative  care 

“The  paucity  of  experience  with  COVID-19,  into  cardiac  surgery  and  cardiology  curricula  in 

lack  of  evidence-based  guidelines,  which  are  con-

efforts  to  combat  care  barriers  (Han  et  al. 2020). 

stantly  evolving,  and  concern  for  potential 

For  training  on  ethics  content,  Sonntag  et  al. 

medico-legal  liabilities  limit  the  extent  to  which 

(2019)  proposed  that  all  trainees  achieve  compe-

trainees  can  provide  clear  guidance  regarding 

tency  in  five  areas  before  practicing  indepen-

therapy  or  prognosis.  These  circumstances  high-

dently:  “(1)  patient  best  interest,  beneficence, 

light  the  need  for  ethics  and  palliative  care  skills 

and  nonmaleficence;  (2)  respect  for  autonomy; 

among  frontline  cardiac  providers  for  current  and 

(3)  shared  decision  making  and  informed  consent; 

future  pandemics”  (Han  et  al. 2020). 

(4)  surrogate  decision-making;  and  (6)  end-of-life 

One  method  to  help  combat  barriers  with  pal-

care,  including  withholding  and  withdrawing  life-

liative  care  involvement  is  to  increase  the  involve-

sustaining  therapy  and  palliative  care.”  Further-

ment  of  primary  palliative  care  and  ethics  in 

more,  the  mode  of  education  is  now  very  diverse. 

medical  education.  Internal  medicine  residency 

Clinicians  can  complete  continuing  medical  edu-

programs  can  prioritize  patient-clinician  commu-

cation  in  these  areas  through  didactic  courses, 

nication,  symptom  management,  end-of-life  care 

case  reviews,  clinicals,  and/or  readings.  Trainees 

options,  psychological  support,  ethics,  bereave-

should  also  be  involved  in  patient  encounters  and 

ment,  and  care  coordination  to  emphasize  pallia-

shadow  during  selection  meetings,  mechanical 

tive  care  benefits  and  patient-centered  care.  Since 

circulatory  support  candidacy,  and  advance  care 

the  Accreditation  Council  for  Graduate  Medical 

planning  (Sonntag  et  al. 2019). 

Education  standardized  the  requirement  of  ethical 

and  professional  behavior  in  2007,  many  educa-

tional institutions have  revamped  their curricula  to 

Management  and  Complications 

include  these  topic  areas  (Han  et  al. 2020).  How-

ever,  upon  survey  many  providers  still  claim  that 

Difficult  Decisions 

they  lacked  proper  preparation  for  this  area  of 

medicine.  For  example,  “in  cardiology  and  car-

Device  Failure,  Deactivation, 

diac  surgery,  we  have  seen  an  increase  in  ethics-

and  the  Dying  Process 

related  conversations,  with  a  focus  on  medical 

The  overarching  goal  for  mechanical  circulatory 

futility,  discordant  or  withdrawal  of  care  in 

support  technologies  is  often  a  “bridge”  to  recov-

patients  with  end-stage  heart  failure,  and  more 

ery  of  lung  and/or  heart  function  or  transplanta-

recently,  on  device-based  therapies  such  as  left 

tion  if  the  patient  has  irreversible  heart  failure. 
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Oftentimes  medical  technology  may  not  provide 

the  impact  on  their  quality  of  life  has  led  them 

enough  benefit  to  patients  undergoing  mechanical 

to  a  decision  of  device  deactivation.  Per 

circulatory  support,  it  may  pose  too  much  health 

Nakagawa  et  al.  (2020), surrogates  and  clinicians 

risk,  or  the  wait  for  transplant  may  take  too  long. 

alike  may  struggle  to  accept  the  patient’s  deci-

The  most  advantageous  tool  to  a  patient  undergo-

sion  to  withdraw  supportive  care  measures,  espe-

ing  diagnostically  therapeutic  care  is  understand-

cially  when  they  feel  that  the  patient  possesses 

ing  what  will  happen  before,  during,  and  after  the 

capacity  and  opts  to  pursue  end-of-life  care 

machinery  is  removed  so  that  they  understand  the 

regardless  of  others’  inputs  to  continue  treat-

burden  versus  benefit  considerations.  Once  ther-

ment.  Palliative  care  specialists  can  help  advo-

apy  is  removed,  there  may  be  other  care  or  treat-

cate  for  the  patient’s  position  to  discontinue  or 

ment  options  that  need  to  be  contemplated.  If  so,  a 

continue  therapy  that  is  not  concordant  with  any 

member  of  the  specialty  palliative  care  team  can 

shifts  in  their  newly  expressed  goals  of  care. 

help  explain  options  to  the  patient  such  as  if  the 

Bruce  et  al.  (2013)  explain  that  there  are  three 

machine  fails  or  needs  to  be  replaced  or 

main  practical  questions  that  need  to  be 

discontinued  to  help  patients  make  difficult  deci-

addressed  in  any  clinical  decision  involving  the 

sions. 

Some 

cardiac 

treatments 

including 

deactivation  of  mechanical  circulatory  support 

cardioverter  defibrillators,  mechanical  circulatory 

devices:  “(1)  Is  the  act  of  deactivation  of  this 

support,  mechanical  ventilation,  and  extracorpo-

particular  device  morally  permissible?;  (2)  If 

real  membrane  oxygenation  (ECMO)  can  be 

deactivation  is  morally  permissible,  are  there 

declined  by  a  patient  with  decision-making  capac-

countervailing  ethical  considerations  that  sug-

ity  because  the  treatment  that  was  once  used  to 

gest  that  it  could  not  or  should  not  be  performed 

lengthen  one’s  life  is  now  lengthening  the  termi-

in  this  particular  case?;  (3)  If  it  is  ethically 

nal  stages  of  the  disease  and  not  aiding  to  the 

acceptable  in  this  case,  what  should  the  process 

patient’s  comfort  or  pain  relief  (Orsi  2021). 

entail 

and 

how 

should 

it 

be 

properly 

There  is  considerable  debate  over  whether 

implemented?”  Should  the  patient  decide  to 

mechanical  circulatory  support  removal  is  ethi-

deactivate  the  device  while  hospitalized,  the 

cally  permissible.  Most  argue  that  it  is  and  that  it 

inpatient  palliative  care  team  will  work  in  tan-

follows  the  same  moral  algorithm  of  withdrawal 

dem  with  the  cardiac  team  for  the  administration 

of  other  life-sustaining  devices  (i.e.,  ventilator 

of  comfort  care  orders  as  the  patient  will  likely 

support),  while  others  counter  that  it  should  only 

destabilize 

quickly 

when 

the 

device 

is 

be  permissible  when  there  is  a  co-presenting  life-

deactivated.  If,  however,  the  patient  chooses  to 

limiting  illness  and/or  when  the  patient  is  actively 

discharge  from  the  hospital  with  hospice  care, 

dying  (Sonntag  et  al. 2019). 

then  careful  coordination  with  the  hospice  med-

Whenever  withdrawal  or  deactivation  of 

ical  director  will  be  arranged  by  the  inpatient 

mechanical  circulatory  support  devices  is  being 

palliative  care  specialist  and  cardiac  team  prior 

considered,  the  patient  and  their  surrogates  all 

to  hospital  discharge.  Subsequently,  the  patient 

must  be  agreeable  as  the  outcome  of  death  is  a 

and  their  family  will  be  educated  on  the  expected 

final  one.  The  principle  of  autonomy  to  make  disease  trajectory  or  prognosis  upon  withdrawal 

such  decisions  should  rule  difficult  decisions 

of  said  cardiac  device.  Jaarsma  et  al.  (2009) 

surrounding  a  transition  toward  device  deactiva-

explained  that  although  mortality  is  high  in 

tion.  Ideally,  patients  should  be  supported  by 

patients  with  heart  failure,  an  increasing  number 

their 

family/surrogate 

decision-makers, 

but 

of  patients  now  live  for  many  years  following 

most  importantly  is  having  their  wishes  honored 

heart  failure  diagnosis,  reflecting  improvements 

by  the  cardiac  and  palliative  care  teams'  medical 

in  pharmacological,  device/diagnostic,  and  car-

judgment.  Patients  able  to  participate  in  the 

diac  surgical  interventions.  This  improved  survi-

decision-making  process  need  to  be  able  to  artic-

vorship  continues  to  demand  an  increase  in  the 

ulate  that  the  weightiness  of  continuing  life  is 

number  of  patients  requiring  specialized  inpa-

overshadowed  by  the  poor  prognosis  and  that 

tient  palliative  care. 
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appropriate  guidelines  and  goals  of  care  as  dic-

Heart  failure  patients  can  have  broad  palliative 

tated  by  the  patient  and  surrogate  decision-maker 

care  needs,  such  as  managing  refractory  symp-

(s).  These  decisions  should  be  communicated 

toms  or  aiding  with  decision-making  and  psycho-

across  the  mechanical  circulatory  support  team, 

social  or  spiritual  needs.  However,  some  chronic 

nursing  staff,  and  palliative  care  specialists. 

heart  failure  patients  experience  poor  quality  of 

The  use  of  palliative  sedation  is  very  distinct 

life,  even  when  treated  with  modern  evidence-

from  euthanasia  both  materially  and  ethically. 

based  therapies.  When  this  occurs,  those  with 

Orsi  (2021)  explains  that  palliative  sedation  is 

advanced  incurable  malignancies,  recurrent  exac-

clearly  distinguished  from  euthanasia  by  examin-

erbations,  difficulties  with  terminal  phases  of 

ing  three  core  aspects  of  the  process:  “(1)  the 

death,  and/or  multiple  comorbidities  require 

treatment  aim  (intention);  (2)  types  of  pharmaceu-

advanced  specialized  inpatient  palliative  care  for 

ticals  (drug,  dosages,  and  route  of  administration); 

management  of  symptom  control.  While  the 

and  (3)  the  final  result.”  Palliative  sedation  should 

healthcare  trajectory  for  heart  failure  patients  is 

only  utilized  with  advanced,  incurable,  terminal 

different  for  everyone,  a  pattern  of  gradual  decline 

illness  to  help  alleviate  severe  symptoms  that  may 

is  anticipated  and  may  be  interspersed  with  epi-

be  refractory  to  other  forms  of  treatment.  “The 

sodes  of  acute  deterioration  and  eventually  unex-

main  indications  for  palliative  sedation  in 

pected  death  or  death  owing  to  progressive  heart 

advanced  heart  failure  and  other  cardiovascular 

failure  (Jaarsma  et  al. 2009). Depending  on  the 

diseases  are  dyspnea  (19%),  terminal  delirium 

trajectory  of  decline,  some  patients  may  opt  for  or 

(11%),  profound  general  malaise/asthenia  (51%), 

require  palliative  sedation.  “The  European  Asso-

pain  (8%)  and  psycho-existential  suffering  (8%)” 

ciation  of  Palliative  Care  defines  ‘palliative  seda-

(Orsi  2021,  p.  148).  Other  possible  indications  for 

tion  as  the  monitored  use  of  medications  intended 

the  use  of  palliative  sedation  for  heart  failure 

to  induce  a  state  of  decreased  or  absent  awareness 

patients  can  be  during  withdrawal  of  life-

(unconsciousness)  in  order  to  relieve  the  burden 

sustaining  treatments  (e.g.,  mechanical  circula-

of  otherwise  intractable  suffering  in  an  ethically 

tory  support  and  renal  replacement  therapies) 

acceptable  way  for  the  patient,  family,  and 

(Orsi  2021). The  collaboration  and  an  integrated 

healthcare  providers”  (Orsi  2021). 

care  model  between  specialty  palliative  care  and 

Orsi  (2021)  explains  four  major  theories  or 

the  cardiac  team  is  intimately  linked  to  the  suc-

elements  when  considering  the  ethical  justification 

cessful  management  of  mechanical  circulatory 

of  palliative  sedation:  “(1)  principlism:  when  pal-

support  patients  who  require  palliative  sedation 

liative  sedation  respects  the  principles  of  patient 

therapies. 

autonomy,  beneficence,  and  non-maleficence; 

(2)  quality-of-life  ethics:  when  palliative  sedation 

Hospice/Delivery  of  Optimal 

respects  the  patient’s  self-determination  and 

and  Compassionate  End-of-Life  Care 

improves  the  dying  process;  (3)  sanctity/inviola-

In  some  instances,  patients  who  are  terminally  ill 

bility  of  life  ethics:  when  palliative  sedation  does 

and  who  have  elected  to  discontinue  mechanical 

not  interfere  with  the  sanctity  of  life;  and  (4)  dou-

circulatory  support  therapies  may  benefit  from  a 

ble-effect  doctrine:  when  palliative  sedation  has  a 

hospice  program  capable  of  providing  compre-

beneficial  effect  to  alleviate  suffering  in  addition 

hensive  end-of-life  care.  Palliative  care  aims  to 

to  a  possible  adverse  effect,  provided  that  the 

focus  on  quality  of  life  and  relief  of  suffering 

latter  is  not  intentional  and  no  alternatives  are 

from  pain  and  other  debilitating  symptoms  in 

reasonably  available  or  recommended  (the  posi-

patients  facing  a  serious  illness  and  is  not  limited 

tive  effect  must  prevail  over  the  negative).”  Ulti-

by  prognosis.  Hospice,  however,  is  a  subset  of 

mately,  it  is  critical  to  meet  the  needs  of  the  patient 

palliative  care  that  focuses  on  end-of-life  treat-

while  respecting  the  ethical  and  religious/spiritual 

ment  when  a  terminal  diagnosis  portends  a  prog-

principles  that  guide  medical  and  procedural  deci-

nosis  of  6  months  or  less.  “One  exception  is  the 

sions. 

Medication 

regimens 

should 

follow 

US  Veterans  Health  Administration,  which  allows
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for  hospice  care  concurrent  with  life-sustaining 

occurred  in  the  ICU  setting,  and  palliative  care 

treatments”  (Kavalieratos  et  al. 2017). Both  palli-

was  only  consulted  in  approximately  half  of  the 

ative  care  and  hospice  share  the  important  princi-

cases.  Ultimately,  hospice  services  may  be  pro-

ple  of  patient-centered  care  that  focus  on 

vided  in  almost  any  type  of  living  arrangement, 

symptom  management,  goals  of  care  discussions, 

including,  but  not  limited  to,  a  healthcare  facility 

and  advance  care  planning. 

with  a  designated  hospice  unit,  in  the  inpatient 

Ideally,  concurrent  palliative  care  is  provided 

setting,  in  a  long-term  care  facility,  in  a  skilled 

to  mechanical  circulatory  support  patients  during 

nursing  facility,  in  a  community  residence,  or  in  a 

the  inpatient  and  outpatient  settings.  Once  a 

patient’s  private  home.  The  best  end-of-life  care 

device  (LVAD  or  total  artificial  heart)  is  placed 

for  terminally  ill  patients  often  occurs  when  the 

and  the  patient  is  discharged  from  the  hospital,  the 

administration  of  care  is  in  a  setting  familiar  to  the 

needs  of  the  patient  simply  cannot  be  ignored.  It  is 

patient. 

well  documented  that  these  patient’s  life  expec-

It  should  be  noted  that  patients  with  mechani-

tancy  is  extended  with  the  application  of  mechan-

cal  circulatory  support  devices  require  knowl-

ical  circulatory  support  devices.  Literature  shows 

edgeable  hospice  providers  that  will  ideally 

that  the  life  expectancy  of  an  LVAD  patient  is 

interface  with  the  cardiac  team  when  device  deac-

approximately  5.5  years  while  that  of  a  total  arti-

tivation  is  initiated  as  the  time  to  death  is  variable. 

ficial  heart  recipient  is  approximately  4.5  years  The  healthcare  team  is  likely  not  able  to  determine 

(Kumar  2020). Frequent  rehospitalizations  are 

when  exactly  the  natural  dying  process  will  occur. 

inevitable,  and  for  this  reason,  a  closed  loop 

However,  “[e]very  appropriate  start  of  using  tech-

between  cardiac  and  palliative  specialists  is  key 

nology  includes  a  reflection  on  when  to  maintain 

to  helping  patients  and  their  family  navigate  med-

and  when  to  stop”  and  the  care  team  should  use 

ical  decisions  and  symptom  management  by 

this  as  a  guidepost  when  navigating  goals  of  care 

revisiting  the  previously  stated  goals  of  care  and 

(Hofmann  2021,  p.  175).  Once  diagnostically 

fitting  in  the  new  medical  complications  to  make  related  treatment  is  removed  and  the  patient  has 

sure  that  goals  still  are  concordant  with  the  treat-

decided  to  pursue  hospice,  the  care  team  will 

ments  being  offered  for  the  present  hospitaliza-

continue  to  support  the  patient  with  comfort 

tion.  If  during  the  goals  of  care  discussions,  the 

being  the  primary  goal.  Hospice  patients  will 

patient  elects  to  shift  away  from  ongoing  support-

need  a  care  team  that  is  able  to  easily  navigate 

ive  care  measures  and  device  (LVAD  or  total 

the  ethical/spiritual  issues  that  may  arise.  A  multi-

artificial  heart)  maintenance  with  a  clear  decision 

disciplinary team  approach is one  of the tenets  that 

focusing on device  deactivation, then  hospice  care 

govern  excellent  hospice  care,  and  as  such,  hos-

may  be  an  option  if  the  patient  is  medically  stable 

pice  nurses  who  spend  a  majority  of  the  time 

for  hospital  discharge.  Hospice  care  is  not  a  des-

providing  bedside  care  are  imperative  to  helping 

tination  per  se  but  rather  a  philosophy  on  medical 

the  attending  hospice  physician  recognize  symp-

care  that  focuses  on  terminally  ill  patients  seeking 

tom  needs  and  timing  on  device  deactivation. 

to  maximize  their  quality  of  life  while  acknowl-

edging  their  terminal  transition.  Terminally  ill 

patients  should  have  access  to  a  variety  of  hospice 

Conclusion 

care  options  whenever  medically  appropriate. 

Sometimes  it  can  be  challenging  to  find  hospice 

The  frontiers  of  cardiac  technology  are  continuing 

agencies  and  skilled  nursing  facilities  that  are 

to  expand  opportunities  for  patients  and  their  fam-

willing  to  accept  patients  with  LVADs  due  to 

ilies  to  live  longer,  healthier  lives.  Innovation  and 

their  staff  not  having  the  appropriate  training  in 

collaboration  between  cardiac  and  palliative  care 

managing  the  device  (Dunlay  et  al. 2016).  In  one 

teams  will  continue  to  be  of  great  reward  and 

study  by  Dunlay  et  al.  (2016), they  showed  low 

impact  as  we  move  toward  a  future  where 

hospice  service  utilization  in  89  deaths  of  patients 

mechanical  circulatory  support  is  more  available 

on  LVAD  support.  The  majority  of  these  deaths 

and  compact  in  design.  Notwithstanding,  the
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balance  between  medical,  psychosocial,  spiritual, 

Heart  Assoc.  2021;10(15):e020949. https://doi.org/10. 

and  therapeutic  domains  requires  expertise  in 

1161/JAHA.121.020949. 

Dunlay  SM,  Strand  JJ,  Wordingham  SE,  Stulak  JM, 

goals  of  care  discussions,  advance  care  planning, 

Luckhardt  AJ,  Swetz  KM.  Dying  with  a  left  ventricular 

and  symptom  management  so  that  patients  and 

assist  device  as  destination  therapy.  Circ  Heart  Fail. 

their  families  can  focus  on  healing  and  thriving. 

2016;9(10):e003096. https://doi.org/10.1161/CIRCHEA 

The  need  to  address  pain  and  distress  should 

RTFAILURE.116.003096. 

Elwyn  G,  Frosch  D,  Thomson  R,  Joseph-Williams  N, 

always  be  anticipated  in  order  to  achieve  comfort 

Lloyd  A,  Kinnersley  P,  Cording  E,  Tomson  D, 

and  dignity  for  patients  pursuing  life-sustaining 

Dodd  C,  Rollnick  S,  Edwards  A,  Barry  M.  Shared 

therapies  such  as  mechanical  circulatory  support 

decision  making:  a  model  for  clinical  practice.  J  Gen 

like  ECMO,  ventricular  assist  devices,  impella,  or 

Intern  Med.  2012;27(10):1361–7. https://doi.org/10. 

1007/s11606-012-2077-6. 

intra-aortic  balloon  pumps.  We  as  a  healthcare 

Feldman  D,  Pamboukian  SV,  Teuteberg  JJ,  Birks  E, 

community  are  poised  for  a  bright  time  in  human-

Lietz  K,  Moore  SA,  Morgan  JA,  Arabia  F,  Bauman 

ity  where  the  morbidity  of  heart  disease  is  less 

ME, 

Buchholz 

HW, 

Deng 

M, 

Dickstein 

ML, 

burdensome  and  mortality  is  respectfully  and  eth-

El-Banayosy  A,  Elliot  T,  Goldstein  DJ,  Grady  KL, 

Jones  K,  Hryniewicz  K,  John  R,  Kaan  A.  The  2013 

ically  honored  through  a  shared  care  plan. 

International  Society  for  Heart  and  Lung  Transplanta-

tion  guidelines  for  mechanical  circulatory  support: 

executive 

summary. 

J 

Heart 

Lung 

Transplant. 
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Abstract 

mechanical  circulatory  support,  including  left 

Exercise  is  a  major  component  in  primary  and 

ventricular  assist  device  (LVAD)  and  total  artifi-

secondary  prevention  of  cardiovascular  disease 

cial  heart  (TAH),  can  significantly  improve  mor-

and  is  an  important  entity  in  improving  cardio-

bidity  and  mortality  in  select  patients  with 

vascular  health.  Significant  limitation  in  physical 

end-stage  cardiomyopathy. 

function  coexists  with  heart  failure.  Several  fac-

Durable  mechanical  support  significantly 

tors  promote  exercise  intolerance  in  heart  failure, 

improves  morbidity  and  mortality  in  select 

including  upregulated  neurohormonal  milieu 

patients  with  end-stage  cardiomyopathy.  Left 

and  nutritional  deficiencies,  both  of  which  can 

ventricular  assist  device  (LVAD)  and  total  arti-

fi

lead  to  muscle  wasting  a nd cachexia. Durable

cial  heart  (TAH)  are  considered  durable 

mechanical  circulatory  support. 

LVAD  has  been  used  both  as  a  bridge  to 

cardiac  transplant  and  as  a  destination  device, 

A.  V.  Kalya  (✉) 

while  TAH  is  generally  considered  a  bridge  to 

Cardiac  Rehabilitation,  Banner  University  Medical  Center, 

Phoenix,  AZ,  USA 

heart  transplantation  device.  Several  studies
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have  demonstrated  safety  and  benefits  of  exer-

therapy,  continuous  flow  left  ventricular  assist 

cise  in  patients  with  heart  failure.  Both  low 

device  (LVAD)  has  improved  survival  when 

body  mass  index  (BMI)  and  low  albumin 

used  either  as  a  bridge  to  heart  transplantation  or 

among  advanced  heart  failure  patients  at  the 

as 

destination 

therapy. 

In 

patients 

with 

time  of  LVAD  or  TAH  implantation  increase 

biventricular  heart  failure,  total  artificial  heart 

risk  of  complication  and  rehospitalization. 

(TAH)  is  also  implanted  as  a  bridge  to  transplan-

Optimization  of  frailty  with  exercise  training 

tation.  Both  these  treatment  options  have  shown 

(ET)  through  a  cardiac  rehabilitation  program 

improved  survival,  functional  capacity,  and  qual-

(CR)  in  heart  failure  patients  improves  func-

ity  of  life  (Rogers  et  al. 2010; Kugler  et  al. 2011). 

tional  status  and  quality  of  life.  Improved 

However,  despite  these  improvements,  many 

frailty  and  nutritional  status  prior  to  durable 

patients  with  LVADs  and  TAH  continue  to  expe-

mechanical  circulatory  support  implantation 

rience  exercise  intolerance  and  heart  failure  (HF)-

have  improved  outcomes.  Lower  posthospital 

related  symptoms  such  as  dyspnea  and  fatigue 

complications  and  reduced  hospital  stay  have 

(Jaski  et  al. 1999;  Kugler  et  al. 2011). Cardiopul-

been  reported  among  patients  undergoing  car-

monary  stress  testing  also  shows  that  overall  ven-

diac  rehabilitation  (CR)  and  supervised  exer-

tilatory  efficiency  remained  low  or  unchanged 

cise  training  (ET)  prior  to  scheduled  durable 

1  year  after  LVAD  implantation  (Leibner  et  al. 

mechanical  circulatory  support  implantation. 

2013). There  is  sparse  information  regarding 

Continued  ET  post  LVAD  implantation  should 

patients  with  durable  mechanical  circulatory  sup-

be  monitored  following  hospital  discharge  to 

port  going  through  a  formal  cardiac  rehabilitation 

improve  outcomes  in  HF  patients.  However, 

program  following  device  implantation  and 

several  barriers  exist  for  referral  of  HF  patients 

outcomes. 

to  CR  and  addressing  these  factors  may  be 

favorable  in  improving  participation  of  heart 

failure  patients  in  CR  programs.  Continued 

Changes  in  HF  Causing  Exercise 

vigilance  of  patients’  exercise  routines  and 

Intolerance 

increasing  education  and  awareness  among 

providers  caring  for  HF  patients  regarding  CR 

Exercise  is  a  major  component  in  primary  and 

programs  can  have  a  positive  impact  on  overall 

secondary  prevention  of  cardiovascular  disease 

outcomes  in  HF  patients. 

and  is  an  important  entity  in  improving  cardiovas-

cular  health.  Several  studies  have  demonstrated 

safety  and  benefits  of  exercise  in  patients  with 

Keywords 

heart  failure.  However,  a  significant  limitation 

Cardiac  rehabilitation  ·  Exercise  training  · 

exists  in  exercise  capacity  among  patients  with 

Mechanical  circulatory  support  ·  Heart  failure  · 

heart  failure  (Hambrecht  et  al. 1995; Sanderson 

Total  artificial  heart  ·  Left  ventricular  assist 

et  al. 2003). 

device 

Exercise  intolerance,  dyspnea,  and  chronic 

fatigue  occur  in  chronic  heart  failure  patients. 

Changes  including  hemodynamic  abnormalities 

Introduction 

and  skeletal  muscle  composition  are  commonly 

seen  in  HF  patients.  Several  pathways  can  be 

Cardiac  rehabilitation  (CR)  exercise  programs 

upregulated  in  chronic  heart  failure,  causing 

have  shown to improve  functional  status  and  qual-

increased  inflammatory  milieu,  which  results  in 

ity  of  life  and  survival  in  heart  failure  patients. 

nutritional  deficiencies  that  lead  to  muscle 

Reduced  functional  capacity  is  an  independent 

wasting  and  cachexia  (Hambrecht  et  al. 2000; 

risk  factor  for  mortality  in  heart  failure.  In  select 

Laoutaris  et  al. 2011; Schulze  et  al. 2002). 

patients  with  advanced  heart  failure  who  are 

Mitochondrial  content,  capillary  density,  and 

symptomatic  despite  being  on  optimal  medical 

oxidative  capacity  of  skeletal  muscles  are  greatly
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reduced  in  patients  with  HF.  In  these  patients,  a 

seen  especially  among  advanced  HF  patients 

6-month  home-based  physical  training  reverses  the 

(Buigues  et  al. 2014). 

ultrastructural  alterations  of  skeletal  muscles  and 

increases  the  total  volume  density  of  mitochondria 

and  the  surface  density  of  their  inner  border  mem-

Evidence  of  Benefit  of  ET  in  HF  Patients 

branes,  reversing  the  inflammatory  and  catabolic 

state  of  the  skeletal  muscle  (Schulze  et  al. 2002). 

Several  trials  have  shown  reversal  or  attenuation 

This  favors  the  shift  from  fast-twitch  type  II  fibers 

of  the  neurohormonal  milieu,  with  improvement 

to  slow-twitch  and  high  endurance  type  I  fibers 

in  vasomotor  function,  skeletal  muscle  fiber  com-

restoring  the  endothelial  function  (endothelial 

position,  and  ventricular  filling  pressures,  which 

nitric  oxide  formation  and  endothelium-mediated 

in 

turn 

improving 

exercise 

performance 

flow-dependent  arterial  dilation).  The  greatest  ben- (Hambrecht  et  al. 1995). 

efits  are  seen  among  patients  with  worse  forms  of 

Attenuation  of  sympathetic  and  neurohor-

HF  (left  ventricular  ejection  fraction<  =20%) 

monal  activation  and  increased  vagal  tone  has 

(Hambrecht  et  al . 1995,  1997). 

also been  seen  along  with reduction  in NTproBNP 

A  complex  interaction  between  the  central  and 

natriuretic  peptide  (Coats  et  al. 1992;  Conraads 

peripheral  adaptations  is  seen  in  heart  failure. 

et  al. 2004; Kiilavuori  et  al. 1995). 

When  HF  patients  are  subjected  to  physical  train-

ET  also  results  in  improvements  in  exercise 

ing,  improvement  is  seen  in  adaptations  involving 

capacity,  with  a  15–17%  improvement  in  peak 

several  structures  that  include  the  peripheral  arter-

Vo2  achieved  (Smart  and  Marwick  2004;  van 

ies,  skeletal  muscle  structure,  perfusion,  and 

Tol  et  al. 2006). 

respiratory  muscles.  These  factors  led  to  overall 

Heart  Failure:  A  Controlled  Trial  Investigating 

improved  central  hemodynamics  and  improved 

Outcomes  of  Exercise  Training  (HF-ACTION) 

functional  capabilities  (Hambrecht  et  al. 2000). 

trial  was  the  largest  trial  of  exercise  training  (ET) 

Hemodynamic  factors  include  inadequate  car-

in  patients  with  HF  and  reduced  LV ejection  frac-

diac output,  elevated  intracardiac filling  pressures, 

tion  (HFrEF).  The  study  showed  that  regular  aer-

and  suboptimal  increase  in  perfusing  exercising 

obic  ET  was  safe,  well  tolerated,  and  improved 

muscles  (Abudiab  et  al. 2013).  These  factors  can 

quality  of  life  (QOL)  among  HFrEF  patients. 

all  lead  to  decreased  oxygen  extraction  and 

All-cause mortality  and hospitalization  were mod-

increased  anaerobic  metabolism  and  muscle 

estly  reduced  despite  not  reaching  statistical  sig-

fatigue.  Skeletal  muscle  dysfunction  can  be 

nificance  as  determined  by  primary  endpoint 

caused  by  alteration  in  the  muscle  fiber  composi-

(O’Connor  et  al. 2009).  However,  with  pre-

tion,  efficiency  of  contraction,  and  metabolism 

specified  adjustment,  there  appeared  to  be  reduc-

(Hambrecht  et  al. 1995).  Endothelial  dysfunction, 

tions  in  cardiovascular  mortality  and  or  HF 

obesity,  activation  of  inflammatory  cytokines, 

hospitalizations,  and  the  benefits  and  safety 

increased  sympathetic  activation,  and  vasocon-

appeared  to  be  present  across  several  subgroups 

striction can  also  play a role  in decreasing exercise 

regardless  of  age,  etiology  of  HF,  severity  of  HF, 

tolerance  (Vescovo  et  al. 2000). 

race,  and  sex  (O’Connor  et  al. 2012;  Mentz  et  al. 

Frailty  estimates  among  heart  failure  patients 

2013; Smart  and  Marwick  2004). 

range  between  20%  and  80%  irrespective  of  the 

Structured  ET,  combined  with  cognitive  train-

age  group  (Joyce  2016). It  can  manifest  as  declin-

ing,  nutritional  support,  and  education,  as  pro-

ing  physiologic  reserve  and  decreased  resistance 

vided  during  CR  has  shown  to  improve  frailty 

to  physical  stressors.  The  peripheral  manifesta-

phenotype  (Joyce  2016). 

tions  seen  in  HF  including  alterations  in  skeletal 

HF  patients  attending  CR  improve  their  physi-

muscle  structure,  bioenergetics,  and  microvascu-

cal functioning capabilities, which in turn improves 

lar  abnormalities  can  all  cause  muscle  weakening. 

their  quality  of  life,  which  has  shown  to  improve 

The  frailty  phenotype  is  also  associated  with 

their  stress  and  anxiety  issues,  and  can  also  lessen 

impaired  cognition  and  depression,  commonly 

the  caregiver  burden  (Abshire  et  al. 2014). 
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Benefit  of  ET  in  Advanced  HF  Patients 

as  either  a  bridge  to  heart  transplant  or  as  destina-

In  patients  with  advanced  HF  functional  class  III 

tion  therapy.  Several  complications  were  seen 

HF,  ET  has  shown  improvement  in  stroke  volume 

with  early  generation  of  LVAD  pumps.  Currently 

and  reduction  in  cardiomegaly  (Erbs  et  al. 2003). 

replaced  by  HeartMate  3  (Abbott,  Inc),  these  con-

Patients  with  advanced  HF  requiring  LVAD  either 

tinuous  flow  LVAD  has  shown  improved  survival 

as  a  bridge  to  transplantation  or  as  destination 

rates,  and  a  higher  number  of  these  post  LVAD 

therapy  are  older  have  higher  frailty  measures 

implant  patients  are  being  referred  to  cardiac  reha-

and  other  medical  conditions  that  would  make  it 

bilitation  (CR). 

challenging  to  enroll  them  in  CR.  Exercise  train-

The  Interagency  Registry  for  Mechanically 

ing  or  CR  may  be  more  feasible  in  a  center  where 

Assisted  Circulatory  Support  (INTERMACS) 

rehabilitation  staff  are  more  familiar  in  caring  for 

reports  significant  rehospitalization  rate  during  the 

such  complex  advanced  HF  patients  (Freimark 

first  3  years  after  ventricular  assist  device  (VAD) 

et  al. 2007;  Tenenbaum  et  al. 2006). If  advanced 

implantation  surgery,  ranging  64–75%.  Primary 

HF  patients  can  tolerate  physical  activities,  then 

events  leading  to  rehospitalization  include  infec-

ET  has  further  improved  quality  of  life  (QOL). 

tion  and  bleeding,  and  these  seem  to  be  associated 

Banner  University  Medical  Center  routinely 

with  body  mass  index  (BMI)  at  the  time  of  VAD 

enrolls  advanced  HF  patients  with  significant  mus-

implantation  (Kirklin  et  al. 2015, 2017). 

cle  wasting,  poor  functional  status,  and  high  frailty 

Among  the  LVAD  patients,  low  BMI  and  low 

scores  on  continuous  IV  inotropic  support  in  the 

albumin  values  at  the  time  of  discharge  increase 

cardiac  rehab  phase  2.  These  patients  are  exposed 

the  risk  for  rehospitalization  (Brewer  et  al. 2012). 

to  PT  and  CR  personnel  during  their  hospitaliza-

There  appears  to  be  a  direct  relationship 

tion,  initiate  low  level  exercises,  and  tend  to  con-

between  changes  in  the  physical  function  in 

tinue  post  hospital  discharge.  Patients  who  can 

LVAD  patients  between  the  time  of  discharge 

participate  meaningfully  in  the  CR  have  shown 

and  1  year  after  discharge.  Those  who  demon-

improvement  in  their  frailty  scores.  Some  of  these 

strated  improvement  in  physical  function  as  dem-

patients  have  either  been  successfully  weaned  off 

onstrated  by  hand  grip  strength,  leg  extensor 

inotropes  or  have  undergone  durable  mechanical 

muscle  strength,  showed  improved  BMI,  peak 

circulatory  support  or  cardiac  transplantation. 

VO2,  and  6  min  walking  distance.  These  patients 

Advanced  HF  patients  who  have  significantly 

had  lower  rehospitalization  during  the  1-year  fol-

reduced  cardiac  output  despite  being  on  inotropic 

low-up  period  (Kobayashi  et  al. 2022). Therefore, 

support  and  demonstrate  worsening  end  organ 

in  the  early  to  middle  postoperative  period,  nutri-

function  undergo  placement  of  Impella  5.5  or  CP 

tional  and  physical  function  optimization  should 

(Abiomed)  via  axillary  artery  approach,  which 

be  properly  managed  pre-LVAD  implantation  and 

allows  patients  to  be  bridged  to  durable  mechan-

monitored  post  discharge.  Higher  values  on  vari-

ical  circulatory  support  or  cardiac  transplantation. 

ous  strength  parameters  at  the  time  of  discharge 

The  placement  of  the  Impella  in  the  axillary 

were  associated  with  lower  hospitalization  when 

region  has  facilitated  patients  to  participate  in 

followed  for  one  year.  Other  than  the  improve-

exercise  training,  improving  frailty  scores  and 

ment  in  the  physical  strength  between  the  time  of 

nutritional  status  while  awaiting  device  implanta-

discharge and one year post discharge, the patients 

tion  or  transplantation.  These  patients  have  had 

who  avoided  hospitalization  also  demonstrated 

better  outcomes  postoperatively  to  discharge. 

improvement  in  BMI,  serum  albumin,  serum  cre-

atinine,  total  bilirubin,  and  C-reactive  protein. 

Therefore,  the  heart  failure  team  should  be 

Functional  Status  and  Ventricular 

attentive  toward  the  nutritional  status  and  func-

Assist Devices: Optimization of Patients 

tional  status  of  the  patient  following  durable 

After  LVAD  Implantation 

mechanical  support  with  continued  monitoring 

followed  by  education  and  implementation  of 

Over  28,000  individuals  have  received  FDA-

exercise  training  to  improve  outcomes  post 

approved  LVAD  implanted  in  the  United  States, 

implantation. 
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Influence  of  Patient  Factors  on  LVAD 

of  the  patient  can  also  impact  the  LVAD  flows, 

Functioning  and  Exercise  Training 

with  marked  drop  in  LVAD  flows  in  patients 

who 

are 

intravenously 

volume 

depleted 

Early  mobilization  and  long-term  rehabilitative 

(Fresiello  et  al. 2021). 

interventions  can  bring  significant  improvements 

In  summary,  optimizing  patient  factors  includ-

in  both  clinical  and  ergometric  conditions  also  in 

ing  hypertension  control,  volume  status,  and  eval-

patients  with  advanced  CHF  supported  by  left 

uating  for  valvular  abnormalities  and  RV  function 

ventricular  assist  devices  (LVADs),  while  no  sig-

will  improve  exercise  capabilities  of  patients 

nificant  improvements  are  observed  in  untrained 

with  LVAD. 

LVAD  patients  (Laoutaris  et  al. 2011). 

Peak  VO2  is  an  important  predictor  of  survival 

Rehab-VAD 

(Cardiac 

Rehabilitation 

in 

in  patients  on  LVAD  support  (Mirza  et  al. 2021). 

Patients  with  Continuous  Flow  Left  Ventricular 

Many  studies  have  demonstrated  nonsignificant 

Assist  Devices)  study  showed  that  moderate 

improvements  in  peak  VO2  at  12  months 

intensity  aerobic  training  was  safe  among  patients 

(Rosenbaum  et  al. 2018).  Several  factors  appear 

with  continuous  flow  LVAD,  and  it  also  improved 

to  play  a  role  including  peripheral  maladaptation 

overall  health  status,  treadmill  time,  and  leg 

seen  in  advanced  HF  patients  who  appear  to  play  a 

strength,  even  though  no  significant  peak  VO2 

major  role.  Other  factors  including  extended  hos-

improvement  was  noted  (Kerrigan  et  al. 2014). 

pitalization  before  and  after  LVAD  implantation 

Several  studies  have  shown  benefit  of  ET i n 

can  markedly  worsen  functional  status,  leading  to 

LVAD  patients  (Adamopoulos et al. 2019a, b; 

delaying  CR  initiation.  Average  time  to  begin  CR 

Corra  et  al. 2011;  Pistono  et  al. 2011). 

following  LVAD  implant  was  140  days,  which  is 

(Kerrigan progress  in  VC  disease)  Continuous 

90  days  longer  than  patients  undergoing  coronary 

flow  LVADs  provide  3–6  L/min  of  resting  blood  artery  bypass  surgery  and  74  days  longer  than  for 

flow  and  peaks  at  10  L/min.  LVAD  operates  at  a  HT  patients  (Ritchey  et  al. 2020). Further  studies fixed  speed  and  increases  in  flow,  which  is  may  be  required  to  assess  whether  improvement 

dependent  on  the  augmentation  of  native  right 

in  ET  pre-LVAD  implant  improves  VO2  and  other 

heart  and  left  heart  function,  with  moderate  cor-

measures  of  functional  capacity  following  LVAD 

relation  to  heart  rate  during  exercise.  The  LVAD 

implantation. 

flow  rates  are  set  at  2.2–2.4  mL/min/m2 ,  which  

helps  in  appropriate  unloading  without  causing 

adverse  effects  on  RV  function.  Pulmonary 

Exercise  Prescription  for  LVAD  Patients 

hypertension  and  right  heart  dysfunction  can 

critically  limit  LVAD  output  during  exercise. 

The  backbone  of  ET  is  aerobic  or  endurance 

Acquired  valvular  abnormalities  including  aortic 

training  for  HF  patients  and  circulatory  support 

stenosis  or  acquired  aortic  valve  closure  prevents 

device  patients,  including  treadmill,  cycling, 

increase  in  native  cardiac  output  during  exercise, 

upper  body  ergometry,  and  walking.  Aerobic 

while  aortic  insufficiency  (AI)  leads  to  decreased 

training  improved  LV  remodeling  in  clinically 

pump  flow  due  to  recirculation  (Cowger  et al. 

stable  patients  with  HF,  which  also  translates  to 

2010;  Levine  et  al  . 2014).  Elevated  systemic 

improved  cardiac  vascular  risk  profile,  and 

blood  pressure  during  exercise  increases  the  gra-

improved  peak  Vo2  on  cardiopulmonary  stress 

dient  driving  the  recirculation,  contributing  to 

testing  (Haykowsky  et  al. 2007). 

exertional  symptoms  during  exercise  with  AI. 

Moderate  continuous  training  has  been  well 

Increasing  LVAD  pump  speed  alone  may  not 

evaluated  and  found  to  be  safe  and  effective  in 

improve  VO2  peak,  as  this  may  impact  RV 

patients  with  HF  (HF  action)  resistance  training: 

functioning.  Two  factors  that  seem  to  influence 

Combining  resistance  exercise  with  endurance 

LVAD  flow  during  exercise  include  LV  diastolic 

exercise  improves  submaximal  exercise  capacity, 

pressure,  primarily  driven  by  the  exercising 

muscle  strength,  and  QOL  (Mandic  et  al. 2009). 

muscle,  and  native  RV  function.  V0lume  status 

Resistance  training  prevents  adverse  events  in
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patients  with  cardiovascular  disease  (Hayes  et  al. 

preset  fixed  rate;  the  cardiac  output  is  consequently 

2012).  Combined  training  is  more  effective  in 

high  and  almost  fixed,  with  only  slight  variations 

improving 

muscle 

strength 

and 

endurance 

according to the modifications  of venous  return  and 

(Kerrigan 

et 

al. 

2016). 

Aerobic 

exercises 

peripheral  resistances  linked  to  the  patient’s  posi-

3–5  days  a  week  for  20–60  min  is  recommended. 

tion (clino- vs. ortho-statism) and physical exercise. 

Intensity  should  be  lower  to  start  with  (40%  of 

Patients  with  SynCardia-TAH  rate  are  set  at  a  beat 

peak  VO2  reserve)  and  progress  to  80%  of  peak 

rate  of  125  beats/min  and  systolic  time  equal  to 

reserve.  Heart  rate  reserve can be  used  to  guide the 

50%  of  the  cardiac  cycle.  Postoperative  recovery 

intensity  of  exercise,  unless  patients  are  pacer 

depends  on  the  preoperative  clinical  status,  with 

dependent,  and  exercise  intensity  scales  such  as 

INTERMACS 1  patients  requiring a  longer  postop-

Borg  rating  of  perceived  exertion  or  the  talk  test 

erative  course,  compared  to  higher  INTERMACS 

would  be  appropriate  (Kerrigan  et  al. 2014). 

profile  patients  (Shah  et  a l. 2016). 

Resistance  training  is  also  recommended 

Earlier  iterations  of  the  TAH  required  driver 

even  though  there  is  lack  of  research  and  no 

consoles  mounted  on  wheels  and  had  to  be  moved 

specific  guidelines  to  clearly  assess  benefit. 

around  with  the  patient  for  ambulation.  In  2010, 

Concerns  remain  if  increasing  resistance  exer-

the  FDA  gave  conditional  approval  for  an  Inves-

cises  cause  increase  in  peripheral  vascular  resis-

tigational  Device  Exemption  clinical  study  of  the 

tance,  hence  negatively  impacting  LVAD  flow. 

portable  Freedom  driver  (SynCardia).  Following 

Light  band  exercises  and  resistance  band  exer-

clinical  stabilization,  the  patient  can  now  be 

cises  are  generally  recommended.  Consider  lim-

switched  to  the  freedom  driver,  which  allows  the 

iting  leg  lifts  and  sit  ups,  which  may  disrupt 

patient  to  ambulate  independently  and  can  now  be 

LVAD  driveline  and  increase  abdominal  pres-

considered  safe  for  discharge  to  home  from  the 

sure  causing  LVAD  flow  issues.  Sit  to  stand  and 

hospital  while  awaiting  a  heart  transplant.  Higher 

wall  squats  can  be  chosen  as  alternative  mea-

rates  of  survival  to  transplant  have  already  been 

sures  to  build  leg  strength.  Careful  attention  to 

proved  with  the  TAH  in  patients  with  bi-

fall  risk  is  important  given  the  usual  weight  of 

ventricular  failure.  Potential  benefits  for  the  por-

batteries  and  shift  in  gravity. 

table  freedom  driver  include  increased  mobility, 

which  can  improve  rehabilitation  participation, 

increased  functional  status,  and  improved  quality 

Optimizing  Functional  Status  After 

of  life  (Arabía  et  al. 2018;  Cook  et  al. 2015). 

Total  Artificial  Heart 

Case  reports  of  exercise  training  in  TAH  for  up 

to  29  months  have  been  reported  and  evaluated 

TAH  (SynCardia  Systems,  LLC)  patients  tend to be 

periodically  with  CPETs  to  assess  progress 

much  sicker,  given  the  biventricular  failure  and 

(Bellotto  et  al. 2011).  Over  time,  exercise  training 

evidence  of  multiorgan  dysfunction.  Their  func-

leads  to  improvement  in  peripheral  resistance 

tional  classification  is  much  worse  compared  to 

likely  due  to  improved  endothelial  function  in 

LVAD  and  likely  has  significant  muscle  wasting 

the  periphery.  This  has  been  demonstrated  in 

and  nutritional  limitations.  TAH  is  biventricular 

heart  failure  patients  undergoing  regular  long-

orthotopic 

pneumatic 

pulsatile 

pump 

that 

term  aerobic  exercise  training  and  measuring 

completely replaces the native ventricles and valves 

endothelium  dependent  vasodilation  in  peripheral 

and  is  approved  as  a  bridge  to  heart  transplantation 

vessels  (Hambrecht  et  al. 2000). TAH  patients  can 

in  selected  patients.  The  system  consists  of  two 

improve  exercise  capacity  with  exercise  training 

artificial  ventricles,  with  two  drivelines  tunneled 

despite  fixed  peak  cardiac  output.  Other  factors 

into  the  skin,  which  connect  ventricles  to  an  exter-

can  also  play  a  role  in  the  improvement  of 

nal  console  generating  the  pulsatile  flow.  The  two 

physical  strength  in  TAH  patients,  including  oxy-

implantable  ventricles  have  blood  chambers  of 

gen  carrying  capacity  determined  by  blood  hemo-

70  mL  or  50  mL  volume  capacity  and  pump  at  a 

globin,  peripheral  blood  flow,  and  improved
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extraction  in  the  peripheral  tissues.  Thus,  optimiz-

surgical  team,  the  C2  driver  could  be  exchanged 

ing  volume  status,  hemoglobin,  and  blood  pres-

to  the  portal  freedom  driver,  giving  the  patient  and 

sure  (hypertension  especially)  is  important  in 

therapists  more  flexibility  in  increasing  the  activity 

improving  patient  participation  and  outcomes  in 

level.  After  patient  discharge,  CR  is  generally 

patients  with  TAH  undergoing  ET. 

started  around  8–12  weeks  post  implant.  Patients 

usually  can  participate  in  aerobic  exercises, 

3–5  days  a  week,  with  each  session  lasting  from 

Patients’  Factors  to  Consider  for  CR/ET 

45  min  to  an  hour.  Supervised  training  is  provided 

in  TAH  Patients 

for  these  patients  to  use  treadmill,  arm  ergometer, 

and  stationary  bicycle. 

TAH  patient  cohort  tend  to  be  much  sicker,  given 

Squats  and  bending  down  are  avoided  due  to 

the  biventricular  failure  and  evidence  of  multiorgan 

the  presence  of  larger  drivelines  and  concerns  for 

dysfunction. Their functional class, muscle wasting, 

kinking  and  flow  alarms. 

and  nutritional  status  may  be  worse  compared  to 

patients  undergoing  implantation  of  LVAD  only. 

Drivelines  for  the  TAH  are  much  bulkier  and 

Barriers  to  Referral  to  CR 

connect  usually  to  a  larger  hospital  driver  console 

Companion  2  (C2)  or  a  smaller  portable  pneu-

Significant  improvement  has  been  seen  in  func-

matic  driver,  freedom  portable  driver. 

tional  status,  lower  posthospital  complication,  and 

These  are  pulsatile  devices,  so  blood  pressure 

reduced  hospital  stay,  among  HF  patients  undergo-

monitoring  is  less  cumbersome.  The  heart  rate  and 

ing  cardiac  rehab  or  supervised  exercise  programs. 

volume  of  ejection  are  fixed  during  exercise,  and 

Despite these benefits, there are several barriers  that 

improvement  in  cardiac  output  with  exercise  is 

prevent  effective  use  of  this  treatment.  In  general, 

dependent  on  peripheral  extraction.  Monitoring 

CR  utilization  is  between  10%  and  30%  worldwide 

blood  pressure  is  very  important  as  hypertension 

(Balady  et  al. 2011;  Grace  et  al. 2008;  Sanderson 

during  exercise  may  potentially  cause  shortness  of 

et  al. 2003).  The  primary  factors  include  physical 

breath  from  elevated  pulmonary  venous  pressures. 

referral  requirements,  payer  coverage,  patient 

Optimization  of  anemia  should  also  improve  exer-

adherence,  and  lack  of  awareness  and  education 

cise  capacity,  and optimization  of  the  volume  status 

among  both  patients  and  providers  regarding  bene-

is  also  crucial as patients  with TAH  can be sensitive 

fits of CR (Grace et al. 2008; Sanderson et al. 2003). 

to  preload. 

Stronger  physician  commitment  and  increas-

ET  is  initiated  through  physical  therapy  and  CR 

ing  trained  staff  in  CR  would  improve  increased 

post  TAH  implant  following  extubation  when 

patient  referral  and  adherence  to  exercise  training. 

determined  safe  to  participate  by  the  clinical  team. 

Improving  education  beyond  cardiologist  and 

Early  on,  patients  still  have  several  indwelling  lines 

include  primary  care  providers  may  overcome 

including  TAH  drivelines  and  chest  tubes,  which 

some  of  the  challenges  in  the  referral  flow 

may  pose  challenges  to  physical  therapists  and  CR 

(Bozkurt  et  al. 2021). 

staff  to  effectively  implement  simple  tasks  such  as 

Several  healthcare  policies  have  a  major  impact 

sitting,  standing, and ambulation. Great care  should 

on participation of patients in ET. Cost to participate 

be  taken  in  handling  these  lines.  During  the  early 

in  rehabilitation  and  the  copayments  of  insurance 

portion  of  the  post  implant  period,  physical  thera-

plans may be prohibitive for many patients  either  to 

pists  work  on  ambulation,  and  CR  work  on  upper 

enroll  or  continuing  in  ET  (Balady  et  al. 2011). 

and  lower body  strength  including  sit  and stand and 

However,  in  2016,  only  42%  of  the  eligible 

arm  exercises.  The  companion  driver  (C2)  that 

patients  attended  CR  (Ritchey  et  al. 2020). 

operates  the  TAH  is  push  rolled  along  with  the 

One  potential  barrier  to  CR  in  the  LVAD 

patient  by  therapists  during  their  ambulation. 

patient  population  is  the  medical  complexity  of 

When  medically  acceptable  and  cleared  by  the 

these  patients,  including  difficulties  in  monitoring
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of  vital  signs,  equipment  management,  and  small 

•  Ambulation  will  be  attempted  out  of  the 

increases  in  the  risk  of  complications  (e.g., 

patient’s  room  with  the  goal  of  ambulating 

arrhythmias  and  hypotension)  during  exercise. 

100  ft.  or  more.  If  unable  to  ambulate  due  to 

The  CR  staff  also  will  require  training  to  manage 

clinical status, we then perform sets of marching 

patients  during  ET.  Complex  interaction  between 

in  place  with  the  patient.  Goal  for  ambulation  in 

the  LVAD  and  the  native  cardiovascular  system 

ICU  is  set  four  times  per  day  with  one  of  these 

during  exercise  may  contribute  to  staff  hesitancy 

sessions  being  performed  with  cardiac  rehab. 

and  low  enrollment  into  CR. 

Goal  for  ambulation  in  the  progressive  care 

Some  of  the  patient  factors  affecting  the  CR 

unit  is  six  times  per  day  with  one  session 

intervention  include  heterogeneity  of  patient  pop-

being  performed  with  cardiac  rehab  staff. 

ulation,  psychosocial  differences,  and  variations 

•  Patients  are  provided  with  a  midline 

in  training  models  utilized. 

sternotomy  recovery  plan  (MSRP)  packet, 

Patient  comorbidities  including  renal  insuffi-

which  includes  upper  body  range  of  motion 

ciency, 

uncontrolled 

diabetes 

mellitus, 

and 

exercises:  arm  curls,  straight  arm  raises, 

peripheral  vascular  disease  also  play  a  role  in 

elbow  circles,  shoulder shrugs, front  and lateral 

how  well  the  patient  can  participate  in  CR  or  ET. 

shoulder  raises,  and  arm  punches.  Patients  are 

encouraged  to  perform  six  to  ten  repetitions  of 

these  exercises  at  least  three  times  per  day 

Psychosocial  Issues  Affecting  LVAD 

while  hospitalized. 

and  Benefits  from  CR 

Exercise  Recommendations  for  MCS  Patients’ 

LVAD  implantation  poses  significant  stress  not 

Status  Post  Discharge  and  Prior  to  Starting 

only  to  the  patient  but  also  to  caregivers.  Anxiety 

Cardiac  Rehab 

and  depression  concerns  are  frequently  recorded 

•  Continue  to  perform  MSRP  exercises  three 

during  psychosocial  evaluation  during  preimplan-

times  per  day  increasing  to  two  to  three  sets 

tation.  Depression  is  significantly  high  in  heart 

of  six  to  ten  repetitions  at  a  time. 

failure  patient  population  and  may  remain 

•  Encouragement  to  continue  ambulating  at 

unrecognized  post  implantation.  These  issues 

home.  Patients  may  begin  with  short  1–6-min 

may  pose  a  significant  threat  to  adaptation  follow-

bouts  of  exercise  time  during  ambulation. 

ing  LVAD  implantation.  Returning  home  may 

Recommended  to  slowly  increase  time  duration 

represent  a  threatening  phase  requiring  stronger 

until  they  are  able  to  safely  accumulate  approx-

personal  responsibilities  in  order  to  manage  the 

imately  30  min  of  low  level  leisurely  activities, 

device  and  the  several  related  lifestyles.  CR 

until  they  are  able  to  attend  cardiac  rehab. 

among  LVAD  patients  has  shown  improvement 

in  anxiety,  depression,  and  QoL,  and  caregivers 

Exercise  Prescription  for  MCS  Patients 

reduced  their  strain  (Karapolat  et  al. 2013; 

in  Outpatient  Cardiac  Rehab 

Voltolini  et  al. 2019). 

•  Essentially  follow  ACSM’s  guidelines  for 

heart  failure  patients. 

•  Goal  in  outpatient  cardiac  rehab  is  to  increase 

General  Prescription  of  ET  by  Cardiac 

exercise  time  to  approximately  45–60  min 

Rehabilitation  (Liguori  et  al. 2022, 

along  with  an  increase  in  MET levels  achieved. 

AACVPR  2021) 

Patients  are  placed  on  machines  such  as  tread-

mills,  stationary  bikes,  Nu-Steps,  arm  ergome-

Inpatient  Cardiac  Rehab  Protocol  Post  Open-

ters,  and  assault  bikes,  with  the  primary  goal  of 

Heart  Surgery  for  MCS  Patients 

improving  mobility  level  and  balance. 

•  Initiate  ambulation  post  extubation  as  soon  as  •  LVAD  exercise  prescription:  Peak  exercise 

patients  are  clinically  stable  (MAP  above 

capacity  can  continue  to  be  limited  due  to 

60,  regular  rhythm,  pain  controlled). 

device;  therefore,  ET  prescription  is  more
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based  on  improving  submaximal  exercise  rou-

limited  contribution  of  the  native  heart  to 

tines/testing,  to  ease  activities  of  daily  living 

increase  cardiac  output. 

(ADL),  leading  to  greater  quality  of  life.  We 

3.  Monitor  for  volume  status  prior  to  initiation  of 

use  between  60%  and  80%  heart  rate  response 

CR  sessions,  especially  when  patients  are  on 

(HRR)  for  exercise  intensity.  For  patients  with 

diuretics.  Low  baseline  blood  volumes  may 

permanent  pacemakers,  we  use  the  Borg  RPE 

cause  hypotension  and  suction  events  with 

scale. 

exercise. 

•  We  generally  avoid  resistance  training  exer- 4.  Orthostatic  hypotension  could  be  due  to  anti-

cises  that  increase  intrathoracic  pressure. 

hypertensive  medications  but  can  be  caused  by 

•  TAH:  Peak  exercise  capacity  can  continue  to 

cardiac  dysautonomia,  which  may  be  present 

be limited due to device; therefore,  prescription 

during  the  first  few  months  after  implantation. 

is  more  based  on  improvement  of  submaximal 

5.  Mean  blood  pressure  should  range  between 

testing,  ease  of  ADL,  and  greater  quality  of 

70  mm  Hg  and  90  mm  Hg:  hypertension 

life.  Cannot  use  HRR  due  to  lack  of  ECG; 

could  reduce  LVAD  flows,  limiting  exercise 

therefore,  the  Borg  RPE  scale  is  most 

capacity.  For  patients  with  TAH,  monitor  sys-

important. 

tolic  blood  pressure  to  maintain  a  range 

•  We  avoid  resistance  training  exercises  that 

between  100  and  120  mm  Hg.  Higher  pres-

increase  intrathoracic  pressure. 

sures  can  result  in  elevated  left  atrial  pressure 

•  Encourage  resistance  training  with  patients  as 

causing  pulmonary  edema. 

well.  Cardiac  rehab  to  prescribe  exercises  that 

6.  Devices  and  drivelines  should  be  carefully 

are  safe  to  perform  given  lines.  Exercises  may 

managed  during  physical  activities  to  avoid 

include  use  of  dumbbells,  resistance  bands, 

untoward  accidents. 

and  universal  weight  machine. 

Special  Considerations  for  MCS  Patients 

Conclusion 

•  LVAD:  resting  MAP  above  60  and  below 

90  mmHg,  patients  may  at  times  become  sys-

Physical 

activities 

play 

a 

major 

role 

in 

tolic  during  exercise,  rhythm  without  increased 

maintaining  quality  of  life  among  patients  with 

ectopy,  normal  pump  power  and  flow,  normal 

heart  failure.  Therefore,  clinicians  should  be 

Hgb,  and  battery  life. 

attentive  toward  physical  activities  of  HF  patients, 

especially  when  they  are  hospitalized.  Infrequent 

TAH–ACSM/AACVPR  guidelines  for  blood 

implementation  of  outpatient  CR complicates care 

pressure  and  battery  life. 

of  patients  with  heart  failure.  Improved  functional 

status  pre-mechanical  circulatory  support  implan-

Factors  to  Monitor  Before  Initiating  CR 

tation  decreases  hospitalization  and  postoperative 

Program for Patients  with Durable Mechanical 

complications.  The  role  of  peripheral  adaptation 

Circulatory  Support  (Gross  et  al. 2019;  Myers 

mechanisms  that  is  seen  in  HF  is  positively 

et  al. 2009) 

impacted  by  ET.  These  adaptations  with  ET 

1.  In  preparing  exercise  prescriptions,  clinicians 

should  improve  overall  performance  and  quality 

should  be  attentive  toward  considering  a  vari-

of  life  and  facilitate  patient  engagement  in  long-

ety  of  safety  factors  including  clinical  condi-

term  exercise  training.  Exercise  training  among 

tion 

and 

comorbidities, 

cognitive 

and 

HF  patients  should  be  individualized  to  patients 

psychosocial  impairment,  baseline  functioning 

baseline 

functional 

capacity, 

comorbidities, 

status  of  the  patient  prior  to  implant,  and  ortho-

LVAD  and  TAH  parameters,  and  postoperative 

pedic  limitations. 

complications.  Moreover,  a  longer  rehabilitation 

2.  Patients  may  develop  symptomatic  hypoten-

intervention  followed  by  a  maintenance  program 

sion  at  higher  graded  exercise  due  to  peripheral 

of  regular  physical  activity  will  likely  provide 

vasodilation  and  fixed  device  output  and 

improved  overall  benefit.  It  is  difficult  to  preserve
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skeletal  muscle  function  in  daily  life  during  long-

Bozkurt  B,  et  al.  Cardiac  rehabilitation  for  patients  with 

term  mechanical  circulation  support.  Future  stud-

heart  failure.  J  Am  Coll  Cardiol.  2021;77(11):1454–69. 

Brewer  RJ,  et  al.  Extremes  of  body  mass  index  do  not 

ies  should  observe  physical  functioning  in 

impact  mid-term  survival  after  continuous-flow  left 

patients,  in  context  to  long-term  mechanical  sup-

ventricular  assist  device  implantation.  J  Heart  Lung 

port.  Home  management  strategies  should  be  fur-

Transplant.  2012;31:167–72. 

ther  looked  into  to  establish  success  in  continuing 

Buigues  C,  Padilla-Sánchez  C,  Garrido  JF,  Navarro-

Martínez  R,  Ruiz-Ros  V,  Cauli  O.  The  relationship 

exercise  routines  in  the  long  term  (Mentz  et  al. 

between  depression  and  frailty  syndrome:  a  systematic 

2013). 

review.  Aging  Ment  Health.  2014;19(9):762–72. 

CR  provides  a  comprehensive  management 

Coats  AJ,  Adamopoulos  S,  Radaelli  A,  et  al.  Controlled  trial 

platform  addressing  psychological  health,  attenu-

of  physical  training  in  chronic  heart  failure.  Exercise 

performance,  hemodynamics,  ventilation,  and  autonomic 

ation  of  risk  factors,  and  social  support  along  with 

function.  Circulation.  1992;85(2119–31):39. 

exercise  training,  in  improving  overall  outcomes 

Conraads  VM,  Beckers  P,  Vaes  J,  et  al.  Combined  endur-

among  HF  patients. 

ance/resistance  training  reduces  NTproBNP  levels  in 

patients 

with 

chronic 

heart 

failure. 

Eur 

Heart 

J.  2004;25:1797–805. 

Cook  JA,  Shah  KB,  Quader  MA,  et  al.  The  total  artificial 
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Abstract 

related  quality  of  life  (HRQOL).  In  this  chap-

Heart  failure  is  a  progressive  disease  that  sig-

ter,  we  review  the  approaches  to  measure 

nificantly  impacts  patient  quality  of  life. 

HRQOL  in  patients  with  MCS,  and  the  antici-

Patients  with  heart  failure  value  quality  of  life 

pated  changes  in  HRQOL  after  MCS  therapies 

highly,  often  prioritizing  it  over  survival.  Dura-

are  instituted.  We  also  discuss  outstanding 

ble  mechanical  circulatory  support  (MCS)  rep-

challenges  in  identifying  patient  groups  at 

resents  an  opportunity  to  improve  health-

risk  for  suboptimal  outcomes  and  the  interven-

tions  that  may  address  this  problem. 
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about  4.5%  (95%  CI,  3.8–5.5%)  (Kalogeropoulos 

higher  compared  to  the  general  population  (Rut-

et  al. 2017).  One-year  mortality  rates  among  Medi-

ledge  et  al. 2006).  Anxiety  is  highly  prevalent  in 

care  beneficiaries  with  HF  is  29.6%  (Chen  et  al. 

the  HF  population  with  about  30%  of  patients 

2011),  and  for  those  with  advanced  HF  nearly  90% 

with  HF  describing  significant  levels  of  anxiety 

die  within  1  year  (Fang  et  al. 2015).  Studies  have 

based  on  anxiety  questionnaires  (Easton  et  al. 

also  shown  that  HF  patients  value  quality  of  life 

2016).  Depression,  anxiety,  and  social  isolation 

highly,  often  prioritizing  it  over  survival.  In 

all  contribute  to  morbidity  and  mortality  in  indi-

advanced  HF,  health-related  quality  of  life 

viduals  with  advanced  HF  (Spaderna  et  al. 2007). 

(HRQOL)  typically  ranges  from  fair  to  poor  and 

The  Waiting  for  a  New  Heart  study  showed  that 

is  correlated  with  disease  severity  (Warraich  et  al. 

depression  and  social  isolation  influenced  clini-

2019; Joyce  et  al. 2016). Thus,  in  patients  with 

cal  outcomes  in  advanced  HF  patients  awaiting 

advanced  HF,  the  key  goals  of  therapy  focus  not 

heart  transplantation  (Spaderna  et  al. 2012). 

only  on  improved  survival  but  also  on  enhance-

These  findings  are  consistent  with  a  7-year  fol-

ment  of  HRQOL. 

low-up  study  of  patients  with  advanced  HF  listed 

Disease  progression  in  HF  is  associated  with 

as  candidates  for  heart  transplantation  that 

decreased  HRQOL,  encompassing  limitations  in 

reported  an  inverse  association  between  psycho-

the  physical,  social,  and  mental  domains  (Grady 

social  distress  and  death  or  delisting  due  to  dis-

et  al. 1995;  Baas  et  a  l. 1997; Todero  et  al. 2002; 

ease  deterioration  (Gali  et  al. 2021). 

Houghton  et  al. 2002). These  include  limited 

As  poor  HRQOL  is  associated  with  worse 

capacity  to  participate  in  usual  daily  activities, 

prognosis,  accurate  assessment  of  HRQOL  has 

often  as  a  result  of  decreased  mobility,  inability 

become  increasingly  relevant  for  providers  and 

to  complete  family-related  responsibilities,  and 

patients  in  determining  treatment  decisions  in  the 

disruption  of  social  interactions  with  family  and 

setting  of  advanced  HF.  Measurement  of  HRQOL 

friends.  A  decrease  in  physical  activity  is  associ-

in  patients  with  HF  has  included  the  use  of  both 

ated  with  increased  HF  mortality  (Houghton 

generic  and  disease-specific  instruments.  Generic 

et  al. 2002; Doukky  et  al. 2016; Cacciatore 

instruments allow for comparisons  across  diseases 

et  al. 2019).  For  example,  in  a  prospective  eval-

and  therapies.  Widely  used  generic  HRQOL 

uation  of  314  elderly  patients  with  advanced  HF, 

instruments  include  the  Medical  Outcomes 

physical  activity  level,  evaluated  using  the  self-

Study  36-item  Health  Survey  (SF-36)  (Ware  and 

reported  Physical  Activity  Scale  for  the  Elderly, 

Sherbourne  1992)  and  the  EuroQol  (EQ-5D-3L), 

demonstrated  an  inverse  relationship  with  mor-

which  includes  a  visual  analogue  scale  (VAS)  and 

tality  (Cacciatore  et  al. 2019). Another  prospec-

assessment  in  five  dimensions:  mobility,  self-care, 

tive  registry  of  community-dwelling  patients 

usual  activities,  pain/discomfort,  and  anxiety/ 

found  that  almost  35%  of  HF  patients  had  sub-

depression  (EuroQol  Group  1990).  The  NIH 

stantially  reduced  gait  speed,  which  was  inde-

funded  Patient-Reported  Outcomes  Measurement 

pendently  associated  with  HF  mortality  and 

Information  System  (PROMIS)  contains  >300 

hospitalization  (Pulignano  et  al. 2016).  In  the 

item  measures  of  physical,  mental,  and  social 

mental  and  social  domains  of  HRQOL,  most 

health,  many  items  based  on  computer-adaptive 

patients  with  advanced  HF  report  feelings  of 

testing  tools.  (Grady  et  al. 2015a;  Cella  et  al. 

emotional 

reactivity, 

which 

are 

primarily 

2007)  Disease-specific  instruments  focus  on  con-

influenced  by  depression,  anxiety,  and  social  iso-

cerns  relative  to  a  particular  illness,  for  example, 

lation  as  a  result  of  increased  risk  of  hospitaliza-

HF.  HF-specific  measures  include  the  Minnesota 

tion  and  mortality  (Marcuccilli  et  al. 2011; 

Living 

with 

Heart 

Failure 

Questionnaire 

Braunsdorf  2017;  Casida  et  al. 2011;  Grady 

(MLHFQ)  (Rector  1987),  the  Chronic  Heart  Fail-

et al. 2015a;  Sandau  et  al. 2014). In  a  meta-

ure  Questionnaire  (CHQ)  (Berry  and  McMurray 

analysis  of  36  studies,  21.5%  of  patients  with 

1999), Quality  of  life  in  severe  PrROMIS 

HF  reported  clinically  relevant  depressive  symp-

meassures  have  also  been  validated  in  MCS 

toms,  which  was  noted  to  be  two  to  three  times 

patients  (Hahn  et  al. 2023a)  heart  failure

[image: Image 80]
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(QLQ-SHF)  (Grady  et  al. 2015a),  and  the  Kansas 

et  al. 2011,  2014;  Kugler  et  al  . 2011;  Hahn  et  al  . 

City  Cardiomyopathy  Questionnaire  (KCCQ) 

2023b). Patients  have  reported  improvement  in 

(Green  et  al. 2000). HF-specific  instruments  are 

HRQOL  after  LVAD  implantation  as  early  as  one 

designed  to  be  responsive  to  symptoms  of  HF, 

to  two  weeks  post  implant.  A  single  center  analysis 

such  as  dyspnea,  fatigue,  weakness,  and  edema. 

of  30  patients  showed  improved  satisfaction  with 

Ventricular  assist  device  (VAD)-specific  measures 

life,  which  reflected  in  low  amounts  of  symptom 

of  adjustment  to  mechanical  circulatory  support 

distress  with  better  health  and  functioning  at 

and  HRQOL  have  recently  been  psychometrically 

2-weeks  post  implant  (Grady  et  al. 2001).  Between 

tested  and  validated  (Grady  et  al. 2024a,  b, 

1  month  and  1  year  after  LVAD  implantation, 

2015a). 

patients’  perceptions  of  HRQOL  are  generally  sta-

Historically,  HRQOL  assessment  using  vali-

ble  with  moderate  stress  levels  and  acceptable  rat-

dated  tools  has  been  mostly  performed  as  part  of 

ings  of  coping  ability  (Grady  et  al. 2014, 2015b, 

research.  The  importance  of  HRQOL  in  HF  is 

2016). 

now well acknowledged,  and  HRQOL  assessment 

With  advancement  of  LVAD  technology  and 

is  included  in  clinical  registries,  for  example, 

broadening  of  indications  to  include  destination 

INTERMACS,  and  has  also  been  implemented 

therapy, more recent studies have reported improved 

into  routine  clinical  care  of  HF  patients.  (Stehlik 

HRQOL  outcomes  up  to  1  year  and  at  2  years  after 

et  al. 2017). 

LVAD  implant  and  beyond  (Grady  et  al. 2015b; 

White-Williams  et  al. 2020;  Kormos  et  al  . 2019) 

(Fig. 1). 

Change  in  Health-Related  Quality 

Data  on  HRQOL  improvement  after  LVAD 

of  Life  from  Before  to  After  LVAD 

implant  have  been  consistent  in  clinical  trials  and 

Implantation 

prospective  “real-life”  registries.  One  of  the  first 

VAD  trials, the Randomized  Evaluation  of  Mechan-

Mechanical  circulatory  support,  using  durable  left 

ical  Assistance  for  the  Treatment  of  Congestive 

ventricular  assist  devices  (LVADs),  has  become  an 

Heart  Failure  (REMATCH)  trial,  showed  that  the 

established  therapy  for  advanced  HF  both  while 

use  of  the  pulsatile  HeartMate  I  LVAD  in  patients 

awaiting  heart  transplantation  (HT)  and  long  term, 

with  advanced  HF  resulted  in  both  survival  benefit 

if  ineligible  for  transplant  (i.e.,  destination/perma-

and  improved  HRQOL  as  compared  to  medical 

nent  therapy)  (Kirklin  et  al. 2018). After  LVAD 

therapy  1  year  after  implantation  (Rose  et  al. 

implantation,  most  patients  experience  rapid  and 

2001).  HRQOL  improvement  was  consistently 

significant  improvement  in  HRQOL  (Brouwers 

shown  in  clinical  trials,  which  tested  the  next

Fig.  1  Mean  EQ-5D-3L VAS  and  mean  KCCQ  Summary  Score  across  time  for  patients  who  completed  the  instruments. 

(Data  source:  Interagency  Registry  for  Mechanically  Assisted  Circulatory  Support.  Adapted  from  (Kormos  et  al. 2019)) 
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generation  of  continuous  flow  LVADs,  for  example, 

after  LVAD  implant  in  women  compared  to  men, 

the  HeartMate  II  and  HVAD  (Rogers  et  al. 2017; 

which  could  contribute  to  some  of  the  HRQOL  sex 

Slaughter  et  al. 2009). Recently,  patients  enrolled  in 

differences  (Bogaev  et  al. 2011). Similarly,  in  an 

the MOMENTUM 3 (Multicenter Study of MagLev 

analysis  of  the  MOMENTUM3  study,  Black 

Technology in Patients Undergoing Mechanical Cir-

patients  after  HeartMate  3  implant  experienced  a 

culatory  Support  Therapy  with  HeartMate  3)  trial 

higher  morbidity  burden  and  smaller  gains  in  func-

experienced  sustained  gains  in  HRQOL  and  func-

tional  capacity  and  HRQOL  when  compared  with 

tional  status  after  implantation  of  the  HeartMate 

White  patients  (Sheikh  et  al. 2021). 

3  device  over  a  2-year  period  (Cowger  et  al. 2018). 

Adverse  events  related  to  LVAD  support  repre-

Clinal  care  registries  have  also  been  used  to 

sent  important  post-implant  factors  associated  with 

describe  changes  in  HRQOL  after  LVAD  implant 

HRQOL  (Kilic  et  al. 2023).  An  INTERMACS 

and  to  identify  patients  most  likely  to  benefit  from   analysis  of  patients  who  were  implanted  with  a 

this  therapy.  For  example,  in  patients  with  ambula-

continuous  flow  LVAD  between  2008  and  2017 

tory  advanced  HF,  ROADMAP  (Risk  Assessment 

showed  that  patients  who  experienced  neurologic 

and  Comparative  Effectiveness  of  Left  Ventricular 

events,  thromboembolic  events,  or  nonsurgical 

Assist  Device  and  Medical  Management)  investiga-

bleeding  within  6  months  of  the  implant  had  sig-

tors reported that LVAD therapy led to improvement 

nificantly  reduced  KCCQ  and  EQ-5D  scores  com-

in HRQOL in patients with low  baseline HRQOL  at 

pared  to  patients  not  experiencing  adverse  events 

1  year  after  implantation (Estep et al. 2015). 

(Weber  et  al. 2022).  Of  note,  HRQOL  after  an 

adverse  event  improved  over  time. 

Another  important  aspect  related  to  the  mental 

Factors  Associated  with  HRQOL  After 

domain  of  HRQOL  is  psychosocial  distress.  Psy-

LVAD  Implantation 

chosocial  distress  can  disrupt  social  interaction 

with  friends  and  family  who  can  be  a  key  source 

Factors  associated  with  HRQOL  after  LVAD 

of  social  support.  Psychosocial  distress  is  often 

implantation  can  explain  variance  in  patient 

described  during  patient  adaptation  to  LVAD  ther-

HRQOL  and  should  be  closely  considered  before 

apy.  Some  factors  that  present  challenges  to 

and  after  LVAD  therapy  to  optimize  outcomes. 

patients  after  LVAD  implant  include  the  physical 

Previous  studies  have  identified  associations 

attributes  of  the  LVAD  and  its  peripheral  compo-

between  HRQOL  and  patient-related  factors, 

nents,  patient  self-concept  related  to  new  limita-

such  as  age,  gender,  coping,  and  psychosocial 

tions  of  being  on  an  LVAD,  and  impact  on 

adaptation  (Arnold  et  al. 2016; Grady  et  al. 

relationships  with  others  and  perception  of  the 

2015a, 2016, 2021). An  INTERMACS  investiga-

changing  role  of  the  patient  in  these  relationships. 

tion  of  1470  LVAD  patients  at  108  institutions 

The  concept  of  self  is  defined  in  the  context  of 

found  that  while  there  were  differences  in  overall 

patients’  self-perception  and  their  ability  to  adapt 

and  domain-specific  HRQOL  by  age,  HRQOL 

after  LVAD  implantation  to  enhance  HRQOL. 

benefit  was  identified  in  all  age  categories,  includ-

Post implantation, patients are faced  with the chal-

ing  in  patients  >70  years  of  age  (Fig. 2). 

lenge  of maintaining  a positive self-image,  despite 

Sex  and  race  have  been  previously  associated 

the  visibility  of  LVAD  components,  which  may 

with  outcomes  in  patients  with  cardiovascular  dis-

contribute  to  a  negative  self-image  related  to  their 

ease.  Differences  in  outcomes by sex  and  race have 

appearance.  Levelink  et  al.  in  their  systemic 

been  also  described  after  LVAD  implant.  In  an 

review  of  factors  influencing  HRQOL  among 

INTERMACS  study,  HRQOL  improved  after 

LVAD  patients  examined  some  of  these  factors 

LVAD  implant  in  both  men  and  women;  however, 

in 

the 

context 

of 

domains 

of 

HRQOL 

women  reported  significantly  more  problems 

(i.e.,  physical,  mental,  and  social)  (Levelink  and 

regarding  pain/discomfort  and  anxiety/depression 

Brütt  2021).  Psychological  distress  can  affect  the 

at  3  and  6  months  after  implant  (Grady et  al. 2016). 

social  domain  of  HRQOL  after  LVAD  implanta-

One  study  also  reported  higher  incidence  of  stroke 

tion  over  time,  and  these  characteristics  may

[image: Image 81]
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Fig.  2  Proportion  of  patients  in  three  age  groups  reporting  problems  in  mobility,  usual  activities,  and  self-care  before  and at  12  months  after  LVAD  implant.  (Adapted  from  Grady  et  al. (2015b)) 

contribute  to  some  of  the  differences  in  HRQOL 

guidelines  recommend  the  identification  of  a  care-

between  patients  with  the  same  devices  in  compa-

giver  to  assist  with  post-LVAD  management 

rable  conditions. 

(Feldman  et  al. 2013;  Magid  et  al. 2016).  For 

patients  being  considered  for  long-term  LVAD 

support,  the  role  of  caregivers  is  often  a  lifelong 

Caregiver  HRQOL  and  Burden  Before 

commitment  (Bidwell  et  al. 2018).  The  impor-

and  After  LVAD  Implantation 

tance  of  caregiving  on  patient  HRQOL  after 

LVAD  therapy  has  been  well  established.  (Bruce 

The  decision  to  pursue  LVAD  therapy  is  strongly 

et  al. 2017)  (Grady  et  al. 2015a)  After  implanta-

influenced  by  the  presence  of  a  dedicated  source 

tion,  caregivers  can  experience  anxiety,  depres-

of  social  support.  Regulatory  bodies  and  clinical 

sion,  and  post-traumatic  stress  disorder,  which

260
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impacts  HRQOL  of  both  caregivers  and  patients 

Summary  and  Future  Directions 

(Levelink  and  Brütt  2021; Allen  et  al. 2018). 

To  achieve  improved  HRQOL  outcomes  for 

There  are  areas  where  knowledge  gaps  in  under-

both  caregivers  and  patients  after  LVAD  therapy, 

standing  HRQOL  after  LVAD  implant  persist. 

a  better  understanding  of  LVAD  caregiver  pre-

There  is  a  need  for  better  understanding  is  differ-

paredness  and  mutuality  is  required.  Preparedness 

ences  in  HRQOL  after  LVAD  implantation  among 

refers  to  a  caregiver’s  willingness  to  offer  care  and 

patients  by  sex,  age,  and  race  over  longer  periods 

has  been  demonstrated  to  have  a  beneficial  influ-

of  time.  Additional  factors  related  to  social  deter-

ence  on  caregiver  outcomes  (Magasi  et  al. 2019). 

minants  of  health  may  also  be  at  play  (Breathett 

The  absence  of  preparedness  is  associated  with 

et  al. 2018). Identification  of  these  factors,  which 

caregiver  strain,  fatigue,  and  deteriorating  mental 

may  be  associated  with  HRQOL,  may  guide  inter-

health  across  patient  subgroups  (Archbold  et  al. 

ventions  to  enhance  HRQOL  in  patient  groups  at 

1990;  Park  and  Schumacher  2014). In  a  multicen-

risk  for  suboptimal  outcomes. 

ter  trial  of  shared  decision-making  intervention 

While  HRQOL  improves  significantly  after 

for  patients  and  their  caregivers  offered  destina-

LVAD  implant,  it  typically  does  not  reach  the 

tion  therapy  for  end-stage  heart  failure  [DECIDE-

level  seen  in  a  healthy  population.  The  factors 

LVAD],  caregivers  of  patients  with  destination 

that  still  impede  the  full  recovery  of  HRQOL 

therapy  LVAD  reported  stress  at  baseline,  and 

after  LVAD  implant  are  the  physical  and  psycho-

this  was  associated  with  higher  depressive  symp-

logical  challenges  associated  with  the  LAVD 

toms  and  lower  patient  HRQOL.  Caregiver  stress 

device,  as  well  as  the  persistent  risk  of  device-

was  found  to  be  caused  by  several  factors  includ-

related  adverse  events.  As  scientific  advances  lead 

ing  the  lack  of  preparedness  (McIlvennan  et  al. 

to  further  improvement  in  LVAD  technology,  con-

2021).  In  a  prospective  longitudinal  study  of 

tinued  attention  to  assessment  of  HRQOL  in 

50  LVAD  patients  and  their  caregiver,  strain  wors-

LVAD  patients  will  assure  achievement  of  the 

ened  in  the  first  month  post-implantation;  how-

best  possible  patient-centered  outcomes. 

ever,  this  was  followed  by  a  return  to  baseline 

(Bidwell  et  al. 2018). The  immediate  worsening 

of  strain  is  likely  related  to  LVAD  caregiving 

Conclusion 

given  that  daily  expectations  with  device  care 

can  pose  both  physical  and  psychosocial  chal-

Durable  LVAD  therapy  represents  an  important 

lenges.  The  patient-caregiver  relationship  is 

therapeutic  option  for  patients  with  advanced 

often  characterized  by  affection  and  sharing  of 

HF.  HRQOL  is  an  important  aspect  of  the  patient 

pleasurable  responsibilities.  These  positive  rela-

experience  with  HF  and  with  the  LVAD  treatment 

tionships  are  associated  with  increased  patient  and 

for  HF.  HRQOL  improves  predictably  in  most 

caregiver  confidence  in  care  as  well  as  less  per-

patients  after  LVAD  implant,  and  significant 

ceived  stress.  (Lum  et  al. 2014)  In  a  prospective 

advances  have  been  made  in  understanding  fac-

study,  Bidwell  and  colleagues  showed  a  signifi-

tors  associated  with  HRQOL  before  and  after 

cant  association  between  the  type  and  quality  of 

LVAD  implantation.  Development  and  validation 

patient-caregiver  relationship  at  baseline  and 

of  risk  prediction  models  that  include  HRQOL  as 

improvement  in  HRQOL  after  LVAD  therapy 

outcome  could  help  patients  and  clinicians  with 

(Bidwell  et  al. 2018). Of  note,  non-spousal  care-

shared  decision-making. 

givers, who were  less  likely to live  with the patient 

before  implantation,  reported  experiencing  strain 

due  to  the  unexpected  demands  of  an  extended 
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from  the  application  of  a  spiritual  care  assess-

Patients  with  MCDs  have  unique  physical  and 

ment  and  understanding  from  the  first  meeting 

emotional  needs.  The  machines  may  improve  out-

between  provider  and  patient.  Assessing  the 

comes,  but  patients  still  die.  The  protocols  and 

spiritual  needs  of  patients  can  aid  providers  as 

processes  that  lead  to  end-of-life  care  are  further 

they  seek  to  treat  the  whole  person  and  encour-

complicated  by  the  extended  relationship  the  pro-

age  autonomy  in  decision-making.  Though 

viders  have  with  patients  and  families  if  the 

religious  and  spiritual  beliefs  are  diverse  and 

patient  chooses  to  shut  off  the  device  or  dies 

broad,  we  intend  to  provide  a  foundational 

because  of  medical  complications.  Some  cultures 

understanding  of  six  of  the  world  religions 

may  even  find  MCDs  at  odds  with  their  traditional 

practiced  in  the  United  States,  and  introduction 

definitions  of  life  and  death  and  object  to  their  use 

to  the  HOPE  assessment  tool  will  begin  to 

altogether.  Again,  the  doctor  and  the  patient  and 

support  providers  in  meeting  the  religious, 

family  need  to  discuss  these  concerns  together. 

spiritual,  and  emotional  needs  of  patients  with 

These  are  sensitive  conversations:  fraught,  del-

or  receiving  MCDs.  Starting  the  relationship 

icate,  and  complicated,  because  religious  and  spir-

with  a  well-structured  conversation  between 

itual  views  about  the  end  of  life  often  frame  the 

the  provider,  the  patient,  and  their  family  can 

issue  in  ways  unlike  the  straightforward  reasoning 

minimize misunderstandings along with poten-

of  science.  Contemporary  medicine  has  custom-

tial  suffering  that  such  misconception  brings 

arily  focused  on  healing  the  body  with  medical 

throughout  care,  with  special  consideration  for 

science,  separate  from  the  religious,  spiritual,  and 

pediatric  care. 

psycho-social  needs  of  patients. 1  This  dichotomy 

“has  led  to  the  perception  that  the  current  dualistic 

Keywords 

approach  to  modern  medicine…has  resulted  in 

physicians  not  always  being  able  to  achieve 

Religion  ·  Spirituality  ·  End-of-life  care  · 

in-depth  understanding  of  patient  needs,  and 

Spiritual  distress  ·  Autonomy  ·  Whole-person 

therefore  reduced  holistic  healing,  compassion, 

care  ·  Holistic  care  ·  Mechanical  circulatory 

and  care. ”2 

devices 

For  many  patients,  the  end  of  life  is  a  time  of 

spiritual  reflection  as  they  look  at  the  people  and 

things  that  gave  their  life  meaning,  strength,  and 

Introduction 

hope.  Over  the  past  twenty-five  years,  there  has 

been  considerable  research  showing  positive 

Western  medicine  can  perform  miracles  that  were 

associations  between  spirituality  and  health,  yet 

once  only  attributed  to  religion.  It  can  bring  the 

many  healthcare  providers  are  hesitant  to  engage 

dead  back  to  life,  heal  once  incurable  diseases, 

in  discussions  about  spirituality  or  religion  due  to 

and  mend  injuries  that  were  once  always  fatal. 

a  lack  of  knowledge  or  cultural  understanding.1 

It  can  prolong  life  –  or  at  least  postpone  death. 

The  connection  between  one’s  medical  interven-

But  does  that  give  patients  and  families  a  false 

tions  and  spiritual  needs  at  the  end  of  life  may 

sense  of  hope?  And  does  it  clash  with  their  spiri-

become  even  more  complicated  in  patients  who 

tual  or  religious  traditions  and  beliefs  about  living 

are  using  MCDs,  particularly  for  those  whose 

and  the  end  of  life? 

faith  traditions  view  death  as  occurring  only 

Mechanical  circulatory  devices  (MCDs)  can 

once  the  heart  ceases  to  beat. 

keep  patients  alive  for  indefinite  periods.  How-

Current  literature  has  found  that  77  percent  of 

ever,  at  some  point,  the  underlying  disease  or 

patients  want  to  incorporate  their  spiritual  or  reli-

some  related  trauma  may  prevail  and  leave  the 

gious  beliefs  into  their  medical  care.  However, 

patient  beyond  any  further  hope  of  surviving. 

Then,  the  doctor  and  the  patient  –  or  the  patient’s 

family  – will have to make decisions about turning 

1  Choudry  et  al. (2018). 

off  the  machine  that  keeps  the  patient  alive. 

2  Abdulla  et  al.  (2019). 
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only  10–20%  of  physicians  include  spiritual  and 

strength  and  connection  in  life  or  when  conflict 

religious  concerns  in  discussions  with  their 

occurs  between  their  beliefs  and  what  is  happen-

patients.3  The  need  for  these  conversations  is 

ing  in  their  life.”  Medical  illness  and  impending 

even  more  profound  as  patients  face  end  of  life. 

death  can  often  trigger  spiritual  distress  in  patients 

“Although  great  progress  has  been  made  in  and  family  members  and  have  a  detrimental  effect 

medicine,  the  spiritual  and  religious  needs  of 

on  physical  and  mental  health.  And  it  often  occurs 

patients  have  been  slow  to  be  acknowledged  as  a 

at  the  end  of  life,  particularly  in  conversations 

core  principle  of  professional  practice  and  care  at 

about  turning  off  mechanical  devices.  It  is  here, 

the  end-of-life.”2  To fully  understand  the  interplay 

in  these  conversations,  that  a  sense  of  ownership 

between  patient,  religion,  and  the  provider,  let’s 

and  responsibility  for  the  last  breath  often  gets 

define  a  few  terms.  Religion  and  spirituality 

misplaced.  Even  if  they  understand  that  the  under-

appear  synonymous  on  the  surface,  but  they  are 

lying  medical  condition  is  causing  the  patient’s 

different. 

death,  families  often  take  very  personal  responsi-

Spirituality  is  about  meaning-making:  “a  way 

bility,  as  if  their  loved  one’s  death  is  now  their 

individuals  seek  and  express  meaning  and  pur-

decision. 

pose,  and  the  way  they  experience  connectedness 

This  chapter  provides  tools  for  medical  pro-

to  the  moment,  to  the  self,  to  others,  to  nature  and 

viders  to  conduct  straightforward  but  culturally 

to  the  significant  or  sacred.”2  Religion,  on  the 

comfortable  conversations  with  patients  and  their 

other  hand,  is  about  doctrine.  It  is  defined  as  “an 

families.  It also  provides a concise  overview of six 

organized  system  of  beliefs,  practices,  and  ways 

of  the  major  world  faiths  practiced  in  the  United 

of  worship.”2 

States  as  a  basic  framework  on  which  to  reflect 

For  example,  for  some,  expressing  their  spiri-

and  deliver  spiritually  competent  care.  Later  we 

tuality  is  fundamentally  linked  to  the  symbols, 

will  suggest  a  spiritual  assessment  program  that  a 

rituals,  and  practice  of  their  religion.  These  indi-

provider  may  use  to  structure  conversations  with 

viduals  may  find  deep  meaning  in  the  traditions 

patients  and  families.  The  assessment  also  pro-

and  communal  aspects  of  their  organized  religion. 

vides  tools  through  which  healthcare  profes-

Others  may  reject  what  appear  to  be  corporate  and 

sionals  can  explore  their  own  beliefs,  biases, 

dogmatic  qualities  of  religious  traditions  and 

values,  and  needs  related  to  healthcare. 

instead  focus  on  their  internal  connections  to  that 

which  gives  them  peace  and  hope.  “In  this  way 

spirituality  and  religion  are  multi-dimensional 

Religious  Diversity 

concepts  that  co-exist  in  the  same  framework  but 

are  also  considered  distinctive  phenomena.”2 

The  United  States  is  a  multi-ethnic  country  with 

Regardless,  these  internal  values  become  impor-

diverse  people  from  varying  backgrounds.  We 

tant  as  provider  and  patient  engage  in  conversa-

have  chosen  to  narrow  our  focus  to  the  six  most 

tion  about  plan  of  care  and  end  of  life.  For  the 

prominent  religions  practiced  in  the  United  States. 

purposes  of  this  chapter,  we  will  refer  to  the  idea 

Table  1  contains  a  breakdown  of  the  religious 

broadly  as  providing  spiritual  care. 

preferences  within  the  United  States  as  taken 

Spiritual  care  is  driven  by  what  brings  some-

from  2020  US  census  data.  This  chapter  will  pro-

one  hope  and  strength,  which  can  feel  intangible 

vide  broad  details  on  Catholicism,  Protestantism, 

or  invisible  to  the  providers.  Conversely,  pro-

Church  of  Jesus  Christ  of  Latter-Day  Saints,  Juda-

viders  also  need  to  look  out  for  spiritual  distress 

ism,  Muslim,  and  Hinduism. 

or  spiritual  crisis.  Spiritual  distress  occurs  when 

The  desire  for  a  long  life  is  a  natural  part  of 

patients  or  family  members,  “are  unable  to  find 

being  human,  and  this  desire  is  reflected  in  the 

sources  of  meaning,  hope,  love,  peace,  comfort, 

sacred  view  of  life  found  in  all  six  religions  cov-

ered  here.  However,  there  are  major  differences, 

biologically,  ethically,  and  spiritually,  between 

3  Anandarajah  and  Hight  (2001). 

prolonging  life  and  prolonging  death.  To  facilitate
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Table  1  Religious  landscape  study  from  Pew  Research  Center 

Religions 

Christian

70.6%

Non-Christian  faiths

5.9% 

Evangelical  Protestant

25.4%

Jewish

1.9% 

Mainline  Protestant

14.7%

Muslim

0.9% 

Historically  black  Protestant

6.5%

Buddhist

0.7% 

Catholic

20.8%

Hindu

0.7% 

Mormon

1.6%

Other  world  religion

0.3% 

Orthodox  Christian

0.5%

Other  faiths

1.5% 

Jehovah’s  witness

0.8%

Unaffiliated  (“Nones”)

22.2% 

Other  Christian

0.4%

Atheist

3.1% 

Agnostic

1.0% 

Information  from:  https://www.pewresearch.org/religion/religious-landscape-study/ 

an  understanding  between  these  two  concepts,  we 

The  intrinsic  dignity  of  human  life  is  a  central 

must  first  uncover  how  each  of  these  six  religions 

principle  of  Roman  Catholic  doctrine.  This  fun-

define  when  life  ends.1 

damental  principle  is  a  core  tenant  of  the  Church’s 

As  we  begin  our  survey  into  the  following  six 

teachings  related  to  healthcare  and  informs  the 

major  religions  and  faith  traditions  within  the 

strict  morals  regarding  the  beginning  and  end  of 

United  States,  it  is  important  to  recognize  that, 

life  for  Roman  Catholics.  The  Church  recognizes 

even  within  individual  traditions,  providers  will 

the  complexity  of  contemporary  medical  technol-

find  patients  and  families  beliefs  around  end  of  ogy  and  allows  patients  to  exercise  their  auton-

life  exist  on  a  spectrum.  Within  all  systems  of 

omy  on  medical  decisions  involving  technology. 

beliefs,  there  exists  a  range  with  the  belief  and 

In  the  Ethical  and  Religious  Directives  for  Cath-

practice;  culture  and  context;  and  understanding 

olic  Health  Care  Services, 5  the  US  Conference  of 

and  integration  which  cumulatively  informs  one’s 

Catholic  Bishops  (USCCB)  writes,  “the  duty  to 

personal  religious/spiritual  beliefs.  Because  of  this, 

preserve life  is not absolute, for we may reject life-

there  is  no  monolithic  understanding  of  when  and 

prolonging  procedures  that  are  insufficiently  ben-

how  life  should end. This chapter  is  not  intended  to 

eficial  or  excessively  burdensome.”5 

replace  broader  theological  education  but  rather 

Per  the  USCCB,  individuals  are  not  obligated 

focuses  on  the  mainstream  doctrine  of  each  faith 

to  utilize  disproportionate  means  or  extraordinary 

in  a  very  succinct  and  limited  manner. 

measures  that  are  excessively  burdensome  to  pre-

serve  their  lives.  Individuals  do  have  “a  moral 

obligation  to  use  ordinary  or  proportionate 

Roman  Catholicism 

means  of  preserving  his  or  her  life.  Proportionate 

means  are  those  that  in  the  judgment  of  the  patient 

Roman  Catholicism  is  a  monotheistic,  Trinitarian 

offer a reasonable  hope  of  benefit and do not  entail 

religion.  This  means  Roman  Catholics believe  in a 

an  excessive  burden  or  impose  excessive  expense 

God  that  is  both  a  singular  deity  and  is  also 

on  the  family  or  the  community.”5 

divided  into  three  distinct  persons  called  “Father,” 

Procedures  that  are  determined  to  be  exces-

“Son,”  and  “Holy  Spirit.”  There  are  estimated  to  sively  burdensome  would  be  considered  dispro-

be  over  1.3  billion  people  globally  who  identify  as 

portionate  means  of  preserving  life,  which  the 

Roman  Catholic.4 

Church  defines  as  “those  [means]  that  in  the 

patient’s  judgment  do  not  offer  a  reasonable

4  http://www.ncronline.org/news/vatican/vatican-statistics-

show-continued-growth-number-catholics-worldwide

5  Catholic  Church  (2009). 

17

Patient, Religion, and the Provider

269

hope  of  benefit  or  entail  an  excessive  burden  or 

purpose  the  common  good  of  all  human  persons. 

impose  excessive  expense  on  the  family  or  the 

It  presupposes  that  science  and  faith  do  not  con-

community.”5  (27) 

tradict  each other. Both are grounded in respect for 

The  Church  encourages  the  formation  of  con-

truth  and  freedom.  As  new  knowledge  and  inno-

science  in  all  Roman  Catholics.  Conscience  and 

vative  technologies  expand,  each  person  must 

its  formation  are  defined  according  to  the  Cate-

form  a  correct  conscience  based  on  the  moral 

chism  of  the  Catholic  Church. 6 

norms  for  proper  health  care.”5 

“Conscience  must  be  informed  and  moral 

Roman  Catholics  are  called  to  weigh  medical 

judgment  enlightened.  In  the  formation  of  con-

decisions  with  the  utmost  care  and  discernment. 

science,  the  Word  of  God  is  the  light  for  our 

Regarding  medicine’s  role,  Roman  Catholic 

path;  we  must  assimilate  it  in  faith  and  prayer 

teaching  of  medicine’s  task  is  “to  care  even 

and  put  it  into  practice.  We  are  assisted  by  the 

when  it  cannot  cure.  Physicians  and  their  patients 

gifts  of  the  Holy  Spirit,  aided  by  the  witness  or 

must  evaluate  the  use  of  the  technology  at  their 

advice  of  others  and  guided  by  the  authoritative 

disposal.  Reflection  on  the  innate  dignity  of 

teaching  of  the  Church.”6  This  formation  of  con-

human  life  in  all  its  dimensions  and  on  the  pur-

science  also  applies  to  medical  decisions.  The 

pose  of  medical  care  is  indispensable  for  formu-

USCCB  writes,  “The  free  and  informed  judgment 

lating  a  true  moral  judgment  about  the  use  of 

made  by  a  competent  adult  patient  concerning  the 

technology  to  maintain  life.  The  use  of  life-

use  or  withdrawal  of  life-sustaining  procedures 

sustaining  technology  is  judged  in  light  of  the 

should  always  be  respected  and  normally  com-

Christian  meaning  of  life,  suffering,  and  death.”5 

plied  with,  unless  it  is  contrary  to  [Roman]  Cath-

olic  moral  teaching.”5 

Recap 

For  Roman  Catholics,  life  is  considered  God’s 

1.  Roman  Catholics  believe  in  one  God  that  is 

most  precious  gift.  The  church  maintains  that  its 

Trinitarian:  Father,  Son,  and  Holy  Spirit. 

members  “have  a  duty  to  preserve  our  life  and  to 

2.  Human  life  carries  an  inherent  dignity. 

use  it  for  the  glory  of  God.”5  Preservation  of  life, 

3.  Catholics  are  not  obligated  to  utilize  interven-

however,  is  not  without  limit.  Church  teaching 

tions  discerned  to  be  disproportionate  to  pre-

encourages  individuals  to  discern  with  their  med-

serve  their  lives. 

ical  providers  when  medical  procedures  and 

4.  Medical  decisions  should  be  made  with  a  well-

mechanical  interventions  are  no  longer  promoting 

formed  conscience  and  careful  discernment. 

one’s  dignity  and  are  prolonging  suffering.  Pro-

5.  Catholic  patients  and  families  who  have 

viders  should  be  aware  that  Catholic  patients,  or 

discerned  to  terminate  MCDs  may  request  the 

families  of  patients  who  are  incapacitated,  may 

Sacrament  of  the  Anointing  of  the  Sick. 

request  the  Sacrament  of  the  Anointing of  the  Sick 

6.  The  relationship  between  faith  and  church  doc-

when  making  the  decision  to  terminate  MCDs. 

trine  and  scientific  assessment  and  contempo-

Only  Catholic  priests  can  confer  this  sacrament. 

rary  medicine  is  complementary. 

The  Roman  Catholic  church  views  the  rela-

7.  Utilization of  current technological advances is 

tionship  of  faith  and  church  doctrine  with  scien-

to  be  viewed  through  the  lens  of  the  Christian 

tific  assessment  and  contemporary  medicine  as 

meaning  of  life,  suffering,  and  death. 

complementary. 

Science 

and 

religion 

work 

together  for  the  better  of  society.  The  USSCB 

highlights  that,  “the  dialogue  between  medical 

Evangelical  Protestants 

science  and  Christian  faith  has  for  its  primary 

Evangelical  Protestant,  like  Roman  Catholicism, 

is  monotheistic  believing  in  the  life  and  teaching 

6 

of  Jesus  Christ  as  revealed  in  Holy  Scripture,  the 

Catechism  of  the  Catholic  Church  [Internet].  [cited  2022 

Jun  30].  Available  from:  https://www.usccb.org/sites/ 

Christian  Bible.  In  the  United  States,  approxi-

default/files/flipbooks/catechism/ 

mately  70%  of  people  identify  as  Christian,  with
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just  over  25%  being  Evangelical  Protestant. 

providers  as  they  seek  to  maintain  the  hope 

Christianity  is  highly  ingrained  in  Western  cul-

expressed  by  a  patient  and/or  families  while  rec-

ture.  As  such,  “separating  Christianity’s  secular-

ognizing  the  likelihood  of  a  poor  outcome. 

ized  cultural  influence  from  its  actual  spiritual 

So,  it  is  possible  that  a  patient  who  identifies  as 

commitments  is  difficult.” 7 

Evangelical  Christian  will  extinguish  all  their 

Protestantism  comprises  numerous  Christian 

options  by  receiving  or  maintaining  an  MCD, 

denominations,  such  as  Anabaptist,  Adventist,  Bap-

even  when  potential  outcomes  are  poor.  However, 

tist,  Congregationalist,  Episcopal/Anglican,  Holi-

once  a  patient  has  died,  the  family  as  part  of  their 

ness,  Lutheran,  Methodist,  Nondenominational, 

grief  vocalize  peace  in  know  that  their  beloved 

Presbyterian,  and  Pentecostal,  to  name  a  few,  and 

person  is  in  Heaven  with  Jesus.  Death  as  seen  by 

many  who  identify  as  non-denominational.  Protes-

Protestants  is  both  complex  and  significant.  It  is 

tant  denominations  vary  in  their  beliefs,  interpreta-

seen  not  as  a  hopeless  termination  of  conscious-

tion  of  biblical  texts,  and  in  how  they  express  faith. 

ness  but  rather  a  transition  to  Eternal  Life  with  a 

These  variations  may  be  found  not  only  between 

beneficent  Creator. 

denominations  but  also  within  all  local  churches, 

A  secondary  challenge  for  providers  is  that 

each  family,  and  every  individual.  However,  the 

Christian  cultures  can  be  assumed  as  dominate. 

majority  of  Evangelical  Protestants  will  prescribe 

“Christianity  is  so  much  a  part  of  western  culture 

to  t he following Statement of Faith in some form:

and  its  global  influence  that  separating  Christian-

ity’s  secularized  cultural  influence  from  its  actual 


1. The  Bible  is  the  inspired  and  the  only  infallible 

spiritual commitments is difficult.” 9

authoritative  Word  of  God. 

2. There  is  one  God  that  exist  in  three  persons: 

Recap 

Father,  Son,  and  Holy  Spirit  (The  Holy 

1. For  Evangelical  Protestants,  the  source  of  all 

Trinity). 

healing  and  health  comes  from  God.  The  con-

3. Jesus  Christ  is  Lord  and  Savior  who  through 

duit  God  works  through  to  accomplish  his  ends 

his  death  and  resurrection  God  saved  humanity 

are  the  medical  staff,  modern  science  and  tech-

from sin.8

nology,  clinical  procedures,  and  pharmaceuti-

cals.  The  ability  to  choose  what  is  right 

Evangelical Protestants  believe that  all  of life is 

consists  of  assimilating  the  facts  presented  by 

to  be  lived  as  an  expression  of  gratitude  for  God’s 

science  in  doing  the  right  thing  with  the  right 

love  as  revealed  through  Jesus  Christ.  For  many 

motive. 

Evangelical  Protestants,  being  “saved,”  finding 

2. Protestants  believe  in  the  resurrection  of  the 

forgiveness,  and  peace  with  God  through  belief 

dead  and  eternal  communion  with  God. 

in  Jesus  Christ  as  Lord  and  Savior  is  imperative, 

3. Providers  are  to  keep  in  mind  that  a  cluster  of 

especially  prior  to  death.  On  the  one  hand,  Evan-

traditions  and  denominations  making  up  the 

gelical  Christians  do  not  expect  life  to  be  pre-

Christian 

faith 

have 

some 

theologically 

served  at  all  costs  and  in  fact  will  celebrate  death 

grounded  variations  that  may  influence  the 

as  the  one  they  love  is  now  in  Heaven.  However, 

end-of-life  trajectory. 

many  who  identify  as  Evangelical  will  pursue 

4. Many  Protestants  believe  that  life  is  a  sacred 

aggressive  treatment  at  as  a  statement  of  their 

gift  from  God  and  as  such  do  not  allow  assisted 

faith  in  God  in  the  hopes  for  a  miraculous  out-

suicide  or  euthanasia. 

come.  These  moments  can  be  difficult  for 

5. Both  Roman  Catholic  and  Protestants  who  are 

dying  may  wish  to  be  visited  by  clergy,  a 

person  from  their  Church.  Catholics  may

7  Tristram  Engelhardt  and  Smith  (2005). 

8  Statement  of  Faith  [Internet].  National  Association  of 

Evangelicals.  [cited  2022  Jun  29].  Available  from:  https:// 

www.nae.org/statement-of-faith/

9  Tristram  Engelhardt  and  Smith  (2005). 
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wish  to  receive  the  sacrament  of  Last  Rites  also 

Seeking  competent  medical  help,  exercising  faith, 

known  as  Anointing  of  the  Sick. 

and  receiving  priesthood  blessings  work  together 

for  healing,  according  to  the  will  of  the  Lord… 

6. Both Roman Catholic and Protestants recog-

Members  should  not  use  or  promote  medical  or 

nize the medical benefits of organ donation. 

health  practices  that  are  ethically,  spiritually,  or 

legally  questionable.  Those  who  have  health  prob-

lems  should  consult  with  competent  medical  pro-

fessionals who are licensed in the areas where they

The  Church  of  Jesus  Christ  of  Latter-

practice…When  facing  severe  illness,  members 

Day  Saints 

should  exercise  faith  in  the  Lord  and  seek  compe-

tent  medical  assistance.10 

The  Church  of  Jesus  Christ  of  Latter-Day  Saints 

However, when dying becomes inevitable, it

(JCLDS)  is  a  unique  religion.  It  is  neither  Protes-

should  be  seen  as  a  blessing  and  a  purposeful  part 

tant  nor  Catholic  in  origin.  JCLDS  proclaims  that 

of  eternal  existence. 11 

it  is  the  Church  of  Jesus  Christ  restored  back  to 

earth  again  following  the  prophesied  events  of  the 

Recap 

“Great  Apostasy”  which  occurred  after  the  cruci- 1. The  Church  of  Jesus  Christ  of  Latter-Day 

fixion of  Jesus  Christ  and the deaths  of the original 

Saints  opposes  physician-assisted  suicide  and 

Twelve  Apostles.  This  caused  the  loss  of  valid 

euthanasia,  believing  that  taking  one’s  own  life 

priesthood  authority  to  officiate  in  the  ordinances 

or  the  life  of  another  violates  God’s  command-

of  the  Gospel,  as  well  as  unauthorized  changes 

ments  and  his  plan  for  each  person. 

made  in  key  gospel  ordinances  and  practices  as 

2.  The  church  teaches  that  when  someone  is 

originally  taught  by  Jesus  Christ. 

dying,  it  is  acceptable  to  forgo  excessive  or 

The  JCLDS  is  presided  over  by  Jesus  Christ 

extraordinary  therapies. 

Himself  with  living  Prophets  being  called  to  over-

3. The  church  does  not  believe  that  allowing  a 

see  the  Church,  along  with  a  Quorum  of  Twelve 

person  to  die  from  natural  causes  –  removal  of 

Apostles.  Since  Joseph  Smith,  there  have  been 

a  patient  from  artificial  life  support,  for  exam-

16  men  called  to  be  the  President  of  the  Church, 

ple  –  falls  within  the  definition  of  euthanasia. 

with  Russell  M.  Nelson  (an  internationally  noted 

Families  should  not  feel  obligated  to  extend 

cardiologist  and  one  of  the  early  pioneers  in  the 

life  by  unreasonable  means. 

development  of  open-heart  surgery)  being  the 

4. When  dying  from  such  an  illness  or an  accident 

current  Prophet,  as  of  this  writing. 

becomes  inevitable,  it  should  be  seen  as  a 

Members  of  The  Church  of  Jesus  Christ  of 

blessing  and  a  purposeful  part  of  eternal 

Latter-Day  Saints,  who  are  considering  medical 

existence. 

interventions,  procedures,  the  implanting  of 

5. These  judgments  are  best  made  by  family 

mechanical  devices,  and  end-of-life  decisions, 

members  after  receiving  wise  and  competent 

are  encouraged  to  seek  council  from  competent 

medical  advice  and  seeking  divine  guidance 

medical  professionals,  family  members,  and 

through  fasting  and  prayer. 

priesthood  leaders  and  receive  spiritual  support 

6. For more information: https://newsroom. 

from  prayer  and  priesthood  blessings.  Utilizing 

churchofjesuschrist.org/official-statement/

these  resources,  the  ultimate  decisions  are  left  up 

euthanasia-and-prolonging-life

to  the  individual  or  their  families  or  others  who 

may  be  authorized  if  the  individual  is  unable  to 

make  decisions  for  themselves. 

The Church accepts  the current, medically  (and 

10  General  Handbook:  Serving  in  The  Church  of  Jesus 

legally)  recognized  definition  of  death.  The 

Christ  of  Latter-day  Saints  [Internet].  [cited  2022  Jun  29]. 

Available  from:  https://www.churchofjesuschrist.org/ 

Church’s  General  Handbook  gives  the  following 

study/eng/manual/general-handbook/_manifest 

advice  to  members  regarding  medical  matters:

11  Nephi  9  [Internet].  [cited  2022  Jun  30].  Available  from: 

https://www.churchofjesuschrist.org/study/eng/scriptures/ 

bofm/1-ne/9 
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Judaism 

Reform  and  Conservative  Judaism 

Reform  and  Conservative  Judaism  are  usually 

Those  who  practice  Judaism  are  commanded  to 

viewed  as  more  progressive  and  modern  than 

protect  and  sustain  life.  Their  bodies  are  God’s 

Orthodox  Judaism.  In  his  paper,  A  Jewish 

property,  and  they  are  obligated  to  care  for  them. 

Approach  to  End-Stage  Medical  Care,  Conserva-

This  commandment  is  known  as  Pikuach  Nefesh; 

tive  Rabbi  Elliot  Dorff,  writes,  “We  may  relin-

it  overrides  almost  every  other  commandment  in 

quish  aggressive  medical  treatment,  even  if  it  is 

Judaism.  However,  the  law  recognizes  the  distinc-

effective  in  prolonging  vital  organs,  if  the  patient 

tion  between  Pikuach  Nefesh,  preserving  life,  and 

is  dying  of  terminal  disease.  In  this  case,  we 

simply  prolonging  a  painful  death  process. 

should  concentrate  on  relieving  pain.” 13 

The distinction is illustrated in the seminal

In  a  parallel  paper,  Rabbi  Avram  Reisner 

story  about  the  death  of  Rabbi  Yehudah  HaNasi. 

writes: 

Rabbi  Yehudah  HaNasi,  often  referred  to  simply 

“Mechanical  procedures  undertaken  to  immunize 

as  Rebbe,  had  a  terminal  illness  and  arrived  at  the 

the  body  from  the  failures  of  the  major  organs  and 

end  of  his  life.  His  devoted  students  and  servants 

bodily  systems  should  be  done  only  where  there  is  a 

prayed  around  the  clock  for  his  complete  recov-

medical  reason  to  hope  that  they  will  contribute  to  a 

ery.  As  time  passed,  however,  Rebbe’s  maidser-

healing,  curative  process  or  to  the  return  of  the 

body’s  systems  to  unaided  function.  Thus,  heart-

vant  realized  the  prayers  were  not  going  to  be 

lung  machines  during  bypass  surgery,  respirators 

fulfilled,  and  although  Rebbe  remained  alive,  he 

during  breathing  crises  which  are  understood  to  be 

was  in  excruciating  pain.  She  realized  it  was  more 

reversible, …  These  same  procedures  undertaken 

merciful  to  pray  for  Rebbe’s  death  so  that  his 

without  hope  of  any  curative  process,  simply  to 

prolong  the  beating  of  the  heart  or  expansion  of 

misery  would  end. 

the  lungs  mechanically,  are  unnecessary,  and  it 

The maidservant saw that her prayers for her

would  be  proper  to  disconnect  them  from  a  patient 

master’s  death  would  not  be  accepted  as  long  as 

who  had  initially  been  connected  in  hopes  of  some 

others  continued  to  pray  for  Rebbe’s  recovery. 

success  in  treatment  when  those  hopes  have  been 

abandoned 

completely 

by 

qualified  medical 

She  threw  an  urn  from  the  roof  of  Rebbe’s  house 

personnel.” 14 

to  the  ground,  and  it  landed  with  a  loud  crash.  The 

noise  startled  the  devoted  students,  causing  a 

Given  both  of  these  positions,  Conservative 

momentary  halt  in  their  prayers.  At  that  very 

Judaism  allows  the  discontinuation  of  a  MCD 

moment,  Rebbe’s  soul  was  freed  and  he  died. 

for  a  moribund  person.  Reform  Judaism  similarly 

Many  Jewish  commentators  applaud  the  actions 

allows  discontinuation  of  a  MCD  for  patients  in 

of  the  maidservant,  saying  she  was  wiser  than  the 

such  a  state.  For  Reform  Jews,  Jewish  Law  is  a 

wisest  student.  We  learn  from  this  that  a  wise 

covenant,  not  restricting  a  person’s  freedom  but 

person  should  not  prolong  the  suffering  of  a 

presupposing  it.  Each  person  is  created  in  God’s 

loved  one  by  extending  the  process  of  dying. 12 

image  and  shares  in  God’s  power  in  making  eth-

Traditional Jewish law doesn’t differentiate

ical  decisions  that  are  firmly  rooted  in  Jewish 

between  brain  death  or  circulatory  death.  Modern 

tradition.  In  this  approach,  the  rabbi  is  an  indis-

rabbis  have  varied  opinions  on  what  exactly 

pensable  source  of  support  and  comfort  for 

defines  the  moment  of  death.  In  the  United  States, 

patients.  The  decision  is  made  by  the  individual 

there  are  several  Jewish  movements,  the  three 

patient  or  their  authorized  loved  ones  who  may 

major  ones  are  Orthodox,  Conservative,  and 

ethically  make  the  choice  to  disconnect. 

Reform.  Each  movement  defines  Judaism’s  ever-

evolving  law  code  with  responses  to  new 

situations. 

13  Dorff  (2001). 

14  Rabbinical  Assembly,  Committee  on  Jewish  Law  and 

12  https://www.sefaria.org/Ketubot.104a.3?lang=bi 

Standards,  Reisner  AI.  (2001). 
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Orthodox 

degree  of  involvement  of  the  rabbi  and  family 

Orthodox  Judaism  views  itself  as  more  stringent 

in  decision-making. 

than  the  Reform  and  Conservative  Movements. 

5.  The  Sabbath,  Friday  night  sundown  to  an  hour 

One  Orthodox  position,  advocated  by  Rabbi 

after  sundown  on  Saturdays,  is  a  time  when 

Shlomo  Zalman  Auerbach  and  Rabbi  Moshe 

some  Jews  refrain  from  work.  An  awareness  of 

Feinstein,  states  that  one  cannot  remove  an  artifi-

this  weekly  sacred  time  for  some  Jews  will 

cial  respirator  as  this  will  directly  hasten  death. 

help  the  provider  be  mindful  in  some  of  the 

One  would  not,  however,  need  to  reconnect  the 

patient’s  spiritual  involvement. 

machine  if  its  functioning  was  interrupted  to  ser-

6.  A  dying  patient  should  not  be  left  alone,  and 

vice  it  or  suction  the  patient. 

Jews  will  wish  to  fulfill  their  obligation  of 

As  a  compromise,  the  Steinberg  Commission 

“Bikur  Cholim,”  visiting  the  sick.1 

proposed  operating  all  respirators  on  a  timer, 

thereby  allowing  them  to  shut  off  automatically. 

This  author’s  impression  is  that  this  ruling  would 

Islam 

apply  to  MCD  devices. 

Other  Orthodox  groups,  including  Agudath 

Islam  is  the  second  largest  religious  tradition  in 

Israel’s  Chayim  Aruchim,  apply  a  strict  prohibi-

the  world,  with  the  worldwide  population  esti-

tion  against  removing  life-saving  devices  in  any 

mated  to  be  1.8  billion.  There  are  60  countries 

situation.  They  rely  on  a  Talmudic  passage 

where  the  primary  observed  religion  is  Islam.  In 

describing  the  execution  of  Rabbi  Chanina  ben 

the  United  States,  just  under  1%  of  people  identify 

Teradion,  who  was  burned  alive  by  the  Romans. 

as  Muslim.  Islam  is  defined  by  two  principles: 

During  the  fire,  the  Talmud  recounts  that  his  stu-

Articles  of  Faith  and  Pillars  of  Islam. 

dents  implored  Rabbi  Chanina  to  end  his  suffering 

One  must  believe  in  the  Articles  of  Faith  in  to 

quickly.  The  students  told  him  to  open  his  mouth 

be  a  Muslim: 

and  allow  the  flames  to  enter.  Rabbi  Chanina 

replied,  “It  is  better  that  He  who  gave  me  my 

1.  To  believe  in  a  single  and  unique  God  (Allah) 

soul  should  take  it  rather  than  I  should  cause 

as  the  creator  of  heaven  and  earth:  the  creator 

injury  to  myself.”  Rabbi  Chanina  ben  Teradion 

of  humanity  who  has  power  over  everything. 

chose  to  live  in  pain  rather  than  take  even  the 

2.  To believe  in angels  who are  named  and serve  a 

smallest  step  to  hasten  his  death. 

purpose.  They  worship  Allah  and  carry  out  his 

commands. 

Recap 

3.  To  believe  in  all  prophets  and  messengers  of 

1.  Reform,  Conservative,  and  Orthodox  Jews  all 

Allah  as  exceptionally  good  humans  sent  by 

approach  end  of  life  slightly  differently,  with 

Allah  to  guide  their  people  to  the  straight  path. 

the  Orthodox  having  a  stricter  and  more  tradi-

Muslims  believe  in  Old  Testament  prophets. 

tional  view  on  end-of-life  care. 

4.  To  believe  in  all  the  heavenly  messages  of 

2.  As  modern  medicine  advances,  so  too  do  rab-

Allah  sent  to  all  prophets.  This  includes,  but 

binic  interpretations  of  Jewish  law  when 

not  limited  to,  the  scrolls  of  Abraham,  the 

approaching  end-of-life  care. 

Psalm  given  to  David,  the  Torah  given  to 

3.  Patients  may  want  medical  care  that  the  pro-

Moses,  the  Gospel  taught  to  Jesus,  and  finally 

vider  views  as  futile.  Jewish  law  requires  that  a 

the  Qur’an  revealed  to  Muhammad. 

physician  do  everything  in  their  power  to  pro-

5.  To  believe  in  the  day  of  Judgment  as  the  inter-

long  life.  Jewish  law  also  restricts  medical 

nal  life  after  death  where  each  human  will  be 

interventions  that  hasten  death. 

held  accountable  in  front  of  Allah  for  their 

4.  Medical  providers  are  encouraged  to  inquire 

actions.  Every  person  will  then  be  sent  to  either 

about  the  requirements  of  prayer  needs,  Shab-

Paradise  or  Hellfire  according  to  Allah’s  per-

bat  observance,  dietary  requirements,  and  the 

fect  justice. 
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Pillars  of  Islam 

family’s  effort,  in  that  case,  a  type  of  maleficence, 

Anyone  accepting  the  articles  of  the  Islamic  faith 

not  beneficence,  and  a  violation  of  patient’s  dig-

is  considered  a  Muslim.  Every  Muslim  is  required 

nity,  as  Islam  prohibits  waste.  These  scholars 

to  practice  five  things  known  as  the  pillars  of 

approve  of  removing  life  support  machines. 

Islam:  Declaration  of  faith  “Shahadah”  by  testi-

They  do  not  view  withdrawal  of  life-sustaining 

fying:  “I  bear  witness  that  there  is  no  deity  except 

treatment  as  killing  of  the  patient,  but  rather  leav-

Allah,  and  I  bear  witness  that  Muhamad  is  a 

ing  patients  for  their  destiny. 

messenger of Allah;  Perform  the five  daily  prayers 

Another  group  of  Muslim  scholars  do  not  tol-

“Salah”;  Fast  the  month  of  Ramadan  “Sawm”;  erate  withdraw  of  life  support  machines  and  con-

Donate  a  due  amount  of  their  savings  to  the  poor 

sider  it  a  type  of  killing.  They  insist  on  waiting  for 

“Zakah”;  And  perform  a  Pilgrimage  “Hajj”  at  the  complete  death  of  the  patient  by  the  failure  of 

least  once  in  their  lifetime. 

all  organs. 

Muslims  believe  that  according  to  Islamic  law 

(Shari’a),  human  life  is  sacred  and  should  not  be 

Recap 

taken  unless  permitted  by  law  in  a  legal  due  pro-

1.  Islam  is  one  of  the  Abrahamic  monotheist 

cess.  Quality of  life  does  not  justify  interference  to 

faiths  worshiping  only  The  One  God. 

end  it.  One’s  life,  in  the  Islamic  perspective,  is 

2.  Muslims  will  often  wish  to  bury  their  deceased 

owned  by  God  who  created  it.  The  good  and  the 

as  soon  as  possible  unless  a  reason  to  delay 

bad  things  that  happen  in  this  life  are  viewed  as 

exists  (i.e.,  legal  investigation).  Therefore, 

tests  to  examine  one’s  attitude.  Islam  commands 

timely  release  of  the  death  certificate  is  vital. 

the  believers  to  be  grateful  to  God  when  they 

3.  The  Islamic  Law  “Shari’a”  does  not  recognize 

experience  what  they  like  and  to  be  patient  when 

physician-assisted  suicide;  the  right  to  die  is 

they  experience  adversities.  Patience  can  be  prac-

not  voluntary  and  it  is  forbidden  to  terminate 

ticed  by  seeking  medical  treatment  and  asking 

life  prematurely. 

God  for  healing  and  help.  Physician-assisted  sui-

4.  Due  to  religious  and  sociocultural  variation, 

cide  is  not  permitted  in  Islam.  It  is  not  permissible 

some  patients  will  choose  to  defer  to  their 

for  Muslim  doctors  to  contribute  to  ending  any 

local 

religious 

authority 

for 

end-of-life 

human’s  life.  (See  Sawi,  Salah,  Ph.D.  and  Muslih, 

decisions. 

Abdullah,  Ph.D.,  “What  the  doctor  should  not 

miss”  –  2009,  translated  from  Ara bic). 

Death  is  defined  as  the  departure  of  the  soul 

Hinduism 

from  the  body. 15  But  the  soul  is  an  unseen  thing, 

therefore  Muslim  scholars  considered  three  signs 

Hinduism  is  one  of  the  world’s  oldest  religions 

that  show  cessation  of  life  and  confirm  human’s 

dating  back  over  6000  years  and  is  a  syncretic 

death:  Cessation  of  the  heartbeat,  cessation  of 

religion,  a  compilation  of  many  traditions  and 

breathing,  and  the  cessation  of  brain  activity.  If 

philosophies.  Although  certain  basic  central 

all  three  signs  exist,  then  death  is  confirmed 

beliefs  tie  Hinduism  together,  its  practice  varies 

unanimously. 

dramatically  among  its  individual followers.  It has 

Muslim  scholars  are  not  in  agreement  when 

continually  evolved  since  its  inception  and  has 

attempting  to  define  death  when  only  one  or  two 

given  rise  to  various  social  customs  that  are  seen 

of  the  criteria  are  met.  A  group  of  scholars  do 

as  indivisible  from  basic  Hindu  beliefs. 16  The  way 

consider  brain  death  a  sufficient  sign  to  confirm 

in  which  Hinduism  is  practiced  varies  from  region 

death.  These  scholars  view  using  artificial 

to  region.  Hinduism  does  not  mandate  specific 

machines,  for  instance,  as  a  waste  of  time, 

rituals,  customs,  attendance  at  temples,  or  prac-

money,  and  effort.  They  consider  the  patient’s 

tices.18  For  this  reason,  Hinduism  is  sometimes

15  Al-Bar  and  Chamsi-Pasha  (2015). 

16  Deshpande  et  al.  (2005). 
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referred  to  as  a  “way  of  life”  or  a  “family  of 

karma-driven  spiritual  salvation  is  not  limited  to 

religions,”  as  opposed  to  a  single  organized 

one  life  span.  “Because  the  atman  is  immortal, 

religion.15 

Hindus  believe  that  the  soul  must  go  through 

Hinduism  is  a  henotheistic  religion.  They  wor-

many  lives.”18  Karmic  law  is  based  on  cause  and 

ship  a single  supreme deity, known as  “Brahman,” 

effect.  It  is  a  moral  law  that  regulates  lifecycles 

but  still  recognize  other  lower  deities.  The  major-

and  rebirths.  Because  the  Atman  is  viewed  as 

ity  of  Hindus  believe  there  are  multiple  paths  to 

eternal  and  continues  to  circulate  in  a  cycle  of 

reaching  their  god. 17  Hinduism  ascribes  to  the 

births  and  deaths,  Hindu  scriptures  do  not  view 

doctrines  of  samsara,  the  continuous  cycle  of 

death  as  having  finality. 

life,  deaths,  reincarnation,  and  karma  (action), 

Hindus  believe  death  should  come  at  a  natural 

the  universal  law  of  cause  and  effect.15  One  of 

and  proper  time.  Of  particular  importance  is  the 

the  most  important  concepts  in  Hinduism  is 

notion  of  a  “good  death.”  “A  good  death  is  timely, 

atman,  meaning  breathing  one  or  the  soul. 

in  the  right  place,  conscious,  and  prepared  with 

“Atman  is  the  immortal  aspect  of  our  mortal  exis- mind  on  God.”1  “Families  hope  for  a  good  death 

tence, the individual Self, which is hidden in every 

and  may  look  for  a  peaceful  expression  with  eyes 

object  of  creation  including  humans.” 18  The  phi-

and  mouth  slightly  open  to  indicate  the  soul 

losophy  of  the  atman  also  holds  that  all  living 

departed.”1  This  is  in  contrast  to  a  ‘bad  death’. 

things are part of the supreme soul that  is Brahman 

“A  ‘bad  death’  is  feared  and  is  signified  by  a  death 

Itself.  “The  goal  is  to  achieve  ‘moksha’  or  salva-

that  occurs  with  an  unpleasant  expression,  prema-

tion  which  ends  the  cycle  of  rebirths  to  become 

turely,  or  in  an  undesirable  place  or  unclean  cir-

part  of  the  absolute  soul.”  Further,  “one  of  the 

cumstance  (e.g.,  death  among  vomit,  urine,  and 

fundamental  principles  of  religion  is  the  idea  that 

feces).” 1, 19 

people’s  actions  and  thoughts  directly  determine 

For  Hindus,  the  soul  is  part  of  an  infinite  con-

their  current  life  and  future  lives.”15 

tinuum.  There  is  no  formal  doctrine  written  on 

The  role  of  the  family  is  essential  in  Hinduism. 

when  life  ends  within  Hinduism.  “In  the  context 

Hinduism  promotes  the  inclusion  of  the  family  in 

of  a  frail  older  adult,  most  traditional  Hindu 

major  medical  discussions,  particularly  those 

patients  and  families  would  not  want  life-pro-

involving end-of-life decisions.  “Often, the family 

longing/sustaining  procedures.”  The  discontinua-

may  wish  that  the  patient  not  be  told  the  specifics 

tion  of  a  MCD  would  most  likely  be  acceptable  if 

of  their  illness  and  request  that  other  family  mem-

the  patient  is  comfortable  during  the  transition  to 

bers  make  decisions  following  a  specific  hierar-

end  of  life  with  a  “good”  death.  1,18, 20 

chy  already  in  place.”18 

Hindus  believe  in  accepting  death  and  not  pro-

Recap 

longing  life.18  When  given  a  poor  prognosis,  they 

1.  Hinduism  is  a  syncretic  religion.  Its  customs 

will  not  unnecessarily  use  aggressive  medical  or 

and  traditions  vary  depending  upon  regions  in 

mechanical  interventions,  as  this  may  interfere 

India.  It  is  impossible  the  generalize  the  Hindu 

with  the  soul’s  karma  in  passing  from  this  life  to 

patient. 

the  next.  Thus,  DNR  orders  are  widely  accepted.1 

2.  Reincarnation  and  the  laws  of  karma  are  a 

In  the  context  of  a  discussion  on  end-of-life 

ubiquitous  aspect  of  Hindu  beliefs.  The  body 

issues,  it  is  essential  to  understand  that  a  belief  in 

is  just  a  vessel  for  the  soul,  as  it  moves  from 

one  life  to  the  next. 

3.  Implementing  lifesaving  procedures  when 

the  end  of  life  is  inevitable  is  viewed  as

17  Editors  H  com.  Hinduism  [Internet].  HISTORY.  [cited 

2022  Jun  29].  Available  from:  https://www.history.com/ 

topics/religion/hinduism 

18  Belief  In  Atman,  The  eternal  soul  or  the  inner  self  [Inter-

19 

net].  [cited  2022  Jun  29].  Available  from:  https://www. 

Firth  (2005). 

hinduwebsite.com/beliefinsoul.asp 

20  Sharma  et  al. (2013). 
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interrupting 

the 

process 

of 

karma 

and 

M.D.  and  Ellen  Hight,  M.D.,  M.P.H.  (Used  with 

reincarnation. 

permission.) 

4.  In  order  to  protect  their  loved  ones,  families 

may  request  that  the  medical  staff  not  inform 

their  loved  one  of  a  terminal  diagnosis. 

HOPE  Spiritual  Assessment  Model 

for  Providers 

Spiritual  Assessment  Conversations 

There  are  many  spiritual  care  assessment  tools. 

The  HOPE  Spiritual  Assessment  model  was  cho-

Having  introduced  some  broad  basic  religious 

sen  for  our  purposes  for  its  simplicity  and  cultural 

understandings,  the  following  assessment  model 

awareness. 

will  be  a  helpful  and  practical  tool  to  discuss 

“The  HOPE  questions  help  lead  the  physician 

spiritual  concerns  with  patients.  It  is  important 

from  general  concepts  to  specific  applications  by 

for  a  provider  to  understand  how  to  effectively 

asking  about  patients  ‘sources  of  hope  and  mean-

communicate  and  listen  to  the  patient  and  family’s 

ing,  whether  they  belong  to  an  organized  religion, 

spiritual  concerns,  as  these  can  highly  influence 

their  personal  spirituality  and  practices,  and  what 

their  decision-making. 

effect  their  spirituality  may  have  on  medical  care 

As  mentioned,  religious  and  spiritual  beliefs 

and  end-of-life  decisions.” 

can  be  central  components  for  patients  and  fami-

A  spiritual  assessment  can  either  be  done 

lies  as  they  discuss  and  make  medical  decisions, 

through  a  formal  or  informal  process.  An  experi-

particularly  end-of-life  decisions.  Medical  facts 

enced  provider  can  perform  an  informal  assess-

are  just  one  component  of  the  conversation,  and 

ment  at  any  time  by  observing  the  patient. 

they  can  induce  a  great  many  strong  emotions, 

“Because  most  patients  use  symbolic  and  meta-

e.g.,  fear,  confusion,  anger,  or  sadness.  The  end 

phoric 

language 

when 

expressing 

spiritual 

of  life  can  be  especially  difficult  as  patients  and 

thoughts,  spiritual  assessments  often  involve  lis-

families  face  the  existential  fear  of  their  own  mor-

tening  carefully  to  the  stories  that  patients  tell 

tality,  which  in  turn  causes  spiritual  distress  (the 

regarding  their  lives  and  illness,  and  then 

inability  to  find  hope  and  strength  in  the  moment 

interpreting  the  spiritual  issues  involved.  Themes 

of  crisis).21 

such  as  the  search  for  meaning,  feelings  of  con-

A  conversation  that  includes  spiritual  and  reli-

nection  versus  isolation,  hope  versus  hopeless-

gious  awareness  allows  the  provider  to  offer  a 

ness,  fear  of  the  unknown,  are  clues  that  the 

more  whole-person  approach  to  the  care  plan. 

patient  may  be  struggling  with  spiritual  issues.”20 

Having  empathy  helps  relieve  spiritual  distress 

For  the  purposes  of  this  chapter, the  focus  is  on the 

and  confusion.  “Fixing  problems  is  the  focus  of 

formal  model  to  guide  the  less  experienced  pro-

biomedical  training;  however,  spiritual  [distress] 

vider  through  a  more  detailed  spiritual  picture  of 

cannot  be  ‘fixed’  in  the  same  way  pain  may  be 

the  patient  and  the  family  without  seeming  overtly 

alleviated  with  analgesics. ”22  Being  present  and 

religious. 

listening  can  provide  immense  spiritual  support 

The  physicians  who  developed  the  HOPE 

in 

the 

distressing 

existential 

decision 

of 

Assessment  note  that  the  questions  listed  below 

disconnecting  the  very  device  keeping  a  loved 

“have  not  been  validated  by  research,  but  the 

one  alive. 

strength  of  this  approach  is  that  it  allows  for  an 

To  help,  we  present  the  HOPE  Spiritual 

open-ended  exploration  of  an  individual’s  general 

Assessment  developed  by  Gowri  Anandarajah, 

spiritual  resources  and  concerns  and  serves  as  a 

natural  follow-up  to  discussion  of  other  support 

systems.”20 

It  is  also  important  that  the  physician  be  self-

21  Anandarajah  and  Hight  (2001). 

aware  when  doing  the  assessment,  paying

22  Lo  et  al. (2002). 
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attention  to  his  or  her  own  spiritual  and  religious 

The  most  important  requirement  of  the  HOPE 

beliefs. 

model  is  that  the  provider  be  an  empathetic  and 

The  HOPE  Spiritual  Assessment  model21 

attentive  listener.  Actively  listening  to  the  patient 

approach  asks  about: 

indicates  that  the  physician  has  a  more  holistic 

view  of  the  patient  and  greater  understanding  of 

H  –  The  sources  of  hope,  meaning,  comfort, 

the  patients’  and  families’  needs.  Due  to  the  vul-

strength,  peace,  love,  and  connection. 

nerability  and  power  imbalance  in  the  provider/ 

By  focusing  on  a  patient’s  basic  spiritual 

patient  relationship,  the  dialogue  should  be  in  a 

resources  without  immediately  introducing 

safe  and  therapeutic  setting,  focusing  on  the 

the  words  religion  or  spirituality,  these  ques-

patients  ‘and  families’  primary  religious  values 

tions  allow  for  conversations  with  people  from 

and  spiritual  needs  as  related  to  his  or  her  medical 

a  wide  variety  of  backgrounds  and  beliefs. 

care.  The  provider  must  use  self-awareness  and 

Some  questions  that  can  be  asked  are:  What  in 

reflection  skills  to  help  navigate  through  ethical 

your  life  gives  you  internal  support?  What  are 

challenges  and  medical/curative  expectations. 

the  sources  of  hope,  strength,  comfort,  and 

Every  interaction  should  be  as  unbiased,  inclu-

peace?  What  do  you  hold  on  to  during  difficult 

sive,  and  empathetic  as  possible.20 

times?  What  sustains  you  and  keeps  you 

going? 

O  –  Organized  religion’s  role  for  the  patient. 

Importance  of  Spiritual  Care 

Some  questions  to  ask  are:  Do  you  consider  your-

in  Medicine 

self  part  of  an  organized  religion?  How  impor-

tant  is  that  for  you?  What  aspects  of  your 

The  importance  of  spiritual  care  within  the 

religion  are  helpful  and  not  so  helpful  to  you? 

healthcare  system  has  been  officially  recognized 

Are  you  part  of  a  religious  community?  How 

and  designated  by  the  Joint  Commission  on 

does  it  help  you? 

Accreditation  of  Healthcare  Organizations,  the 

P  –  Personal  spirituality  and  practices. 

American  College  of  Physicians,  and  the  Associ-

Some  questions  to  ask  are:  Do  you  have  personal 

ation  of  American  Medical  Colleges,  the  Ameri-

spiritual  beliefs  that  are  independent  of  orga-

can  Thoracic  Society,  and  the  Society  of  Critical 

nized  religion?  What  are  they?  Do  you  believe 

Care  Medicine,  among  others.  The  Joint  Commis-

in  God  or  a  higher  power?  What  kind  of  rela-

sion’s  policy  states,  “For  many  patients,  pastoral 

tionship  do  you  have  with  God?  What  aspects 

care  and  other  spiritual  services  are  an  integral 

of  your  spirituality  or  spiritual  practices  do  you 

part  of  health  care  and  daily  life.  The  hospital 

find  most  helpful? 

can  provide  pastoral  care  and  other  spiritual  ser-

E  –  Effects  of  the  patient’s  beliefs  and  values  on 

vices  for  patients  who  request  them. ”23,24  Further, 

medical  care  and  end-of-life  decisions.  Some 

findings  from  the  Association  of  American  Med-

questions  to  ask  are:  Has  being  sick  (or  your 

ical  Colleges  (AAMC),  reports  that,  “Physicians 

current  situation)  affected  your  ability  to  do  the 

must  be  compassionate  and  empathic  in  caring  for 

things  that  usually  help  you  spiritually? 

patients…  .  In  all  their  interactions  with  patients, 

(Or  affected  your  relationship  with  God?)  As 

they  must  seek  to  understand  the  meaning  of  the 

a  doctor,  is  there  anything  that  I  may  do  to  help 

patients  ‘stories  in  the  context  of  the  patients 

you  access  the  resources  that  usually  help  you? 

‘beliefs  and  family  cultural  values…  They  must

Are  you  worried  about  any  conflicts  between 

your  beliefs  and  your  medical  situation/care 

decisions?  Are  there  any  specific  practices  or 

23 

restrictions  I  should  know  about  in  providing 

Hospital  Accreditation  |  The  Joint  Commission  [Inter-

net].  [cited  2022  Jun  30].  Available  from:  https://www. 

your  medical  care? 

jointcommission.org/accreditation-and-certification/ 

health-care-settings/hospital/ 

24  Puchalski  (2001). 
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continue  to  care  for  the  dying  patients  even  when 

deactivate  the  machine.25  The  end-of-life  pro-

disease-specific  therapy  is  no  longer  available  or 

cess  within  the  body  is  already  happening,  we 

desired.”23 

are  respecting  that  process. 

A  2022  Gallup  Poll  found  that  81%  of  the 

Patients  and  their  families  may  still  turn  to 

adults  in  the  United  States  believe  in  God  or 

religious  and  faith-based  desires  beyond  scientific 

some  sort  of  higher  power.  “Research  studies 

facts,  but  wishful  “miracle”  thinking  cannot 

demonstrate  that  up  to  94  percent  of  hospitalized 

change  the  medical  reality.  And  when  a  cure  is 

patients  believe  spiritual  health  is  as  important  as 

not  possible,  providers,  patients,  and  families  can 

physical  health,  that  40  percent  of  patients  use 

still  hope  for  whole-person  healing:  acceptance  of 

faith  to  cope  with  illness,  and  that  25  percent  of 

the  illness  and  finding  peace  with  one’s  life.  And 

patients  use  prayer  for  healing  each  year.”20 

that,  at  its  core,  is  spiritual. 

Miracles  and  Medicine 

Special  Considerations:  Pediatric 

Patients 

Even  when  end-of-life  is  imminent,  patients  and 

families  may  insist  that  the  physician  continue  to 

Exceptional  care  must  be  taken  when  speaking 

provide  medical  care  that  is  ultimately  futile  in 

with  pediatric  patients  and  their  families.  For 

hope  of  a  “miracle.”  They  may  earnestly  hope  that 

pediatrics,  the  HOPE  Spiritual  Assessment  con-

divine  intervention  can  override  medical  realities. 

versation  needs  to  come  even  more  from  the  heart. 

This  can  be  frustrating  for  the  provider,  but  it  may 

Discussions  for  pediatric  patients  at  end  of  life 

be  based  on  a  definition  of  values,  not  a  factual 

differs  from  those  of  an  older  patient  as  they  are 

misunderstanding.  “Faith  in  miracles  does  not 

about  dashed  hopes  and  dreams,  a  life  that  was  cut 

depend  on  their  probability.”21 

too  short  and  often  involves  theodicy  (questioning 

A  spiritual  assessment,  whether  formal  or 

faith,  how  could  God  allow  their  child  to  become 

informal,  will  help  the  provider  navigate  these 

so  sick  and  perhaps  even  die). 

conversations.  Once  the  provider  understands, 

“The  American  Academy  of  Pediatrics  and  the 

even  on  a  basic  level,  the  religious  or  spiritual 

Institute  of  Medicine  in  their  groundbreaking 

fabric  the  patient  or  family  is  coming  from  the 

book  When  Children  Die,  emphasized  the  clinical 

provider  can  reframe  the  “miracle.”  The  “miracle” 

and  ethical  imperatives  of  incorporating  spiritual 

may  not  be  the  patient’s  recovery  but  rather  all  the 

needs,  assessment,  and  care  at  the  end  of  life. ”26 

love  that  is  surrounding  the  patient  at  this 

Inherent  in  parenting  is  the  undercurrent  of 

moment.  Or  the  “miracle”  may  be  a  “good 

stewardship  in  a  child’s  life.  In  some  religious 

death,”  or  a  relief  from  suffering.  The  therapeutic 

traditions,  this  parental  role  is  seen  as  a  gift  from 

and  empathetic  act  of  listening  to  a  patient  and 

God.  This  is  an  important  concept  to  discuss  dur-

family’s  desire  for  a  miracle  may  also  be  diffused 

ing  the  HOPE  Spiritual  Assessment.  Understand-

by  the  provider’s  use  of  expressions  such  as 

ing  the  parent’s  religious  relationship  or  spiritual 

“I  wish”  or  “I  hope.”21 

perspective  to  their  child  can  help  reduce  conflict 

“Stating  a  wish  allows  the  physician  to  share  between  the  parent  and  the  provider  leading  to  a 

the  family’s  hope  without  reinforcing  unrealistic 

greater  partnership. 27  The  pediatric  healthcare 

expectations.  However,  framing  the  statement 

provider  must  ask  questions  to  understand  how 

this  way  also  implies  that  it  is  unlikely  that 

the  family’s  concept  of  love  connects  with  the

these  hopes  will  be  realized.”21  When  speaking 

with  families,  specifically  at  end  of  life  with 

MCD  patients,  it  is  important  to  inform  the  fam-

25  Dunlay  et  al.  (2016). 

ily  that  when  a  patient  dies  after  deactivation  of 

26  Institute  of  Medicine  (US)  Committee  on  Palliative  and 

an  MCDs,  the  cause  of  death  is  the  underlying 

End-of-Life  Care  for  Children  and  Their  Families.  (2003). 

disease  process,  not  the  family’s  decision  to 

27  Robinson  et  al. (2006). 

17

Patient, Religion, and the Provider

279

family’s  faith  base.  In  many  religious  and  faith 

United  States  as  a basic  context  on which  to reflect 

traditions,  love  is  a  manifestation  of  God.  The 

and  deliver  spiritually  competent  care:  Catholi-

love  that  many  parents  have  for  their  children  is 

cism,  Evangelical  Protestantism,  The  Church  of 

seen  as  an  extension,  part  of  the  continuum  of  that 

Jesus  Christ  of  Latter-Day  Saints,  Judaism,  Islam, 

love.26 

and  Hinduism.  Each  unit  contains  a  brief  over-

“Beyond  professional  competency  parents  view  of  the  basic  tenets  and  beliefs,  with  a  men-

want  to  know  that  their  situation  is  seen  as  unique, 

tion  of  each  system’s  view  of  end-of-life 

compelling  and  worthy  of  the  provider’s  (care-

philosophy.  None  of  these  descriptions  are 

givers)  compassion.”23  “The  word  compassion 

intended  to  replace  more  detailed  doctrinal 

means  ‘to  suffer  with.’  Compassionate  care  calls 

reviews  but  rather,  to  show  that  all  religions  func-

for  physicians  to  walk  with  people  in  the  midst  of 

tion  on  a  continuum. 

their  pain  rather  than  experts  dictating their  pain to 

The  HOPE  Spiritual  Care  model  was  chosen 

them.”23  Parents  need  the  provider’s  heart  as 

for  its  simplicity  and  cultural  awareness  as  a  con-

much  as  they  need  the  provider’s  head. 

versational  framework  to  understand  patients’ 

Another  unique  element  in  pediatric  care  is  the 

values  and  spiritual  concerns.  As  we  have 

sense  of  innocence  and  the  hope  of  youth.  This 

stressed,  the  key  to  successful  whole-person  care 

innocence  and  sense  of  hope  combined  with  all 

is  empathic  listening.  The  provider  should  be 

the  time  that  the  patients  and  the  families  spend  on 

aware  of  the  whole  person  to  be  able  to  inform 

the  Pediatric  Intensive  Care  Unit  (PICU),  in  most 

patient  and  provider  of  realistic  outcomes,  both 

cases,  creates  very  deep  and  sincere  bonds 

proposed  and  unforeseen.  And  the  patient  can 

between  the  patient,  families,  and  the  provider 

convey  to  the  provider  what  gives  his  or  her  life 

(s).  The  patients  and  families  become  a  fixture 

meaning  at  the  moment  of  death.  Losing  that 

on  the  unit.  As  a  result  of  this  long-term  relation-

meaning  causes  spiritual  distress. 

ship,  the  providers  and  care  teams  on  the  PICU 

Patient’s  lives  may  be  extended  by  modern 

have  an  increased  vulnerability  and  spiritual  dis-

science,  but  care  for  the  soul  shines  light  on  pur-

tress  regarding  the  care  of  the  patient  and  family. 

pose,  meaning,  and  values. 

The  HOPE  Spiritual  Assessment  model  will  aid 

Finally,  it  is  important  for  providers  to  remem-

providers  in  assessing  their  own  spiritual  and  reli-

ber  that  they  are  part  of  a  care  team  that  includes 

gious  attitudes  when  facing  pediatric  end-of-life 

spiritual  care  providers,  such  as  hospital  chap-

conversations. 

lains,  who  are  trained  to  assist  with  the  spiritual 

By  nature,  many  parents  draw  from  their  spir-

and  religious  aspects  of  end-of-life  care  and  deci-

ituality  or  religious  beliefs  to  guide  them  with 

sion-making. 

their  children’s  end-of-life  decisions.  Parents  and 

providers  know  that  while  waiting  for  their  child 

to  receive  a  heart,  another  child  needs  to  die.  The 
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Abstract 

In  2023,  ISHLT  writes,  “All  MCS  candi-

Literature  widely  supports  the  impact  of  psy-

dates  should  undergo  a  comprehensive  psy-

chosocial  factors  on  outcomes  for  patients 

chosocial  evaluation.”  The  goals  outlined  in 

receiving  advanced  therapies  in  the  manage-

that  document  were  to  (1)  assess  risk  factors 

ment  of  advanced  heart  failure.  The  Interna-

for  poor  post  implantation  outcomes;  (2)  col-

tional 

Society 

for 

Heart 

and 

Lung 

lect  information  on  factors  related  to  patients’ 

Transplantation  (ISHLT),  in  collaboration 

knowledge,  understanding,  and  capacity  to 

with  the  Academy  of  Psychosomatic  Medicine 

engage  in  decision  making  about  MCS; 

(APM),  American  Society  of  Transplantation 

(3) 

collect 

information 

to 

characterize 

(AST),  International  Consortium  of  Circula-

patients’  personal,  social,  and  environmental 

tory  Assist  Clinicians  (ICCAC),  and  Society 

resources  and  circumstances,  including  fac-

for 

Transplant 

Social 

Workers 

(STSW), 

tors  that  may  mitigate  the  impact  of  any  psy-

published  a  consensus  in  2018  in  which  they 

chosocial  risk  factors  on  post  implantation 

identified  psychosocial  factors  that  were 

outcomes;  (4)  evaluate  patients’  knowledge 

empirically  supported  as  having  an  impact  on 

about  and  capacity  to  operate  the  device. 

patient  outcomes  and  quality  of  life  (QoL) 

Additionally,  a  brief  psychosocial  evaluation 

(Dew,  et  al.).  This  consensus  provided  a  con-

may  be  required  for  patients  in  cardiogenic 

sistent  and  subjective  framework  for  assessing 

shock  to  exclude  any  major  contraindica-

the  psychosocial  needs  of  patients  that  can  be 

tions”  (Saeed  2023).  This  chapter  will  identify 

utilized  across  centers.  The  2018  consensus 

commonly  used  assessment  tools  and  review 

identified  four  domains  to  be  included  in  the 

the  psychosocial  domains  of  the  SIPAT,  which 

psychosocial  assessment  of  patients  requiring 

is  the  most  frequently  used  assessment  tool 

cardiothoracic  transplant  or long-term mechan-

across  transplant  centers.  It  will  also  examine 

ical 

circulatory 

support 

(MCS). 

the  social  worker’s  role  in  identifying  psycho-

These 

social  risks  and  implementing  interventions  to 

domains  include  (1)  patient  readiness, 

(2)  social  support  system,  (3)  psychopathol-

meet  candidacy  requirements  and  enhance  the 

quality  of  life  for  patients  underg oing MCS

ogy,  and  (4)  effects  of  substance  use.  These 

domains  have  been  found  to  impact  a  patient’s 

implantation. 

ability  to  adhere  to  the  strenuous  demands  of 

There  are  similarities  in  program  require-

heart  transplantation  or  mechanical  circulatory 

ments  for  MCS  and  heart  transplant  as  there 

support  (MCS),  and  therefore,  warrant  assess-

are  significant  care  demands  for  both  modali-

ment  and  intervention  to  mitigate  risk  and  opti-

ties.  Due  to  the  extensive  literature  on  trans-

mize  outcomes. 

plantation 

and 

the 

overlap 

in 

patient
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experiences—such  as  patients  being  implanted 

LVAD  will  impact  the  patient’s  physical  and  emo-

as  a  bridge  to  transplant—this  chapter  will  cite 

tional  well-being  should  be  made.  Social  workers, 

studies  from  both. 

psychiatrists,  and  psychologists,  as  part  of  the 

selection  team,  are  instrumental  in  assessing  psy-

Keywords 

chosocial risks and providing necessary support to 

patients  and  caregivers  to  ensure  the  best  possible 

Psychosocial  ·  Mechanical  circulatory  device  · 

outcomes  are  achieved. 

SIPAT  (Stanford  Integrated  Psychosocial 

Psychosocial  assessment  is  essential  to  the 

Assessment  for  Transplantation)  · 

transplant  or  MCS  evaluation  process  as  it  helps 

Assessment  ·  Psychopathology  ·  Depression  · 

to  gather  information  about  the  patient’s  social, 

Substance  use  ·  Selection 

emotional,  and  psychological  well-being.  Limi-

tations  in  any  of  these  areas  may  impact  a 

patient’s  ability  to  comply  with  treatment 

Introduction 

demands.  For  example,  nonadherence  was  iden-

tified  as  a  factor  in  90%  of  episodes  of  late 

Mechanical  Circulatory  Support  is  widely  used 

rejection  post  1  year  in  HT  patients,  and  in 

as  a  method  for  treating  advanced  heart  failure. 

13–16%  of  deaths  (Paris  and  Williams 2005). 

Understanding  psychiatric  and  quality  of  life  con-

Psychiatric  conditions  like  depression  predict 

cerns  must be a consideration for both patients  and 

poorer  adherence  with  complex  medical  regi-

providers.  When  making  the  decision  to  move 

mens,  by  means  of  cognitive  deficits  and  lacking 

forward  with  implantation.  While  there  are  spe-

motivation  (Paris  and  Williams  2005).  Depres-

cific  care  requirements  for  patients  implanted  with 

sion,  personality  disorders,  and  chemical  depen-

left  ventricular  assist  device  (LVAD),  there  are 

dency  are  also  known  to  impact  adherence,  and 

many  common  factors  shared  with  those  who 

psychological  problems  such  as  anger/hostility, 

have  undergone  heart  transplantation  including 

avoidant  coping  mechanisms,  low  belief  in  med-

following  closely  with  their  heart  failure  provider, 

ication  efficacy,  low  self-efficacy,  and  unrealistic 

adhering  to  healthcare  behaviors  such  as  salt 

expectations 

contribute 

to 

noncompliance 

intake  limitations,  low-cholesterol  diet,  cardiac 

behaviors  (DeGeest  and  Dobbels  2005).  Because 

rehabilitation,  ongoing  exercise,  infection  surveil-

of  the  known  associations  of  psychosocial  prob-

lance,  and  rapid  treatment  to  complications. 

lems  on  patient  outcomes,  it  is  important  that 

Eshelman  et  al.  note  that  patients  undergoing 

psychosocial  assessment  is  part  of  the  preimplan-

LVAD  implantation  have  commonalities  with 

tation  evaluation  process  so  that  the  appropriate 

patients  who  are  treated  for  end-stage  cardiac 

interventions  can  be  implemented  to  address 

failure  and  are  waiting  for  or  have  received  heart 

deficiencies.  For  patients  that  are  critically  ill, 

transplantation.  Therefore,  understanding  psychi-

or  have  medical  or  psychosocial  barriers  negat-

atric  concerns  and  adherence  in  these  patient 

ing  heart  transplantation,  an  LVAD  offers 

populations  will  help  to  understand  that  of  DT 

patients  a  medical  treatment  option  that  will 

LVAD  patients  (Eshelman  et  al. 2009). Standard-

improve  their  clinical  and  functional  status 

ization  of  patient  selection  criteria  in  transplant  is 

while  allowing  time  to  complete  psychosocial  

necessary  due  to  the  limited  availability  of  donor 

interventions  such  as  substance  abuse  or  behav-

organs,  as  well  as  the  program  success  being 

ioral  he alth treatment. 

reliant  on  patient  outcomes.  A  program’s  ability 

The  psychosocial  assessment  is  most  often 

to  predict  outcomes  has  a  direct  impact  on  the 

completed  by  a  master’s  prepared  social  worker, 

future  of  that  program  including  third-party 

typically  with  a  medical  social  work  background. 

payer  contracts  and  willingness  to  pay  for  certain 

It  is  the  social  worker’s  role  to  relay  psychosocial 

procedures  at  that  center  (2009).  Additionally, 

concerns  to  the  selection  team  and  develop

careful  consideration  as  to  how  transplant  or 
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treatment  plans  to  address  these  barriers.  Because 

candidacy—likely  due  to  the  greater  supply  of 

the  social  worker’s  assessment  is  used  as  part  of 

VADs  (ventricular  assist  devices)  than  there  are 

the  patient’s  candidacy  determination,  there  are 

donor  organs  (Clancy  et  al. 2019). Additionally, 

limits  to  confidentiality  due  to  the  sharing  of 

the  care  required  after  heart  transplantation 

information  with  the  heart  failure  team.  The  social 

requires  more  adherence  to  medication,  particu-

worker  is  ethically  obligated  to  disclose  these 

larly,  of  immunosuppressive  drugs,  which  hold 

limitations  in  confidentiality  to  the  patient  and 

greater  risk  to  the  patient  and  the  program,  if  not 

obtain  informed  consent  to  proceed  with  psycho-

followed  properly. 

social  assessment.  This  duality  of  the  social 

worker’s  role  as  both  helper  and  enforcer  can 

lead  to  an  ethical  dilemma  if  the  limitations  of 

Social  Work  as  part  of  the  MCS  VAD 

confidentiality  aren’t  fully  explained.  It  is  the 

(Ventricular  Assist  Device) 

social  worker’s  responsibility  to  explain  the  pur-

Interdisciplinary  Team 

pose  of  the  psychosocial  assessment—which  is  to 

identify  patient  strengths  as  well  as  psychosocial 

New 

Based  on  psychosocial  and 

barriers  to  MCS/HT—and  to  then  provide  the 

recommendation 

behavioral  evaluation  at  time  of 

heart  transplant  evaluation, 

support  needed  to  address  these  barriers  and  opti-

interventions  and  therapies  should 

mize  overall  psychosocial  functioning. 

be  initiated  to  address  psychosocial 

The  psychosocial  assessment  should  be  initi-

and  behavioral  risk  factors  that 

ated  before  a  temporary  MCS  device  is  implanted 

may  contribute  to  poor  outcomes 

posttransplant 

when  possible  or  upon  being  informed  of  the  need 

Ancillary  services,  including  home 

for  MCS.  This  allows  time  to  assess  any  barriers 

care  nursing,  cardiac  rehabilitation, 

to  caring  for  the  device,  as  well  as  assessing  the 

psychologic  support,  nutritional 

VAD  aligns  with  the  patient’s  treatment  goals. 

planning,  or  patient  support  groups 

may also be used as resources in the 

Because  of  the  body  morphology  involved  with 

follow-up  of  HT  recipients,  with 

the  device  (tube  coming  out  of  the  patient’s  stom-

the  understanding  that  providers  of 

ach),  and  the  amount  of  care  that  is  required  fol-

community  healthcare  services 

lowing  implantation,  it  may  not  be  a  suitable 

must  communicate  with  the 

clinicians  at  the  transplant  center  to 

option  for  some  patients.  It  is  important  that  the 

ensure  that  the  care  delivered 

social  worker  advocates  for  patient  autonomy  and 

complies  with  the  HT  center’s 

that  the  patient  be  involved  in  the  decision-

standards  (ISHLT  2018) 

making  process  when  possible.  The  International 

Society  for  Heart  and  Lung  Transplantation/Heart 

MCS  social  workers  can  be  instrumental  in 

Failure  Society  of  America  Guideline  on  Acute 

assessing  the  psychosocial  needs  of  the  patient 

Mechanical  Circulatory  Support—The  Journal  of 

and  creating  individualized  treatment  plans  to 

Heart  and  Lung  Transplantation  (jhltonline.org). 

help  the  patient  overcome  psychosocial  barriers 

Assessment  tools  like  the  SIPAT  help  to  quan-

to  care.  Some  ways  that  social  workers  can  help 

tify  psychosocial  risk  factors  and  identify  those 

patients  is  by  connecting  them  to  community 

risks  that  could  be  determined  as  relative  or 

resources  such  as  substance  abuse  treatment  pro-

absolute  contraindications  for  transplant.  The 

grams,  behavioral  health  services,  transportation, 

weight  of  these  risk  factors  in  determining  can-

housing,  or  financial  resources.  Social  worker 

didacy  has  been  shown  to  vary  by  treatment—in 

responsibilities  also  include  helping  patients  and 

one  study,  contraindications  were  cited  as  being 

families  navigate  government  entitlement  pro-

weighted  more  heavily  in  patients  evaluated  for 

grams  such  as  food  stamps  or  social  security  dis-

LVAD  as  BTT  (bridge  to  transplant),  versus 

ability,  or  federally  or  state  funded  insurance 

patients 

evaluated 

for 

destination 

therapy 

programs—Medicare  and  Medicaid.  Social  work 

(DT)  LVAD.  Psychosocial  assessment  results 

responsibilities  could  also  include  coordinating 

were  not  as  impactful  in  determining  DT  LVAD 

psychiatric  evaluations,  advanced  care  planning, 
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facilitating  support  groups,  coordinating  and 

it  is  a  deciding  factor,  whereas  82%  of  VAD  pro-

facilitating  family  meetings  with  the  patient  and 

grams  indicated  that  social  work  assessment  is  a 

team,  assessing  for  domestic  violence,  coordinat-

deciding  factor. 

ing  with  home  health  agencies,  disposition  plan-

In  this  same  study  of  VAD  programs,  95%  felt 

ning,  and  educating  the  patient  and  caregiver  of 

their  VAD  social  worker  had  a  good  understand-

the  social  and  emotional  implications  of  treat-

ing  of  the  psychosocial  care  needs  of  their  patients 

ment.  A  skilled  social  worker  adds  value  to  the 

and  all  felt  the  social  worker  added  value  to  the 

team  by  providing  emotional  support  to  the 

team.  Social  workers  were  asked  to  indicate  fac-

patient—providing  space  for  the  patient  to  pro-

tors  that  limited  their  ability  to  do  their  job—58% 

cess  feelings,  voice  frustrations, or collaboratively 

felt  insurance  constrictions  followed  by  patient 

work  through  problems.  This  allows  more  time 

nonadherence 

(55%) 

and 

lack 

of 

reliable 

for  clinical  staff  to  focus  on  the  medical  needs  of 

resources  (52%),  and  implantation  of  patients 

their  patients. 

with  limited  or  no  psychosocial  support  (48%). 

As  part  of  the  psychosocial  evaluation  pro-

This  chapter  notes  the  social  work  scope  of 

cess,  the  VAD  social  worker  is  responsible  for 

practice  extends  beyond  psychosocial  assessment 

identifying  potential  barriers  to  treatment  such 

and  continues  through  the  long-term  psychosocial 

as  housing  and  financial  barriers,  lack  of  ade-

care  of  the  patient  postoperatively.  Complications 

quate  support  system,  and  behavioral  health 

such  as  infections  and  readmissions  of  VAD 

needs—all  of  which  are  considered  in  patient 

patients  are  common  and  can  have  an  overall 

candidacy  determination  (Khazine  and  Rogers 

negative  impact  on  the  patient.  The  VAD  social 

2011).  A  study  at  the  University  of  Chicago 

worker  can  utilize  clinical  skills  and  implement 

looked  at  the  VAD  social  worker’s  perceived 

tools  to  improve  upon  the  patient’s  overall  emo-

role  in  providing  psychosocial  care  to  VAD 

tional  health  and  well-being  (2020). 

patients.  VAD  team  members  were  asked  to 

It  is  the  social  worker’s  role  to  inform  the 

rank  areas  in  which  they  felt  their  social  worker 

MCS/transplant  team  when  there  are  contraindi-

was  most  helpful—52%  of  programs  ranked 

cations  present—ISHLT and  the  SIPAT set  param-

caregiver  presence  and  involvement  as  most 

eters  for  absolute  contraindications. 

helpful;  48%  ranked  living  situations  as  the 

In  the  event,  a  patient  is  declined  for  MCS  by 

second  most  helpful;  and  48%  ranked  compli-

the  committee,  or  the  patient  makes  the  decision 

ance  and  adherence  as  third  most  helpful.  Addi-

not  to  pursue  MCS,  the  social  worker  can  make 

tional  categories  where  social  workers  were 

referrals  to  palliative  medicine  or  hospice,  while 

determined  to  be  helpful  by  the  VAD  team 

providing  ongoing  support  for  the  patient. 

respondents  were  financial  status,  long-term 

Engaging  palliative  care  proactively  has  been 

success,  and  education  status  (Combs  et  al. 

shown  to  aid  in  the  decision-making  process 

2020). Of  the  social  workers  who  responded, 

(Thompson  et  al. 2015;  Swetz  et  al. 2011). 

97%  reported  an  expectation  to  be  involved 

Patients  being  evaluated  for  MCS  implantation 

preimplantation  of  a  VAD. 

should  receive  palliative  medicine  consultation 

Twenty-three  percent  of  programs  reviewed 

so  that  goals  of  care  and  medical  decision-

endorsed  collaborative  involvement  between 

making  discussions  can  be  held  concurrently. 

social  workers  and  VAD  coordinators  in  assess-

Discussions  about  care  goals,  including  device 

ment  preimplantation  of  VAD,  and  13%  stated 

deactivation,  are  best  done  when  patients  can 

they  try  to  involve  social  work  preimplantation; 

make  their  wishes  known.  Hospice  is  typically 

however,  that  was  not  always  possible.  Interest-

utilized  in  patients  with  heart  failure  who  have 

ingly,  responses  for  social  work  assessment  as  a 

not  undergone  MCS  implantation  as  patients 

deciding  factor  at  patient  selection  varied  between 

with  MCS  device  typically  die  in  the  hospital 

social  workers  and  VAD  teams.  Social  workers 

setting  for  reasons  such  as  hemorrhagic  stroke, 

felt  that  their  social  work  assessment  was  “some-

multisystem  organ  failure,  or  progressive  heart 

times”  a  deciding  factor  with  19%  responding  that 

failure  (Dunlay  et  al. 2016). 

288

H. Donovan and K. Pickrel

Interdisciplinary  Approach 

2.  The  DMCS  team  designee  must  interview 

to  the  Psychosocial  Assessment 

patients  and  family  members  regarding  the 

Process 

strength  and  depth  of  their  social  support. 

The  social  worker  or  other  MCS  staff  member 

Comprehensive  psychosocial  care  of  patients  with 

may  need  to  develop  a  formal  “social  con-

advanced  heart  failure  includes  coordination  with 

tract”  with  the  patient’s  social  network 

disciplines  such  as  addictions  medicine,  palliative 

and/or  caregiver(s)  that  outlines  their  commit-

care,  spiritual  care,  psychiatry,  and  psychology. 

ment  and  responsibilities  to  ensure  they  are 

ISHLT  in  their  2023  update  provide  guidance  for 

prepared  to  assist  patients  with  device  and/or 

programs  in  candidacy  determination.  The  fol-

driving  needs  until  the  patient  is  able.  Level  of 

lowing  are  guidelines  that  allow  opportunity  for 

evidence:  C. 

interdisciplinary  collaboration  in  meeting  the  psy-

chosocial  needs  of  MCS  patients. 

ISHLT  Task  Force  4  highlights  the  roles  of 

social  work,  palliative  care,  and  ethics  in  the 

setting  of  acute  MCS  decision-making.  The 

Recommendation  for  Palliative  Care 

decision  to  implant  an  acute  MCS  device  is  a 

challenging  one—patients  are  often  in  a  critical 

Class  IIa 

state  with  proxy  decision-makers  desperate  to 

1.  Palliative  care  consultation  should  be  consid-

accept  life-saving  treatment.  Having  limited 

ered  as  a  component  of  the  treatment  of 

knowledge  of  the  patient’s  background,  includ-

end-stage  heart  failure  during  the  evaluation 

ing  adherence  or  other  risk  factors  that  might 

phase  for  DMCS.  In  addition  to  symptom  man-

otherwise  preclude  them  from  getting  a  durable 

agement,  goals  and  preference  for  end  of  life 

device,  providers  must  make  the  decision  to 

should  be  discussed  with  patients  receiving 

place  temporary  support.  Implanting  a  tempo-

DMCS  as  long-term  support. 

rary  device  without  psychosocial  screening  or 

verification  of  social  support  may  lead  to  a  sce-

nario  where  a  patient  is  now  dependent  on  a 

Recommendation  for  Financial 

device  meant  to  be  temporary.  The  International 

Assessment 

Society  for  Heart  and  Lung  Transplantation/ 

Heart  Failure  Society  of  America  Guideline  on 

Class  IIa 

Acute  Mechanical  Circulatory  Support—The 

1.  A  mechanism must be in place  to  provide  finan-

Journal  of  Heart  and  Lung  Transplantation 

cial  aid  or  support  for  postoperative  care  for 

(jhltonline.org). 

those  who  have  limitations  to  medical  cover-

While  there  are  fewer  studies  available  on 

age.  Depending  on  the  country,  this  may  be 

MCS  patients,  studies  on  transplant  patients 

provided  by  the  government,  insurance  agent, 

have  associated  reliable  social  support  with  bet-

or  an  individual’s  family. 

ter  pre- and  posttransplant  outcomes,  including 

Level  of  Evidence:  C. 

better  adherence,  longer  survival  time,  and  lower 

risk  of  relapse  for  both  substance  abuse  or  mental 

health  issues  and  overall  better  quality  of  life 

Recommendations  for  Assessment 

(ISHLT  2023  Journal  of  Heart  and  Lung 

of  the  Social  Network:  (1) 

514,515).  It  should  be  considered  that  in  settings 

where  time  is  limited,  the  psychosocial  assess-

Class  I 

ment  is  necessary  to  provide  clear  expectations 

1.  The  primary  designated  caregiver  should  dem-

of  the  device  and  care  needed,  as  well  as  identi-

onstrate  competency  in  the  functioning  of  the 

fying  potential  barriers  to  receiving  that  care 

DMCS  and  the  appropriate  response  to 

(2023).  Because  of  the  complexity  of  care 

alarms.  Level  of  evidence:  C. 

required, 

high 

morbidity 

risk, 

and 

body
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morphology  involved  in  implanting  MCS,  it  is 

Cleveland 

Clinic 

study 

which 

evaluated 

best  to  involve  the  patient  in  the  decision-making 

128  patients  implanted  with  LVAD  from  2013  to 

process  when  possible.  “Therefore,  in  general, 

2017  found  that  quantifiable  psychosocial  impair-

acute  MCS  should  be  used  in  place  of  durable 

ment  as  scored  in  SIPAT  was  associated  with 

MCS  until  a  patient  can  provide  informed  con-

increased  risk  of  readmission,  device  exchange, 

sent”  ISHLT  2023). 

and  days  alive  outside  of  the  hospital  (Alvarez 

et  al. 2019). 

Level  of  influence  of  psychosocial  assessment 

Commonly  Used  Standardized  Tools 

was  also  taken  into  account—influence  was  stron-

for  Psychosocial  Assessment 

gest  in  BTT  candidates  versus  DT;  poor  psycho-

social  functioning  was  considered  an  “absolute 

While  medical  listing  criteria  has  been  well 

contraindication”  for  LVAD  in  65.2%  of  pro-

established 

across 

organ 

groups 

through 

grams,  and  62.5%  reported  implant  was  denied 

governing  bodies—United  Network  for  Organ 

in  at  least  one  patient  due  to  psychosocial  prob-

Sharing  (UNOS)  for  heart,  the  Model  for 

lems.  One  respondent  commented,  “I  would  love 

End-Stage  Liver  Disease  (MELD)  for  liver,  or 

to  validate  an  assessment  in  the  LVAD  population. 

the  Lung  Allocation  System  (LAS)  for  lung 

(Smoking  contraindication,  etc.)  This  is  a  major 

transplant—psychosocial  criteria  for  listing  have 

issue  at  our  organization  to  effectively  quantify 

been  less  standardized  Maldonado  et  al.  (2012). 

social  risk.”  “It  is  difficult  to  define  meaningful 

ISHLT  issues  the  following  statement  in 

relation  to  low  scores.”  Another  commented  on 

2023—“All  MCS  candidates  should  undergo  a 

the  difficulty  on  the  part  of  the  VAD  coordinator 

comprehensive  psychosocial  evaluation,  a  pro-

when  patients  are  implanted  despite  psychosocial 

cess  as  outlined  in  the  2018  ISHLT  consensus 

concerns.  There  is  a  level  of  responsibility  placed 

document  for  patients  being  evaluated  for  cardio-

on  the  coordinator  to  make  implantation  safe  for 

thoracic  transplantation  and  long-term  mechani-

patients  who  are  at  an  elevated  psychosocial  risk. 

cal  circulatory  support  “(Saeed  2023). While  the 

Implantation  of  patients  who  have  high  psycho-

“what”  part  of  the  psychosocial  assessment  has  social  risk  and  demonstrate  adherence  problems 

been  presented,  the  “how”  or  methods  to  which 

creates  strain  on  VAD  coordinators  and  social 

these  domains  are  assessed  are  open  to  interpreta-

workers  leading  to  feelings  of  inadequacy  and 

tion.  A  2018  study  surveyed  MCS  programs  on 

burnout . 

tools  used  to  complete  these  assessments  and 

found that it varies across programs. Of the 69 pro-

grams  surveyed,  81.2%  used  1  of  more  than 

PACT,  mPACT,  SIPAT,  PHQ-9,  GAD-7, 

39  standardized  instruments,  with  the  SIPAT  and 

MOCA,  and  MMSE 

PACT  being  the  most  prevalent  (Clancy  2018). 

Other  instruments  used  were  the  Generalized 

Of  note:  There  has  been  a  revision  to  the  PACT 

Anxiety  Disorder  (GAD)  10.1%,  the  Patient 

(m-PACT)  which  can  allow  for  more  accurate 

Health  Questionnaire  (PHQ)  11.6%,  and  the  Mon-

measurement  of  the  areas  that  most  impact 

treal  Cognitive  Assessment  (MOCA)  8.7% 

LVAD  patients.  Consideration  was  given  to  what 

(Clancy  2018).  It  should  be  noted  that  the  GAD 

literature  has  identified  as  psychosocial  factors 

and  PHQ  (GAD-7  and  PHQ-9)  are  used  to  screen 

contributing  to  poor  outcomes.  The  four  domains 

patients 

for 

symptoms 

of 

anxiety 

and 

included  in  the  m-PACT  are  as  follows:  (1)  social 

depression—they  should  be  used  in  adjunct  with 

support,  (2)  psychological  health,  (3)  lifestyle  fac-

a  more  comprehensive  assessment  tool.  MOCA  is 

tors  such  as  healthy  lifestyle  and  independence 

a  tool  used  for  cognitive  testing  and  the  Mini-

with  activities  of  daily  living,  and  (4)  capability 

Mental  Status  Exam  (MMSE).  Some  programs 

to  understand  care  requirements. 

used a more informal process such as chart  review, 

To  demonstrate  the  value  of  these  tools  in  clin-

patient  interview,  and  observation  27.5%.  One 

ical  practice,  Maltby  et  al.  conducted  a  single-
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center  study  which  showed  that  m-PACT  scores 

21–39 Minimally Acceptable Candidate Consider

impacted  clinical  decisions,  in  that  patients  who 

Listing:  Identified  risk  factors  must  be  satisfac-

received  higher  m-PACT  scores  were  more  likely 

torily  addressed 

to  be  considered  for  LVAD  BTT  versus  DT.  An 

40–69  Poor  Candidate,  significant  risk  identified-

additional  finding  in  this  study  was  that  mental 

Recommend  deferral  until  risks  are  satisfacto-

health  severity  was  one  of  several  predictors  of 

rily  addressed  (Maldonado  et  al). 

adverse  events  postimplantation  (4)  (Maltby  et  al.). 

The  Beck  Depression  Inventory  (BDI)  is  a 

widely  used  tool  for  assessing  symptoms,  severity 

Four  Key  Domains  of  SIPAT 

of  symptoms,  and  behavioral  manifestations  of 

depression.  Consisting  of  21  self-report  items, 

Patient’s  Readiness  Level  and  Illness 

this  questionnaire  takes  approximately  10  min 

Management 

for  the  subject  to  complete. 

Beck’s  Depression  Inventory  (ismanet.org) 

Knowledge  and  Understanding  of  Illness 

and  the  Process  for  Transplant/MCS 

This  section  of  the  SIPAT  examines  the  patient’s 

The  Stanford  Integrated  Psychosocial 

ability  to  understand  their  organ  failure  and  the 

Assessment  for  Transplantation 

transplant  process,  which  includes  the  ability  to 

(SIPAT) 

adhere  to  a  complex  medical  regimen.  The  SIPAT 

examiner  asks  the  patient  to  explain  their  under-

One  of  the  most  widely  used  and  comprehensive 

standing of their  organ  failure  and  of the  transplant, 

assessment  tools  is  the  SIPAT.  The  SIPAT  tool 

or  MCS  evaluation  process  and  the  treatment  plan. 

assesses  four  key  domains:  (1)  a  patient’s  readi-

Their  responses  assist  the  clinician  in  determining 

ness,  (2)  social  support  system,  (3)  psychological 

whether  there  are  cognitive  deficits  that  would 

stability  and  psychopathology,  and  (4)  effects  of 

impede  the  patient’s  ability  to  follow  complex 

substance  use.  These  four  areas  are  discussed 

medical  instruction.  The  examiner  should  also  ask 

further  below.  The  benefits  of  SIPAT  are  that  it 

about  educational  attainment  and  literacy  so  that 

standardizes  the  assessment  process  and  identifies 

measures  can  be  taken  to  tailor  education  to  the 

patients  who  have  an  elevated  risk  of  negative 

patient’s  level  of  understanding.  Providers  need  to 

outcomes.  In  one  study  of  102  patients,  SIPAT 

accommodate  patient’s  and  caregiver’s  whose  pri-

demonstrated  excellent  inter-reliability  even  with 

mary  language  is  not  English.  Interpreter  services 

the  inclusion  of  novice  raters  (P  <  0.0001) 

should  be  used  when  English  is  not  the  primary 

(Maldonado  et  al. 2012).  A  higher  SIPAT  score 

spoken  language,  and  written  materials  need  to  be 

correlated  with  negative  outcomes  in  a  study 

provided  in  the  patient’s  preferred  language  when 

examining  outcomes  in  217  posttransplant  recip-

possible.  Though  licensing  requirements  vary  by 

ients.  The  study  found  an  association  of  SIPAT 

state,  the  National  Association  of  Social  Workers 

scores  and  posttransplant  complications  such  as 

(NASW),  provide  professional  standards  for  con-

episodes 

of 

organ 

rejection 

(P 

=  0.02),  tinuing  education  in  cultural  competency  and 

rehospitalizations  ( p  <  0.0001),  infection  rates 

incorporating  cultural  awareness  in  professional 

( p  =  0.02),  as  well  as  psychosocial  complications 

practice.  Social  workers  should  be  a  resource  for 

such  as  psychiatric  decompensation  ( p  <  0.005), 

the  medical  team  when  working  with  patients  with 

nonadherence  ( p  =  0.09),  and  failure  in  social 

varying  cultural  or  religious  backgrounds  as  social 

support  ( p  =  0.02)  (Maldonado  et  al. 2015). 

workers  recognize  the  patient  as  the  expert.  As  part 

Quantifying  Psychosocial  Risk  by  Point  Value: 

of  the  initial  psychosocial  assessment,  the  social 

worker  asks  the  patient  if  there  are  cultural  differ-

0–6  Excellent  Candidate 

ences  or  accommodations  that  the  patient  feels 

7–20  Good  Candidate,  recommend  to  list-some 

would  help  them  in  their  treatment  process.  The 

monitoring  required 

following  is  taken  from  the  NASW  Code  of  ethics. 
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1.05  Cultural  Competence  and  Social  Diversity

due  to  compensatory  efforts  on  behalf  of  care-

• Social  workers  should  understand  culture  and  givers  (Casida  et  al. 2017).  Similar  in  concept  is its  functions  in  human  behavior  and  society, 

that  literature  has  modestly  demonstrated  that 

recognizing  the  strengths  that  exist  in  all 

patients  with  intellectual  disabilities  can  achieve 

cultures. 

outcomes  comparable  to  other  patients  when  there 

• Social  workers  should  have  a  knowledge  base  is  adequate  social  support  present.  (Rosenberger 

of  their  clients’  cultures  and  be  able  to  demon-

et  al. 2012; Samelson-Jones  and  Mancini  2012). 

strate  competence  in  the  provision  of  services 

In  summary,  adequate  social  support  may  offset 

that  are  sensitive  to  clients’  cultures  and  to 

the  risks  of  mild  cognitive  impairment  on  adher-

differences  among  people  and  cultural  groups. 

ence,  while  adversely  impacting  the  overall  qual-

• Social  workers  should  obtain  education  about  ity  of  life  of  that  patient  due  to  a  now  increased 

and  seek  to  understand  the  nature  of  social 

reliance  on  caregivers.  Social  work  support  may 

diversity  and  oppression  with  respect  to  race, 

be  beneficial  in  improving  patient  understanding 

ethnicity,  national  origin,  color,  sex,  sexual 

and  engagement  while  also  providing  support 

orientation,  gender  identity  or  expression, 

resources  for  caregivers  and  education  on  strate-

age,  marital  status,  political  belief,  religion, 

gies  for  self-care. 

immigration  status,  and  mental  or  physical 

While  social  workers  are  not  trained  or  licensed 

disability. 

to  perform  formal  cognitive  testing,  social  workers 

Standards  and  Indicators  for  Cultural  Com-

can  assess  the  need  for  further  testing  and  make 

petence  in  Social  Work  Practice  (socialworkers. 

appropriate  referrals  to  speech  pathologists  or  neu-

org) 

ropsychologists  who  do  provide  formal  testing. 

The  following  are  examples  of  tools  used  in  formal 

Cognitive  Status  and  Capacity  to  Give 

assessment  of  cognitive  functioning: 

Informed  Consent 

Cognitive  impairment  is  common  in  patients 

1.  The  Montreal  Cognitive  Assessment  (MoCA): 

being  evaluated  for  transplant  or  MCS  and  often 

This  is  a  widely  used  tool  that  assesses  cogni-

includes  mild  or  transient  forms  of  impairment 

tive  function  in  domains  such  as  attention, 

that  often  resolve  after  transplant  or  implantation, 

executive  function,  and  memory.  It  has  been 

such  as  delirium  or  encephalopathy.  It  is  noted 

validated  in  patients  with  heart  failure  and  has 

that  these  conditions  do  not  necessarily  mean  the 

been  found  to  have  high  sensitivity  and  speci-

patient  lacks  capacity  for  medical  decision-

ficity  for  identifying  cognitive  impairment 

making  (Applebaum  2007),  though  moderate  or 

(Nasreddine  et  al. 2005) 

severe  dementia  precludes  the  patient  from  MCS 

2.  The  Mini-Mental  State  Examination  (MMSE): 

implantation  or  transplant  (Applebaum  2007). 

This is a widely used tool that assesses cognitive 

Cognitive  impairment  has  been  shown  to  either 

function  in  domains  such  as  attention,  memory, 

improve  or  worsen  over  time  following  MCS 

and  language.  It  has  been  validated  in  patients 

implantation  or  transplant  (Dew  et  al. 2018), and 

with  heart  failure  and  has  been  found  to  have 

effect  patient  outcomes  (2008).  In  a  sample  of 

good  sensitivity  and  specificity  for  identifying 

patients  in  cardiothoracic  transplant  evaluation, 

cognitive  impairment  (Folstein  et  al. 1975). 

it  was  shown  to  negatively  impact  medication 

3.  The  Clock  Drawing  Test  (CDT):  This  is  a 

and  treatment  adherence,  as  well  as  activities  of 

widely  used  tool  that  assesses  cognitive  func-

daily  living  and  quality  of  life  (Alosco  et  al. 

tion  in  the  domain  of  executive  function.  It  has 

2012a, b;  Haskins  et  al. 2012).  Interestingly,  in 

been  validated  in  patients with  heart  failure  and 

MCS  patients,  there  was  an  association  of  poor 

has  been  found  to  have  good  sensitivity  and 

cognitive  functioning  with  decreased  confidence 

specificity  for  identifying  cognitive  impair-

in  capability  of  managing  the  device  as  well  as 

ment  (Shulman  and  Taback  (1999). 

inadequate  quality  of  life;  it  was  not,  however, 

4.  The  Digit  Span  Test  (DST):  This  is  a  widely 

associated  with  medical  adherence;  this  may  be 

used  tool  that  assesses  cognitive  function  in  the
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domain  of  attention  and  working  memory.  It 

mentors  offers  the  benefit  of  seeing  real-life  appli-

has  been  validated  in  patients  with  heart  failure 

cations  of  living  with  MCS.  It  may  also  help  with 

and  has  been  found  to  have  good  sensitivity 

feelings  of  isolation  or  anxiety  by  offering  support 

and 

specificity  for  identifying  cognitive 

from  someone  who  can  validate  their  feelings  and 

impairment  (Wechsler  1997)  (Wechsler  Adult 

share  in  their  experience.  This  may  give  the  patient 

Intelligence  Scale—Third  Edition.  Psycholog-

confidence  that  they  too  can  be  successful  with 

ical  Corporation,  San  Antonio,  TX) 

MCS.  The  impact  of  having  a  peer  mentor  can  be 

profound,  both  on  patients,  as  well  as  caregivers 

Willingness/Desire  for  Treatment—Part  of 

who  may  be  placed  in  the  difficult  position  of 

the  SIPAT  involves  assessing  patient’s  motiva-

consenting  for  MCS  on  behalf  of  their  loved  one. 

tions  for  treatment.  After  all,  treatment  effective-

Patients  and  caregivers  should  be  offered  peer  con-

ness  relies  not  only  on  having  the  right  therapy  to 

nection  whenever  possible,  and  social  workers  can 

address  the  problem  but  also  on  the  cooperation  of 

be  instrumental  in  this  process. 

the  patient  in  the  therapeutic process.  “When  there 

When  it  is  not  possible  to  assess  a  patient’s 

is  a  lack  of  cooperation  from  the  patient,  the 

willingness  or  desire  for  treatment  because  they 

therapy  is  often  doomed  to  fail”  (Bunzel  and 

are  critically  ill  or  incapacitated,  a  surrogate 

Laederach-Hofmann  2000). 

decision-maker  is  responsible  for  making  com-

It  is  important  to  understand  if  MCS  is  in  align-

plex,  and  oftentimes,  difficult  medical  decisions. 

ment  with  the  patient’s  treatment  goals  and  what 

Part  of  the  social  worker’s  role  is  identifying  the 

the  patient  determines  to  be  an  acceptable  quality 

surrogate  decision-maker  and  educating  on  state 

of  life.  It  is  also  necessary  to  ascertain  if  the  patient 

surrogacy  laws  and  advanced  directives.  The 

has  a  realistic  understanding  of  the  MCS  process 

social  worker  is  also  responsible  for  identifying 

and  potential  impact  on  their  daily  life.  A  person-

family  or  other  support  persons  available  to  aid 

centered framework may prove beneficial in under-

both  the  decision-making  process  and  providing 

standing  the  goals  and  desires  of  the  individual.  A 

collateral  information  for  the  psychosocial  assess-

person-centered  approach  to  care  looks  at  the  indi-

ment.  When  assessing  for  motivation/desire  for 

vidual’s  role  within  their  environment,  their  life 

treatment,  the  social  worker  must  educate  fam-

stories,  goals,  strengths,  weaknesses,  and  under-

ily/caregivers  on  the  requirements  of  caring  for 

stands that individuals  have capabilities  and  should 

the  device,  as  well  as  the  impact  of  MCS  implan-

be  viewed  as  the  expert  of  their  daily  lives  (Britten 

tation  on  both  the  patient’s  and  caregiver’s  emo-

et  al. 2020).  As  Maddi  Olano-Lizarraga  et  al.  cite, 

tional  and  psychological  well-being.  Palliative 

“the  application  of  the  University  of  Gothenburg  care  can  be  instrumental  in  guiding  goals  of  care 

Centre  for  Person-Centered  Care  (GPCC)  frame-

discussion,  while  a  patient  mentor  may  be  helpful 

work  has  been  shown  to  have  a  positive  impact  in 

in  providing  family  with  insight  into  the  benefits 

several  clinical  trials  with  people  with  CHF  (Con-

and  challenges  of  living  with  MCS  from  a 

gestive Heart  Failure), with an impact on the length 

patient’s  perspective.  Refer  to  social  worker  to 

of  hospital  stays  and  the  ability  to  carry  out  activ-

aid  in  connecting  patients  and  families  with 

ities  of  daily  living  (Ekman  et  al.  2012),  self-

appropriate  resources. 

efficacy  in  caregiving  (Fors  et  al.  2018),  healthcare 

costs  (Hansson  et  al.  2016)  and  treatment  adher-

ence  (Markgren  et  al.  2019),  among  others.”  Social 

Treatment  Adherence/Compliance 

workers  are  trained  to  take  a  person-centered 

approach  in  working  with  patients  which  includes 

Causation  for  patient  nonadherence  is  multifacto-

highlighting  their  strengths  and  developing  treat-

rial,  but  literature  is  consistent  in  demonstrating 

ment  plans  to  improve  functioning  in  their  areas  of 

association  of  nonadherence  with  patient  out-

weakness.  Social  workers  act  as  advocates  in 

comes.  The  best  way  to  predict  patient  behavior 

expressing  the  patient’s  wants  and  desires  to  the 

post-MCS  or  heart  transplantation  is  to  examine 

treatment  team.  Connecting  patients  with  peer 

patient  behavior  pretransplantation.  Patients  who
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demonstrated  medication  nonadherence  pre-organ 

system,  there  is  not  a  standardization  of  caregiver 

transplantation  had  increased  risk  of  medication 

guidelines  that  exist  across  programs.  [KP28]  One 

nonadherence  posttransplantation  (Dobbels  et  al. 

study  showed  a  wide  range  of  approaches  to 

2009). This  nonadherence  is  thus  associated  with 

addressing  caregiver  requirements,  from  lack  of 

increased  graft  failure  and  mortality  (2009).  In  a 

a  written  policy  to  requiring  24/7  live-in  caregiv-

study of MCS patients, nonadherence was linked to 

ing  for  2–6  weeks.  [KP28]  All  centers  studied  did, 

higher risk  of complications  like  pump  thrombosis, 

however,  rate  having  a  caregiver/social  support  as 

as  well  as  poorer  quality  of  life  (Kirklin  et  al. 2015; 

important  [KP28]. 

Casida  et  al. 2017).  Social  workers  assess  patient 

compliance  by  obtaining  subjective  information 

from  the  patient,  collateral  information  from  pro-

Assessing  Caregiver  Support 

viders,  caregivers,  and  a  review  of  the  patient’s 

chart.  Based  on  how  the  patient  has  adhered  to 

Social  support  is  a  critical  component  of  post-heart 

diet,  medication,  and  other  aspects  of  heart  failure 

transplant  outcomes.  Social  support  is  defined  by 

care,  the  SIPAT  examiner  assigns  a  score  that  will 

Gottleib  and  Bergen  as  “the  social  resources  that 

be  tallied  with  the  other  domain  scores. 

persons  believe  to  be  available  or  that  are  actually 

provided  to  them  by  non-professionals  in  the  con-

text  of  both  formal  support  groups  and  informal 

Social  Support  System 

helping  relationships”  (Gottlieb  and  Bergen  2010). 

Social  support  has  been  determined  to  positively 

Advanced  therapies  require  a  significant  amount 

impact  patient  quality  of  life  and  wellness  across 

of  social  support  and  have  been  identified  as  crit-

disease  processes:  cancer,  heart  failure,  and  coro-

ical  in  patients’  overall  quality  of  life  and  well-

nary  artery  disease  (Coglianese  et  al. 2015). 

being.  They  provide  both  practical/logistical  sup-

The  most  common  caregiver  type  is  that  of 

port,  as  well  as  emotional  support,  which  impacts 

spouse, which has been described as the “lynchpin 

psychological  well-being  (Conway  et  al. 2013). 

of  the  social  support  network”  (Coglianese  et  al. 

One  survey  of  transplant  centers  found  that  20% 

2015). Studies  that  have  been  conducted  looking 

of  transplant  candidates  are  excluded  due  to  lack 

at  the  outcomes  of  having  a  spouse  as  the  care-

of  adequate  social  support.  Literature  supports 

giver  versus  other  types  of  caregivers  have  had 

social  support,  or  lack  thereof,  as  being  a  predictor 

varying  results.  Assumptions  cannot  be  made  that 

of  poor  post-heart  transplant  outcomes.  Conway 

a  spouse  is  going  to  be  the  most  reliable  caregiver 

et  al.  found  that  social  support  was  identified  as 

option,  as  success  is  determined  not  by  relation-

the  most  crucial  factor  in  having  a  positive  post-

ship  alone  but  by  the  health  of  the  relationship. 

transplant  psychosocial  experience.  In  their  meta-

Another  study  found  that  the  size  of  the  social 

analysis,  of  note  to  professionals,  they  find  that 

network  had  a  positive  impact  on  clinical  out-

this  was  identified  across  cultures  and  that  one  of 

comes,  even  when  heart  failure  severity  is  con-

the  most  beneficial  factors  of  that  support  was 

trolled.  Interestingly,  a  meta-analysis  conducted 

availability  of  social  support  and  connections  to 

by  Conway  et  al.  found  that  transplant  patients 

other  transplant  patients  (Conway  et  al. 2013). 

reported  availability  of  social  support  and  connec-

Additionally,  there  are  critical  traits  of  care-

tions  with  other  transplant  patients  were  the  most 

givers  that  have  been  shown  to  reduce  mortality 

beneficial  areas  of  social  support.  This  demon-

risk  for  the  patient,  including  the  following: 

strates  the  value  of  programs  providing  opportu-

understanding  of  their  loved one’s  illness, an iden-

nities  for  peer  support—social  workers  have  the 

tified  backup  support  system,  and  reliable  logisti-

competency  to  connect  patients  with  peer  support 

cal  support  such  as  transportation,  medication 

resources  in  the  community  or  to  facilitate 

management,  etc.  (Bruce  et  al. 2017). 

support  groups  internally  to  meet  the  need  for 

While  caregivers  of  LVAD  patients  are  consid-

patients  to  connect  with  other  LVAD  or  transplant 

ered  a  critical  extension  of  the  formal  healthcare 

patients. 
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Regardless  of  caregiver  relationship,  as  noted 

common  component  in  these  caregivers.  The 

in  the  ISHLT statement  below,  having  a  caregiver 

review  found  that  there  was  ongoing  stress  and 

who  has  adequate  resources  is  of  utmost  impor-

anxiety  regarding  the  patient’s  well-being,  with 

tance  for  the  transplanted/implanted  patient. 

concern  for  infection  or  driveline  malfunction.  It 

was  noted  that  the  caregiving  burden  was  greater 

Caregiver  burden  should  be  assessed  before  DMCS 

in  the  LVAD-DT  because  their  caregiving  role 

implantation to assure that  support  will be available. 

Agreement  on  behalf  of  the  patient  is  not  sufficient. 

would  continue  for  the  life  of  the  patient  [27KP]. 

Significant  caregiver  burden  or  lack  of  any  care-

The  following  is  a  pertinent  quote  to  keep  in 

giver  is  a  relative  contraindication  to  patient’s 

mind  regarding  the  experience  of  the  caregiver: 

DMCS  implantation.  (“The  2013  International 

“While  patient’s  quality  of  life  improves  after 

Society  for  Heart  and  Lung  Transplantation  ...”) 

ISHLT  2023 

VAD  implantation,  that  of  their  caregivers  does 

not.”  P210 [66].  This  quote  highlights  the  need  for 

As  the  caregiver  is  an  integral  part  of  the  trans-

a  thorough  evaluation  of  the  potential  caregiver  as 

plant/implantation  process  and  the  patient’s 

part  of  the  overall  assessment  for  transplant/ 

recovery,  it  is  important  to  look  at  the  effect  the 

implantation  candidacy  as  well  as  the  need  to 

caregiver  role  may  have  upon  the  caregiver.  An 

provide  the  caregiver  with  ongoing  support  and 

important  aspect  to  consider  is  that  of  caregiver 

resources.  The  VAD  team  can  refer  to  social 

strain.  While  there  is  literature  on  caregiver  strain, 

workers  who  can  provide  1:1  support  to  care-

there is little literature  that looks at caregiver  strain 

givers,  make  referrals  to  community  counseling 

over  time.  One  study  looked  at  caregiver  strain 

or  peer  support  programs,  or  facilitate  support 

throughout  the  care  continuum:  Questionnaires 

groups  tailored  to  caregivers’  needs.  All  of  these 

were  administered  to  caregivers  at  the  following 

interventions  may  help  to  reduce  caregiver  strain 

intervals  of  the  patient’s  care:  preimplantation,  1-, 

and  improve  quality  of  life  for  the  caregiver  by 

3-,  and  6-months  postimplantation.  While  the 

providing  socialization  opportunities  to  combat 

entire  process  of  implantation  can  be  quite  stress-

potential  feelings  of  social  isolation  that  may 

ful,  the  results  showed  that  the  highest  level  of 

occur  due  to  the  demands  of  their  caregiving 

caregiver  strain  was  at  1  month  postimplantation 

responsibilities.  As  noted  earlier,  adequate  social 

followed  by  a  gradual  return  to  preimplantation 

support  can  mitigate  many  psychosocial  risk  fac-

baseline  by  6  months.  Interestingly,  however,  the 

tors  of  the  patient;  it  is  important  that  programs  do 

results  did  not  show  a  net  improvement  in  the 

not  overlook  the  importance  of  having  resources 

caregiver  strain  overall  [23KP].  Some  factors 

available  to  support  the  educational,  emotional, 

that  appear  to  affect  caregiver  strain  include  the 

and  psychological  needs  of  those  caregivers.  It  is 

caregiver’s  preparedness  (or  lack  thereof)  to 

also  imperative  that  the  social  worker  assesses  the 

become  a  caregiver  [25KP],  the  quality  of  the 

strength  of  the  support  system  preimplantation 

relationship,  and  the  type  of  relationship  (spousal 

and  identifies  reliable  back  up  caregivers  that 

or  non-spousal)  [24KP]. 

will  provide  occasional  relief  for  the  primary 

One  literature  review  looked  at  15  studies  that 

caregiver. 

focused  on  the  family  caregiver  experience  for 

patients  who  received  LVAD  [26KP].  In  addition 

to  the  expected  findings  of  heightened  anxiety, 

C:  Psychological  Stability 

uncertainty  and  shock  preimplantation,  the  review 

and  Psychopathology 

noted  some  interesting  findings  postimplantation. 

One  such  finding  is  that  family  caregivers  of 

Overall,  there  is  an  elevated  risk  for  psychopa-

LVAD-BTT  patients  had  higher  levels  of  post-

thology,  including  depression  and  anxiety,  in 

traumatic  stress  disorder,  depression,  and  anxiety 

patients  with  advanced  heart  failure.  A  study 

than  the  patients  [27KP]. 

published  in  the  Journal  of  Cardiac  Failure  in 

When  looking  at  LVAD-DT,  the  literature 

2009  by  Riegel  et  al.  found  that  the  prevalence 

review  found  that  emotional  distress  was  a 

of  depression  in  patients  with  heart  failure  ranges
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from  20%  to  40%.  (2009)  and  a  study  published  in 

of etiology in physiological traits, it is often difficult 

the  Journal  of  Heart  and  Lung  Transplantation  in 

to  assess  for  depression  in  heart  failure  patients 

2018  (J.C.  Kuker  et  al.)  found  that  the  prevalence 

(Ghosh  et  al. 2016). 

of  pretransplant  depression  and  anxiety  ranges 

The  article  “Depression  in  Heart  Failure:  Intri-

from  15%  to  30%  and  is  greater  for  hospitalized 

cate  Relationships,  Pathophysiology,  and  Most 

patients  at  35–70%  (Connolly  et  al. 2000). The 

Updated  Evidence  of  Interventions  from  Recent 

rate  of  depression  in  patients  who  are  in  the 

Clinical  Studies”  found  that  in  treating  depression 

waitlist  phase  of  transplant  is  estimated  to  be 

in  patients  with  heart  failure,  antidepressants  includ-

about  23%,  with  an  estimated  60%  of  waitlisted 

ing SSRIs had variable results whereas interventions 

patients  meeting  criteria  for  anxiety,  depression, 

such  as  aerobic  exercise  and  Internet-based  CBT 

or  other  mood  disorder  (Dew  et  al. 2001).  These 

(cognitive  behavior  therapy)  were  shown  to  be 

numbers  may  not  be  a  true  representation  of  the 

more  effective.  CBT  is  a  method  of  therapy  that 

population 

because 

depression 

often 

goes 

seeks  to  reframe  problematic  or  negative  thinking 

underreported  due  to  the  persistence  of  stigma 

that  might  include  personalization,  catastrophizing, 

associated  with  mental  illness  today. 

and  false  interpretations  of  reality,  and  reframes 

Depression  is  a  common  complication  in 

those  thoughts  in  a  more  positive  light.  Psycholog-

patients  with  heart  failure  and  can  negatively 

ical  factors  including  anger/hostility,  low  self-

impact  adherence  to  treatment.  Patients  with 

esteem,  low  belief  in  treatment  efficacy,  low  moti-

depression  may  have  difficulty  following  through 

vation,  fatalistic  coping,  and  anxiety  have  been 

with  their  treatment  plan  due  to  feelings  of  hope-

shown  to  result  in  non-adherent  behaviors  (Paris 

lessness,  lack  of  motivation,  and  lack  of  energy 

and  Williams  2005). In  theory,  CBT would  help  by 

(Riegel  et  al. 2009). The  relationship  between 

reframing the negative and often unrealistic thinking 

heart  failure  and  depression  is  described  as  bidi-

behind  the  problematic  behaviors  to  promote  better 

rectional.  Patients  with  heart  disease  have  higher 

adherence  and  create  a  more  positive  framework  for 

rates  of  depression  than  those  who  do  not  have 

approaching  problems. 

heart  disease;  patients  with  heart  disease  and 

Antidepressants,  anxiolytics,  psychotherapy, 

depression  are  at  risk  for  poorer  clinical  outcomes 

and  ECT  (electroconvulsive  therapy)  have  also 

and  mortality  (Epstein  et  al. 2013).  Furthermore, 

been  shown  to  positively  impact  mental  health 

depression  is  responsible  for  the  highest  amount 

functioning  in  case  reports  (Degees  and  Dobbels 

of  healthcare  related  costs  in  patients  with  heart 

2005; Lee  et  al. 2002). 

failure  (Van  Rees  2011)  and  has  greater  signifi-

Regular 

screening 

for 

depression 

is 

cance  in  impact  to  quality  of  life  in  patients  with 

recommended  for  patients  with  advanced  heart 

heart  failure  than  actual  heart  failure  severity  mea-

failure  as  they  are  more  at  risk,  and  symptoms 

sures  including  functional  status,  left  ventricular 

may  present  at  varying  intervals  of  their  care. 

ejection  faction,  and  natriuretic  peptide  levels— 

Social  workers  can  administer  PHQ-9  and 

all  of  which  showed  only  mild  associations 

GAD-7  questionnaires  to  screen  and  identify 

(Connolly  et  al. 2000;  Moss  et  al. 1996).  Addi-

patients  who  may  need  further  social  work  sup-

tionally,  depression  has  been  noted  across  studies 

port  or  referral  to  a  community  mental  health 

as  being  a  risk  factor  for  mortality  like  other  risk 

provider.  High  scores  indicate  need  for  referral 

factors  such  as  diabetes,  smoking,  and  hyperten-

to  psychiatry,  or  immediate  assessment  to  deter-

sion  (Klug  and  Balde  2007). 

mine  if  there  is  risk  for  suicidal  ideation,  the 

There are both behavioral factors (smoking, lack 

degree  of  risk  such  as  having  an  intent  or  plan. 

of  exercise,  and  obesity)  as  well  as  pathophysio-

These  assessments  can  be  done  by  the  social 

logic  (hypercortisolism,  elevated  inflammatory 

worker,  or  another  licensed  mental  health  profes-

biomarkers,  fibrinogen,  and  atherosclerosis)  con-

sional  who  is  able  to  determine  if  patient  is  safe  to 

tributing  to  adverse  events  in  patients  with 

go  home  with  a  support  person  and  plan  for  safety, 

co-occurring  morbidities  of  heart  failure  and 

or  if  a  transfer  to  an  ER  for  emergent  psychiatric 

depression  per  Ghosh  et  al.  Because  of  the  overlap 

evaluation  is  warranted  to  keep  the  patient  safe. 
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Anxiety:  Anxiety  can  also  negatively  impact 

transplant,  there  have  been  reports  of  patients 

adherence  to  treatment  in  patients  with  heart  fail-

doing  well  with  the  proper  support  of  caregivers 

ure.  Patients  with  anxiety  may  have  difficulty 

and  mental  health  professionals  (Zimbrean  2015). 

following  through  with  their  treatment  plan  due 

ISHLT  published  new  recommendations  for 

to  feelings  of  worry  and  fear  (Riegel  et  al. 2009). 

managing  the  psychological  care  of  heart  trans-

A  study  published  in  the  Journal  of  Cardiac  Fail-

plant  patients  (Velleca  et  al. 2023). 

ure  found  that  anxiety  was  present  in  18%  of  heart 

failure  patients  and  it  was  associated  with  poor 

Each  HT  center  should 

Continuing  approval  without 

closely  collaborate 

change 

adherence  to  treatment.  Anxiety  also  shares  a 

with  a  specialized 

bidirectional  relationship  with  heart  failure  and 

nurse  or  liaison 

is  often  co-occurring  with  depression.  One  study 

psychiatrist  who  can 

found  that  1/5  of  outpatients  with  NYHA  status 

screen  and  monitor  all 

HT recipients  at  risk  for 

III/IV  heart  failure  had  co-occurring  anxiety  and 

nonadherence. 

depression.  Anxiety  is  also  associated  with 

Investing in specialized 

increased  hospitalizations  and  mortality,  though 

staff  may  result  in 

not  as  notable  as  depression  (Dekker  et  al. 2012). 

better  transplant 

outcomes  in  the  long 

Personality  disorders  are  a  significant  risk 

term,  although  further 

factor  for  MCS  implantation  as  there  are  adher-

studies  testing  the 

ence  challenges  and  maintaining  relationships 

efficacy  of  adherence-

with  caregivers  and  providers.  Additionally, 

enhancing 

interventions  are 

patients  with  personality  disorders  were  viewed 

warranted 

as  having  more  behavioral  problems  than  those 

Class  IIa,  Level  of 

patients  who  did  not  have  PDs.  In  one  study  of 

Evidence  C 

heart  transplant  recipients,  a  personality  disorder 

Depressive  symptoms 

Given  their  impact  on 

was  associated  with  global  nonadherence  and 

should  be  regularly 

posttransplant  survival, 

evaluated  during 

depressive  symptoms  should 

nonadherence  to  specific  behaviors  such  as  diet 

follow-up  of  HT 

be  regularly  evaluated  before 

and  smoking,  and  recurrence  of  maladaptive  cop-

recipients.  This  can 

and  during  long-term  follow-

ing  which  could  lead  to  recurrence  of  drug  or 

best  be  done  by  user 

up  of  HT  recipients.  This  can 

alcohol  use  in  those  patients  who  have  past  chem-

friendly,  validated 

best  be  done  by  user-friendly, 

screening  instruments. 

validated  screening 

ical 

dependency 

issues 

(Maldonado 

and 

All  patients  with 

instruments  (e.g.,  PHQ-9, 

Yelizaveta  2019).  Transplant  patients  with  per-

elevated  scores  should 

PHQ-9  modified  for  teens) 

sonality  disorders  have  difficulty  forming  and 

be  referred  to 

Class  I,  Level  of  Evidence  B 

maintaining  interpersonal  relationships  and  may 

specialized  treatment 

Class  I,  Level  of 

lack  the  necessary  social  support  needed  follow-

Evidence  C 

ing  an  organ  transplant.  There  are  limited  studies 

Each  HT  team  should 

All  patients  with  elevated 

on  the  impact  on  patients  with  MCS,  though  given 

include  a  psychologist/ 

screening  scores  should  be 

the  above  considerations,  patients  will  need  early 

psychiatrist  qualified  to 


referred  for  specialized 

detect  and  treat 

evaluation,  assessment,  and 

identification  of  risk  factors,  and  psychiatric  sup-

depression  and  mood 

potential  treatment.  Each  HT 

port  to  develop  coping  strategies  conducive  to 

disorders. 

team  should  include  a 

managing 

complex 

medical 

regimens 

such 

Multidisciplinary 

psychologist/psychiatrist 

as  MCS. 

treatment  teams  are 

qualified  to  detect  and  treat 

better  prepared  to 

mood  disorders.  Patients  with 

Schizophrenia:  Comorbidity  of  heart  failure 

address  psychosocial 

psychosocial  problems  or 

significantly  raises  the  risk  of  mortality  with  death 

risk  factors  for  poor 

difficulty  coping  could  be 

occurring  25  years  earlier  than  the  general  popu-

outcomes  after  HT 

referred  to  appropriate  mental 

lation  (Pudlo  2009).  While  schizophrenia  is  typi-

Class  I,  Level  of 

and  behavioral  health  services

Evidence  C 

cally  an  absolute  contraindication  to  MCS  and 
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Tools  Used  in  the  Assessment 

hospitalization  (Truong  et  al. 2022),  active  alco-

of  Anxiety  and  Depression 

hol  or  drug  use  is contraindicated  in  transplant  and 

mechanical  circulatory  support  (MCS)  patients 

GAD-7  and  PHQ-9,  or  the  Beck  Depression 

(Dew  et  al. 2018a).  Thus,  current  psychosocial 

Inventory  (see  Figs. 1, 2, and  3). 

assessments  of  potential  ventricular  assist  device 

The  Beck  Depression  Inventory  (BDI)  is  a 

(VAD)  candidates  include  assessing  for  substance 

widely  used  tool  for  assessing  symptoms,  severity 

use  and  abuse  as  part  of  the  overall  evaluation  of 

of  symptoms,  and  behavioral  manifestations  of 

each  candidate. 

depression.  It  consists  of  21  self-report  items 

One  study  that  looked  at  over  15,000  left  ven-

(Beck  et  al. 1961) 

tricular  assist  device  (LVAD)  patients,  assessing 

for  5  psychosocial  risk  factors,  including  “(1)  lim-

ited  social  support;  (2)  limited  cognition;  (3)  sub-

Substance  Use/Abuse 

stance  abuse  (alcohol  and  drug);  (4)  severe 

and  Dependence  Issues  (Includes 

psychiatric  disease  (including  major  depression 

Nicotine  Dependency) 

and  other  major  psychiatric  diagnosis);  and 

(5)  repeated  noncompliance,”  found  that  the 

Substance  Use 

most  prevalent  risk  factor  was  substance  abuse 

(12.6%)  (DeFilippis  et  al. 2020). 

The  use  of  alcohol  and  illicit  drugs  is  prevalent  in 

Outcomes for  those  patients  who did  receive  an 

the  United  States.  According  to  data  provided  by 

LVAD  despite  active  substance  abuse  in  one  study 

the  Substance  Abuse  and  Mental  Health  Services 

of  20  LVAD  recipients  with  active  substance 

Administration,  in  2019,  there  were  139.7  million 

abuse  compared  to  40  without  substance  abuse 

alcohol  drinkers,  with  65.8  million  binge  drinkers 

issues  showed  the  active  substance  abusers  had  a 

and  16.0  million  heavy  drinkers  (Substance 

3.2  times  greater  death  rate  and  a  5.4  times  greater 

Abuse  and  Mental  Health  Services  Administra-

risk  of  chronic  driveline  infection  than  the  control 

tion  2020). In  the  same  report,  it  was  noted  that 

group  (Cogswell  et  al. 2014). 

165.4  million  people  (60.1%)  had  used  a  sub-

In  addition  to  assessing  for  active  substance 

stance  the  previous  month.  This  included  alcohol, 

abuse for potential disqualification from a program, 

marijuana,  misuse  of  prescription  medication,  and 

it  is  also  important  to  assess  for  past  use  and  like-

illicit  drugs  (Substance  Abuse  and  Mental  Health 

lihood  of  relapse.  With  VAD  implantation  comes 

Services  Administration  2020). 

an  increased  risk  in  psychological  comorbidities, 

With  substance  use  among  the  general  popula-

such  as  depression,  anxiety,  and  adjustment  disor-

tion  so  prevalent,  it  is  not  surprising  that  studies 

ders  (Tigges-Limmer  et  al. 2018);  therefore,  under-

have  shown  that  substance  abuse  among  heart  fail-

standing  a  patient’s  substance  use—both  current 

ure  patients  is  common.  In  one  study  of  11,268 

and  historical—is  important  for  assessing  risk  of 

patients  with  heart  failure,  15.2%  were  diagnosed 

relapse  as  they  may  encounter  increased  psycho-

with  substance  abuse,  and  the  study  found  that, 

logical  stress  with  VAD  placement,  especially 

“Methamphetamine  abuse,  alcohol  abuse,  and  opi- those  with  VAD  being  destination  therapy 

oid  use/abuse  were  independently  associated  with 

(DT) 

versus 

being 

a 

bridge 

to 

transplant 

hospital  encounters  for  heart  failure,  with  risks  that 

(BT)  (Tigges-Limmer  et  al. 2018). 

were  comparable  to  comorbidities  such  as  atrial 

fibrillation  and  ischemic  heart  disease.”  (Nishimura 

et  al. 2020). 

Alcohol 

Because  substance  abuse  has  the  potential  to 

cause  adverse  effects  on  a  variety  of  issues, 

Whether  LVAD implantation is  expected to be  BTT 

including  adherence,  outcomes,  and  rates  of 

or  DT,  it  is  important  to  assess  alcohol  use/abuse  as

[image: Image 82]
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Fig.  1  GAD-7  anxiety

[image: Image 83]
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Fig.  2  Patient  Health  Questionnaire  (PHQ-9)

[image: Image 84]
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Fig.  3  PHQ-9  Patient  Depression  Questionnaire 

alcohol abuse been associated with medication non-

When  assessing  the  potential  candidate,  it  is 

compliance  and  negative  outcomes.  When  consid-

important  to  look  at  that  patient  in  the  broader 

ering  that  an  estimated  9%  of  patients  waiting  for  a 

context  of  their  environment,  understanding  that 

heart  (or  lung)  transplant  drink  unsafe  amounts  of 

the  patient  is  at  greater  chance  of  relapse  after 

alcohol,  the  need  for  assessment  becomes  clear. 

transplant  if  they  lack  social  support,  have  a
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family  history  of  alcoholism,  and  they  have  had 

As  the  laws  are  varied  from  state  to  state  and 

less  than  6  months  of  sobriety. 

conflict  with  federal  law,  it  is  understandable  that 

the International Society of Heart and  Lung Trans-

plantation,  in  their  most  recent  guidelines  (2016), 

Methamphetamines 

put  the  onus  on  individual  transplant  centers  to 

determine  candidacy  for  marijuana  users  (Saddia 

The  use  of  methamphetamines  has  been  on  the  rise 

et  al. 2021). 

in  recent  years.  According  to  the  National  Institute 

There  are  several  potential  effects  of  marijuana 

on Drug Abuse, a reported 2.5 million people in the 

consumption  in  regard  to  advanced  heart  failure 

United  States  used  methamphetamines  in  the  year 

therapies  that  transplant  centers  may  want  to  con-

2021.  This  is  important  because  methamphetamine 

sider  when  deciding  their  marijuana  policy  includ-

use  can  have  a  deleterious  effect  on  the  cardiovas-

ing,  “…risk  of  dependence,  nonadherence,  weight 

cular  system.  After  overdose  and  accidents,  cardio-

gain, infection, coronary artery disease, unregulated 

vascular  disease  is  the  leading  cause  of  death  in 

preparations,  and  drug-drug,  especially  immuno-

methamphetamine  users.  In  addition,  methamphet-

suppression  and  anticoagulation  interactio ns.” 

amines  are  highly  addictive  and  relapse  is  com-

Although  each  transplant  center  may  vary  in 

mon.  In  one  study  of  350  people  who  received 

their  assessment  of  allowability  of  marijuana  use, 

inpatient  treatment  for  methamphetamine  abuse, 

it  is  important  to  remember  that  regardless  of  the 

61%  relapsed  within  the  first  year  and  36%  of 

protocol  set,  any  type  of  substance  abuse  is 

those  within  the  first  month  (Brecht, 2014). 

contraindicated  for  transplant  (Dew  et  al. 2018a). 

With  the  risk  of  relapse  so  high,  it  is,  therefore, 

important  when  assessing  a  patient  for  transplant/ 

implantation  candidacy  that  the  length  of  time  a 

Smoking 

past  user  has  been  in  remission  is  considered.  It  is 

recommended  that  there  is  a  protracted  period  of 

Cessation  from  active  tobacco  smoking  is 

abstinence  prior  to  consideration  for  heart  trans-

recommended  prior  to  MCS  implantation;  how-

plant  or  LVAD  implantation. 

ever,  if  implantation  occurs  due  to  medical  neces-

sity,  abstinence  will  be  required  before  the  patient 

can  move  forward  for  transplant  consideration 

Marijuana 

(Youmans  et  al. 2021). 

Active  tobacco  smoking  has  been  shown  to  have 

There  is  a  lack  of  clarity  and  guidance  for  trans-

increased risks for LVAD patients. One study looked 

plant  centers  as  to  how  to  weigh  marijuana  use  in 

at  risk  of  stroke  in  current  smokers  (smoked  within 

determining  a  patient’s  candidacy.  Although  ille-

30 days of implantation), never smokers, and former 

gal  at  the  federal  level  (DAST-10,  Drug  Abuse 

smokers,  and  found  that  when  adjusted  for  signifi-

Screening  Test  n.d. ),  individual  states  have 

cant  clinical  variables,  current  smoking  was  associ-

enacted  various  legislation  that  permits  mari-

ated  with  a  significant  88%  ( p  =  0.018)  higher  risk 

juana  use  in  a  variety  of  situations.  As  of  this 

of  stroke  when  compared  with  all  noncurrent 

writing,  recreational  use  of  marijuana  is  legal  in 

smokers  (Bidwell  et  a  l. 2018). 

21  states  as  well  as  the  District  of  Columbia 

Additionally,  a  study  of  355  patients  who 

(Jorgensen  2019),  and  as  of  February  2022, 

received  LVAD  implantation  showed  that  current 

37  states  have  legalized  medical  marijuana  (Bui 

and  former  smokers  had  increased  admissions  for 

et  al. 2019b). 

pump  thrombosis  and  there  was  a  correlation 

Additionally,  there  are  several  states  that  have 

between  former  smoking  and  admissions  for 

enacted  legislation  that  prohibits  transplant  cen-

driveline  infections.  Survival  rates  among  the 

ters  from  excluding  transplant  candidates  solely 

three  groups,  however,  showed  no  statistical  dif-

due  to  medical  marijuana  use  (Dew  et  al. 2018a). 

ference  (McIlvennan  et  al. 2021). 
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Evaluation  of  Substance  Use 

3.  Have  you  felt  bad  or guilty  about  your  drinking 

or  drug  use? 

When  assessing  a patient using the SIPAT tool, the 

4.  Have  you  ever  had  a  drink  or  used  drugs  first 

tool  assesses  for  alcohol  use  disorder,  substance 

thing in  the  morning  to  steady your  nerves  or  to 

use  disorder,  and  nicotine  use/abuse/dependence, 

get  rid  of  a  hangover  (eye-opener)  (DAST-10, 

evaluating  for  current  use  as  well  as  risk  of 

Drug  Abuse  Screening  Test  n.d. )? 

relapse.  Alcohol  and  substance  use  are  scored  as 

follows:  none  (0),  low  risk  (1),  moderate  risk  (2), 

Scoring  the  CAGE  is  as  follows:  0  for  “no” 

high  risk  (3),  and  extreme  risk  (4).  Nicotine  use  is 

answers and (1) for “yes” answers.  A final score of 

scored  as  follows:  none  (0),  past  use,  quit  greater 

2  or  greater  is  considered  clinically  significant  for 

than  6  months  (1),  recent  use,  quit  less  than 

substance  abuse  disorder  (An  Analysis  of  Mari-

6  months  (3),  and  active/current  use  (5). 

juana  Policy  1982). 

The  scores  are  included  in  the  overall  scoring 

The  Drug  Abuse  Screening  Test  (DAST-10) 

of  the  SIPAT  for  a  final  score  that  assists  the 

assesses  specifically  for  drug  use  (excluding  alco-

clinician  conducting  the  psychosocial  assessment 

hol  and  nicotine)  with  a  10-question  questionnaire 

in  making  a  final  determination  in  a  patient’s 

(Hansen  et  al. 2022).  This  can  be  self-

overall  psychosocial  functioning  and  whether 

administered  or  clinician  administered. 

that  person  is  a  suitable  candidate  from  a  psycho-

The  above  listed  screening  tools  are  simply  a 

social  perspective. 

sample  of  the  variety  of  tools  available  to  the 

professional  to  aid  in  their  psychosocial  assess-

ment.  Each  transplant  center  may  have  specific 

Additional  Screening  Tools 

screening  tools  that  differ  from  these. 

If  substance  use  is  identified  or  suspected,  addi-

tional  screening  tools  may  be  implemented  to 

better  understand  the  scope  of  the  patient’s  sub-

Implementing  Interventions 

stance  use/abuse. 

to  Address  Psychosocial  Barriers 

One  such  tool  is  the  alcohol  use  disorder  test 

(AUDIT)  (O’Brien  2008).  The  questionnaire  is  a 

The  SIPAT  is  effective  in  quantifying  psychosocial 

10-question 

assessment 

with 

both 

a 

self-

risk  factors  and  identifying  specific  parameters  of  

administered  and  clinician-administered  version. 

what  constitutes  an  absolute  contraindication  to 

This  was  developed  by  the  World  Health  Organi-

transplant/implantation  (see  Fig. 4).  Risk  stratifica-

zation  (WHO)  “to  assess  alcohol  consumption, 

tion  is  also  included  in  the  SIPAT rating  candidates 

drinking  behaviors,  and  alcohol-related  prob-

as  “excellent,”  “good,  “or  “minimally  acceptable” 

lems.”  (Brown  and  Rounds  1995). 

correlating  with  the  score  as  ascribed  by  the  asses-

Another  tool  that  can  aid  in  assessing  sub-

sor,  with instruction  to “consider listing  once social 

stance  use/abuse  is  the  CAGE  Questionnaire 

criteria  is  met.”  Absolute  contraindications  include 

(Addiction  Research  Center  n.d.). Originally 

heavy  active  substance  use,  current  suicidal  idea-

designed  to  help  detect  alcohol  abuse,  the  CAGE 

tion,  history  of  multiple  suicide  attempts,  and 

questionnaire  was  expanded  to  include  screening 

active  schizophrenia.  Additionally,  Maldonado 

for  both  alcohol  and  drug  use  (CAGE-AID) 

et  al.  include  the  following  absolute  contraindica-

(DAST-10,  Drug  Abuse  Screening  Test  n.d.). 

tions:  inadequate  social  support  system,  active 

The  questionnaire  consists  of  four  questions: 

illicit  substance  use,  active  nicotine  abuse,  active 

psychotic  symptoms  that  may  impair  adherence  to 

1.  Have  you  ever  felt  you  ought  to  cut  down  on 

transplant,  dementia,  nonadherence  with  treatment 

your  drinking  or  drug  use? 

after  previous  organ  transplant,  and  history  of 

2.  Have  people  annoyed  you  by  criticizing  your 

recidivism  of  substance  abuse  after  previous 

drinking  or  drug  use? 

organ  transplant. 

[image: Image 85]
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Fig.  4  SIPAT  TOTAL  SCORE  absolute  contraindications 

Relative  contraindications  are also  scored  in 

made  to  refer  to  addiction  medicine  specialists  or 

the  SIPAT—when  several  relative  contraindica-

recovery  programs  in  the  community.  Evidence 

tions  are  present,  and  psychosocial  barriers  are 

supports  the  positive  impact  interventions  have  on 

determined  to  be  insurmountable  by  the  team, 

improving  psychosocial  functioning  and  out-

relative  contraindications  are  elevated  to  absolute 

comes  for  patients  who  were  initially  scored  as 

contraindication  determination. 

“high  risk.”  A  Mayo  Clinic  retrospective  study 

Psychosocial  contraindications  as  outlined  by 

looked  at  heart  transplant  recipients  who  had 

the  ISHLT  include: 

high  psychosocial  risk  scores  pretransplant.  In 

heart  transplant  recipients  who  scored  high  psy-

Patients  who  do  not  have  a  safe  environment  into 

chosocial  risk  on  the  PACT,  there  was  an  associ-

which  to  be  discharged  or  lack  access  to  reliable 

power  should  not  be  considered  for  DMCS. 

ation  of  new  onset  depression.  However,  when 

DMCS  is  not  recommended  in  patients  with 

psychosocial  issues,  such  as  depression,  were 

active  psychiatric  illness  that  requires  long-term 

addressed  prior  to  transplant,  posttransplant  out-

institutionalization  or  who  have  the  inability  to 

comes  were  comparable  to  those  patients  who  had 

care  for  or  maintain  their  device  (“The  2013  Inter-

national  Society  for  Heart  and  Lung  Transplanta-

low  psychosocial  risk  scores  (Schneekloth  et  al. 

tion  ...”). 

2019).  The  psychosocial  treadmill  further  demon-

Active  substance  abusers  (including  alcohol) 

strates  the  potential  for  psychosocial  interventions 

should  not  receive  DMCS  therapy. 

to  positively  impact  outcomes  and  overall  patient 

A  significant  caregiver  burden  or  lack  of  any 

caregiver  is  a  relative  contraindication  to  patient’s 

quality  of  life. 

DMCS  implantation  (“The  2013  International  Soci-

Ohio  State  completed  a  study  on  an  interven-

ety  for  Heart  and  Lung  Transplantation  ...”).  (Saeed 

tion  called  the  psychosocial  treadmill  which 

2023) 

implemented  interventions  to  address  psychoso-

cial  barriers  to  transplant.  A  post-SIPAT  assess-

When  absolute  contraindications  are  present, 

ment  was  completed,  and  scores  were  improved

such  as  active  substance  use,  efforts  should  be 
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following  the  intervention.  This  study  demon-

Women  receive  less  than  25%  (Khadijah  et  al. 

strated  how  multidisciplinary  and  comprehensive 

2020)  of  VAD  implantation  and  less  likely  than 

interventions  pretransplant  can  improve  patient 

men  to  receive  a  heart  transplant  (Maukel  et  al. 

candidacy  and  increase  the  number  of  patients 

2020). The  rate  of  mortality  and  adverse  events 

who  go  on  to  be  listed  for  heart  transplant  (New-

post  device  implantation  are  higher  in  women 

man  2018). 

despite  men  having  more  identified  psychosocial 

risk  of  AEs  in  preimplantation  assessment 

Patients  with  schizophrenia  can  do  well  with  the 

(Maukel  et  al. 2023). 

right  support  system.  (Zimbrean  2015) 

Recent  studies  have  demonstrated  this  bias  in 

heart  failure  management  and  allocation  of  VADs 

and  transplants.  A  national  study  of  400 

Gender  and  Racial  Bias-Association 

healthcare  professionals  revealed  racial  bias 

of  Gender  and  Race  with  Allocation 

against  African-American  Heart  Failure  patients. 

of  Advanced  Therapies 

African-American  patients  were  less  likely  to  be 

offered  heart  transplant  when  assessed  by  older 

Heart  failure  affects  racial  and  ethnic  minorities 

healthcare  professionals.  African  Americans  were 

and  those  most  impacted  by  the  social  determi-

viewed  as  having  less  social  support  and  more 

nants  of  health  at  disproportionate  levels.  Black 

non-adherent  to  treatment  than  White  patients; 

adults  are  20x  more  likely  than  Whites  to  experi-

African  American  men  were  viewed  as  less  trust-

ence  HF  before  age  50,  and  experience  hospitali-

worthy  and  were  less  likely  to  be  offered  heart 

zation  and  death  at  a  rate  twofold  of  Whites  with 

transplant  as  treatment  than  White  men.  The  fac-

HF  (Bibbins-Domingo  et  al. 2009).  Racial  dispar-

tors  that  contributed  to  VAD  as  opposed  to  trans-

ities  in  VAD  care  are  well  documented  with 

plant 

were 

social 

support 

and 

adherence 

causes  considered  to  be  multifactorial—from 

(Khadijah  et  al. 2020).  The  REVIVAL  study 

racial  bias  of  heart  failure  providers  to  institu-

examined  the  association  of  race  on  VAD  implan-

tional  or  structural  racism  (Cascino  et  al. 2023). 

tation  for  patients  with  access  to  care  at  VAD 

“Structural racism and discrimination is defined as  centers  and  the  effect  of  patient  preference.  The 

the  macrolevel  conditions,  such  as  institutional 

study  concluded  that  Black  patients  utilized  VAD 

policies  that  limit  the  opportunities,  resources, 

less  than  White  patients—11%  of  Black  patients 

and  well-being  of  people  based  on  status  such  as 

versus  22%  of  White  patients,  even  after  account-

race/ethnicity,  sex,  or  socioeconomic  status” 

ing  for  social  determinants  of  health,  patient-

(Cascino  et  al. 2023).  There  is  a  history  of  atroc-

reported  quality  of  life,  severity  of  HF  (heart  fail-

ities  committed  on  Black  people  under  the  guise 

ure),  and  preference  for  VAD  and  transplant 

of  medical  theory  going  back  centuries.  The  most 

Cascino,  2023).  A  2019  qualitative  study  exam-

infamous  example  is  the  Tuskegee  Syphilis  exper-

ining  the  presence  of  gender  and  racial  bias  in 

iments.  Black  participants  were  denied  treatment 

clinical  decision-making  found  that  clinicians 

for  decades  so  that  researchers  could  track  the 

more  harshly  critiqued  the  appearance  of  women 

disease’s  progression.  There  is  a  legacy  of  mis-

versus  men,  and  African  American  men  were 

trust  of  medicine  and  medical  research  in  the 

perceived  as  having  increased  severity  of  illness 

Black  community  and  its  impact  is  evident 

than  other  races  or  genders;  clinicians  were  more 

today.  A  1999  study  found  that  African  American 

concerned  about  the  care  of  African  American 

women  were  less  likely  to  be  offered  appropriate 

women  prior  to  evaluation  than  the  White 

cardiovascular  care  than  other  groups  (Schulman 

women,  there  was  expressed  greater  concern  for 

et  al. 1999), African  American  men  were  less 

social  support  for  women  than  men,  and  the  pres-

likely  to  receive  care  from  a  cardiologist  in  the 

ence  of  children  for  women,  African  American 

ICU  for  an  admission  of  heart  failure,  and  racial 

women  particularly,  were  seen  as  a  liability. 

and  ethnic  minorities  have  received  less  than  40% 

While  the  final  recommendations  by  group  were 

of  advanced  heart  failure  therapies  annually. 

not  different  (all  were  offered  LVAD  instead  of
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transplantation  in  the  interviews),  there  was  evi-

example,  have  demonstrated  how  interventions 

dence  of  bias  in  the  clinician’s  decision-making 

can  be  effective  in  improving  psychosocial 

process  which  could  lead  to  barriers  or  delays  in 

scores.  A  concordance  model  is  one  in  which 

care  (Khadijah  2020). 

emphasis  is  placed  on  a  mutual  understanding 

Economic  disparities  may  also  contribute  to 

between  patient  and  provider,  where  both  under-

health  disparities  with  advanced  heart  failure 

stand  the  other’s  perspective,  and  an  effort  at  a 

patients  and  correlate  with  psychosocial  risk 

shared  decision-making  process  is  made  (Bui  et 

factors. 

al. 2019a). The  provider  is  the  expert  in  the 

Patients  who  have  higher  psychosocial  func-

treatment  of  advanced  heart  failure,  and  the 

tioning  scores  were  more  likely  to  have  commer-

patient  is  the  expert  of  one’s  own  strength,  weak-

cial  insurance  (4,22).  Similarly,  the  UNOS 

ness,  desires,  and  life  circumstances.  When  it 

(United  Network  for  Organ  Sharing)  database 

comes  to  facing  psychosocial  challenges  such 

revealed  transplant  survival  varied  by  type  of 

as  nonadherence,  it  is  crucial  to  understand  the 

insurance.  Patients  with  Medicare  or  Medicaid 

root  causes  and  circumstances  underlying  the 

had  significantly  lower  rates  of  10-year  survival 

behavior  so  that  appropriate  interventions  can 

when  compared  to patients insured by commercial 

be  implemented,  and  a  therapeutic  relationship 

insurance. 

can  exist  between  patient  and  provider . 

In  summary,  receiving  care  at  an  advanced 

To  achieve  optimal  outcomes  while  also  upholding 

heart  failure  center  does  not  ensure  that  access  to 

equity  and  fairness  efforts  to  address  psychosocial 

VAD  and  transplant  is  equitable  across  race  or 

factors  should  be  emphasized  over  efforts  to  merely 

gender. Disparities  continue  to exist,  and solutions 

exclude  such  patients  from  certain  therapies.  (Bui 

include  implicit  bias  training  for  healthcare  pro-

et  al. 2019b) 

fessionals  involved  in  the  VAD  and  transplant 

selection  process  or  the  inclusion  of  disparity 
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bias  is  warranted. 
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Abstract 

with  greater  mortality  and  morbidity  relative 

Right  heart  failure  (RHF)  remains  an  important 

to  isolated  LVAD  support.  Thus,  there  is  an 

adverse  event  following  durable  LVAD  sup-

important  need  to  accurately  predict  how  the 

port.  Furthermore,  delayed  institution  of 

circulation  will  respond  to  isolated  LVAD  sup-

mechanical  support  for  RHF  has  been  associ-

port  and  when  additional  right-sided  mechani-

ated  with  poor  survival  outcomes.  On  the  other 

cal  support  is  warranted.  In  this  chapter,  we 

hand,  multiple  forms  of  biventricular  mechan-

describe  a  variety  of  pre-implant  clinical  fea-

ical  support  including  total  artificial  heart 

tures,  hemodynamic  measurements,  echocar-

(TAH)  replacement  appear  to  be  associated 

diographic  parameters,  and  risk  models  which 

may  aid  in  this  important  prediction. 
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Introduction 

due  to  profound  RHF.  Temporary  RVAD  support 

can  be  applied  to  DT  LVAD  patients,  but  some 

Fully  magnetically  levitated  (Maglev)  LVAD  (left 

patients  may  not  recover  right-sided  circulation  to 

ventricular  assist  device)  support  for  patients  with 

enable  successful  weaning.  Additionally,  such 

terminal  heart  failure  improved  survival  outcomes 

patients  may  suffer  multi-organ  dysfunction  and 

and  reduced  morbidity  relative  to  axial  flow 

high  levels  of  morbidity  after  RVAD  support  and 

LVADs.  Maglev  design  appears  to  be  associated 

ultimately  have  compromised  LVAD  outcomes 

with  reduced  pump  thrombosis  and  the  needs  for 

without  an  exit  strategy. 

replacement, as well as reduced hemocompatibility-

Recent  changes  to  the  UNOS  heart  allocation 

related  adverse  events.  However,  the  rates  of  RHF 

system  have  also  impacted  support  strategies  for 

after  LVAD  implant  do  not  appear  to  be  reduced  by 

heart  failure  patients  who  are  awaiting a  heart trans-

this  new  design.  In  the  MOMENTUM  3  trial, 

plant.  Notably,  temporary  or  non-dischargeable 

despite  exclusion  criteria  that  sought  to  avoid 

mechanical  circulatory  support  is  categorized  as 

RHF,  over  30%  of  the  subjects  implanted  with 

status  2  in  the  six-tier  system.  In  contrast,  durable 

either  pump  design  experienced  RHF  over  the 

LVAD  support  alone  is  categorized  as  status  4,  with 

2-year  follow-up;  the  newer  LVAD  design  did  not 

higher  priority  status  assigned  to  LVAD  patients 

reduce  this  important  adverse  event  (Mehra  et  al. 

with  life-threatening  arrhythmias  (status  1),  device 

2018). Durable  BIVAD  support  has  yet  to  develop 

failure  (status  2),  or  device-related  complications 

into  a  mainstream  therapy  largely  due  to  the 

such  as  infection,  pump  thrombosis,  aortic  insuffi-

absence  of  a  reliable, durable  RVAD.  While  centrif-

ciency,  and  right  heart  failure  (status  3).  Patients 

ugal  VADs  with  smaller  profiles,  such  as  HVAD 

with  profound  biventricular  failure  may  be 

(Medtronic  Inc.,  Minneapolis,  MN)  and  HM3 

supported  with  veno-arterial  ECMO,  and  this 

(Abbott  Laboratories,  Abbott  Park,  IL),  have  been 

method  of  support  is  categorized  as  status  1  which 

implanted  as  RVADs,  there  is  no  FDA-approved 

significantly  increases  organ  offers.  As  a  whole,  the 

devices  for  durable  right  heart  support.  Further-

new  allocation  system  favors  more  temporary  or 

more,  while  there  is  a  TAH  product  that  has 

non-dischargeable  MCS  for  either  right- or  left-

received  FDA  approval  as  a  bridge  to  transplant 

sided  support  compared  to  durable  systems,  and 

(BTT),  high  adverse  event  rates  with  this  device 

this  has  led  to  avoidance  or  delay  in  durable 

have  reduced  clinical  application. 

LVAD  implantation.  Whether  this  clinical approach 

With  regard  to  decision-making  for  patients 

is  always  best  for  the  patient  is  debatable  as  tempo-

who  are  planning  to  receive  a  durable  LVAD,  the 

rary  MCS  may  achieve  incomplete  functional  and 

indication for LVAD support is important. Patients 

end-organ  recovery  before  transplant  as  compared 

who  are  considered  a  bridge  to  transplant  (BTT) 

with  durable  LVAD  support.  In  essence,  there  is 

may  be  managed  with  several  different,  approved 

reduced  urgency  for  transplantation  in  stable  BTT 

temporary 

right-sided 

mechanical 

support 

LVAD  patients  (Mullan  et  al. 2021); however,  this 

devices;  this  configuration  of  durable  LVAD  and 

exposes  the  subset  of  patients  with  significant 

temporary  RVAD  has  been  successful  in  BTT, 

underlying  RV  dysfunction  to  a  continuous  risk  of 

although  it  does  not  allow  for  hospital  discharge. 

acute  on  chronic  and/or  late  right  heart  failure  with 

Conversely,  patients  who  are  deemed  destination 

the  LVAD  which  can  negatively  impact  the  post-

therapy  (DT),  now  the  majority  of  current 

transplant  outcome. 

implants  (Teuteberg  et  al. 2020), represent  a 

This  chapter  focuses  on  preoperative  charac-

greater  challenge  in  terms  of  decision-making 

teristics  that  may  predict  early  RHF  after  durable 

since  a  durable  or  dischargeable  RVAD  is  not 

LVAD.  Most  of  these  predictors  seek  to  define  a 

available.  Furthermore,  TAH  is  not  an  approved 

sector  of  patients  who  may  require  prolonged 

device  for  DT.  Therefore,  more  caution  is 

inotropic  infusions  or  need  for  RVAD.  Recovery 

warranted  to  avoid  a  patient  being  implanted 

of  the  right-sided  circulation  is  an  important  and 

with  a  durable  LVAD  as  a  permanent  support 

common  event  that  may  occur  over  weeks  follow-

strategy  but  fails  to  have  functional  improvement 

ing  LVAD  implant.  Numerous  reports  suggest  that
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a  significant  fraction  of  RVAD-supported  patients 

term  biventricular  assist  devices,  lack  of  standard 

experience  improvement  to  a  point  where  RVAD 

criteria  for  implanting  right  ventricular  support, 

support  can  be  weaned,  and  an  acceptable  circu-

and  uncertainty  of  right  ventricular  behavior  in 

lation  and  functional  status  can  be  maintained 

response  to  surgical  stress  and  LVAD  physiology. 

with  LVAD  support  alone  (Saito  et  al. 2012; 

Multidisciplinary  team  engagement  at  all  time 

Takeda  et  al. 2014). Thus,  among  patients  with 

points  during  right  heart  optimization  is  crucial  to 

RHF  after  durable  LVAD,  it  becomes  essential  to 

guide  surgical  risk  assessment  and  improve  patient 

understand  whether  right  heart  function  is  recov-

and  team  decision-making  before  LVAD  implant. 

erable  after  mechanical  support.  There  is  a  con-

The  contemporary  LVAD  population  is  increas-

siderable  percentage  of  patients  who  initially  do 

ingly  older,  with  a  greater  number  of  comorbidities 

well  after  durable  LVAD  implantation  without 

and  higher  levels  of  illness  acuity  at  implant  (e.g., 

acute  post  procedure  RHF;  after  a  greater  duration 

INTERMACS  1–3  profiles).  Certain  types  of  car-

of 

support 

however, 

they 

may 

require 

diomyopathies,  including  nonischemic  cardiomy-

rehospitalization  for  late  RHF.  Thus  predicting 

opathy, 

infiltrative  cardiomyopathy  such  as 

and  preventing  late  RHF  after  durable  LVAD  has 

amyloid,  and  myocarditis,  will  have  a  greater  bur-

also  become  an  important  focus. 

den  of  RV  dysfunction  due  to  global  myocardial 

insult  and  disease  progression.  Additionally,  an 

expanding  number  of  patients  with  adult  congeni-

Pre-implant  Clinical  Risk  Factors 

tal  heart  disease  in  need  of  advanced  therapies  will 

for  RHF 

have  significant  RV  dysfunction  and  high  surgical 

complexity  for  LVAD  consideration.  Female  gen-

Many  LVAD  candidates  will  invariably  have  some 

der,  prior  cardiac  surgery,  use  of  intra-aortic  bal-

degree  of  right  heart  dysfunction.  The  challenge 

loon  pump  or  other  percutaneous  circulatory 

remains  understanding  which  LVAD  candidates 

support  devices,  inotrope  dependency,  multiple 

with  biventricular  dysfunction  will  demonstrate 

and/or  high  doses  of  vasopressors  and  inotropes 

sufficient  right  ventricular  (RV)  reserve  and  favor-

in  the  early  perioperative  period  (i.e.,  vasoactive-

able  adaptation  to  left  heart  support  to  achieve 

inotropic  score1 )  (Gaies  et  al. 2014; Han  et  al. 

hospital  discharge  and  improved  functionality 

2019),  need  for  mechanical  ventilation.  Worse 

post-implant.  There  is  a  population  of  patients 

INTERMACS  profiles  are  all  recognized  risk  fac-

with  markers  of  advanced  RV  failure  who  are  at 

tors  for  RHF  after  LVAD  (Lampert  and  Teuteberg 

indisputably  high  risk  for  RHF  after  VAD.  Despite 

2015).  Female  sex  has  been  associated  with  a 

aggressive  measures,  these  patients  may  still  be 

higher  risk  of  RHF  and  early  LVAD  mortality; 

considered  for  durable  LVAD  support  but  may 

this  is  partly  due  to  gender  disparities  in  the  treat-

not  have  easily  reversible  RHF.  For  patients  at 

ment  of  heart  failure  and  reduced  and  delayed 

equivocal  or  moderately  high  risk  of  RHF,  careful, 

referral  of  women  for  advanced  therapies  as  com-

dynamic  risk  assessment  of  baseline  and  modifi-

pared  to  men,  often  leading  to  women  being  sicker 

able  risk  factors  has  been  the  traditional  approach 

at  time  of  implant.  In  addition  to  presenting  in  a 

in  candidate  selection  and  preparation  for  the 

more  critical  state  at  the  time  of  LVAD  consider-

LVAD  implant.  Since  the  era  of  pulsatile  flow 

ation,  women  were  more  likely  to  be  implanted 

LVADs,  there  has  been  an  ardent  and  persistent 

with  smaller  profile  pumps  such  as  HeartWare 

need  to  define  the  clinical  phenotypes  of  RHF. 

device  (HVAD;  Medtronic,  Minneapolis,  MN), 

Although  numerous  preoperative  risk  factors  and 

which  was  associated  with  higher  rates  of  RHF

multivariable  risk  models  have  been  proposed  to 

predict  post-LVAD  RHF,  many  need  more  valida-

tion  and  consensus  in  clinical  practice.  The  deci-

1  VIS  is  used  within  the  first  24  h  post-op;  VIS  is  calculated 

sion  for  univentricular  or  biventricular  support  has 

asdopamine+dobutamine+10×milrinone+100×epineph-

the  added  complexities  of  institutional  practice 

rine+100×norepinephrine(allμg/kg/min)+10,000×vaso-

variability,  limited  success  and  approval  of  long-

pressin  (U/kg/min). 
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and  hemocompatibility-related  adverse  events 

(Critsinelis  et  al. 2018).  Multivariable  clinical  risk 

(Rogers  et  al. 2017;  Teuteberg  et  al. 2015). In  a 

predictors  importantly  recognize  that  significant 

large  multicenter  European  registry,  women  were 

RV  dysfunction  and  systemic  venous  congestion 

found  to  have  higher  incidence  of  perioperative 

can  potentiate  end-organ  insult,  increase  neurohor-

RHF  requiring  additional  RV  support  despite  sim-

monal  upregulation,  and  exacerbate  the  profound 

ilar  grades  of  preoperative  RV  dysfunction  and 

inflammatory  state  of  advanced  heart  failure.  The 

hemodynamic 

impairment 

for 

both 

sexes 

best  RHF  risk  prediction  considers  RV  perfor-

(Magnussen  et  al. 2018).  Sex-specific  mechanistic 

mance  in  dynamic  multisystem  interaction  and 

insights  for  the  development  of  RHF  and  other 

tries  to  capture  these  biological  relationships. 

adverse  events  are  lacking;  however  recently,  it 

was  shown  that  smaller  pre-implant  left  ventricular 

end-diastolic  dimension  (LVEDD)  in  females  as 

Structural  and  Functional  Changes 

compared  with  males  causes  more  pump-induced 

of  the  RV  After  LVAD 

interventricular  septal  shift  compared  with  larger 

hearts  and  can  lead  to  increased  hemodynamic 

Right 

ventricular 

anatomy 

and 

physiology 

insult  to  the  RV  (Nayak  et  al. 2021).  This  finding 

uniquely  differ  relative  to  the  left  ventricle,  and 

is  supported  by  previous  reports  suggesting  that 

thus  RHF  occurs  in  a  different  manner  than  LHF, 

smaller  hearts  (i.e.,  LVEDD  <6.3  cm)  are  associ-

particularly  after  LVAD.  Normal  RV  function  is  an 

ated with worse 30-day mortality or RHF (Topilsky 

interplay  between  afterload,  contractility,  preload, 

et  al. 2011). 

ventricular  interdependence,  and  heart  rhythm,  all 

Biochemical  markers  that  reflect  visceral  multi-

of  which  are  impacted  following  cardiothoracic 

organ  dysfunction  related  to  right-sided  conges-

surgery  and  LVAD  implantation  specifically.  The 

tion,  including  elevated  serum  creatinine,  blood 

native  RV  is  sensitive  to  changes  in  afterload 

urea  nitrogen  (BUN),  bilirubin,  and  aspartate  ami-

because  it  is  accustomed  to  supporting  a  highly 

notransferase,  are  associated  with  a  higher  risk  for 

compliant,  low-pressure  pulmonary  circulation  in 

RHF.  Elevations  in  serum  creatinine  and  bilirubin 

non-disease  states.  Over  time,  the  RV  is  trained  to 

have  remained  strong  and  independent  predictors 

withstand  higher  afterload  from  elevated  pulmo-

in  multiple  investigations.  The  presence  of 

nary  artery  (PA)  pressures  and  pre- and  post-

coagulopathy  and  decreased  platelet  count  prior 

capillary 

pulmonary  hypertension  (PH)  that 

to  VAD  implant  are  also  significant  risk  factors 

develops  from chronic  left heart  failure. The  ability 

for  RHF  due  to  the  high  perioperative  transfusion 

of  the  RV  to  maintain  its  contractile  power  and 

requirement.  The  Model  for  End-Stage  Liver  Dis-

cardiac  output  in  the  face  of  increasing  myocardial 

ease  (MELD)  score,  which  consists  of  a  patient’s 

wall  stress  is  a  critical  prognosticator  for  patients 

international  normalized  ratio  (INR),  total  bilirubin 

with 

pulmonary 

arterial 

hypertension 

and 

level, and serum creatinine, was initially developed 

end-stage  left  heart  failure.  Following  LVAD 

for  mortality  risk  prediction  in  patients  with 

implantation,  the  LV  experiences  the  benefits  of 

advanced  liver  disease  but  has  also  demonstrated 

mechanical  unloading,  in  sharp  contrast  to  the 

prognostic  value  in  patients  with  advanced  heart 

RV,  which  experiences  greater  load  and  unique 

disease  undergoing  LVAD  (Matthews  et  al. 2010). 

stressors  that  undermine  its  original  compensatory 

Risk assessment in heart transplantation and LVAD 

mechanisms.  For  one,  the  RV  is  highly  dependent 

have  used  the  modified  MELD-XI  which  excludes 

on  the  interventricular  septum  and  septal  contrac-

the  INR  and  is  more  appropriate  for  heart  failure 

tion for its ejection, with as much as 30–40% of RV 

patients  who  are  frequently  on  oral  anticoagulants 

pressure  generation  resulting  from  LV influence  on 

(Yang  et  al. 2012;  Kim  et  al. 2013;  Critsinelis  et  al. 

the  septum  (Santamore  and  Dell’Italia  1998). 

2018).  Patients  with  high  MELD-XI  scores  are 

Changes  to  the  LV  size  and  septal  position  with 

shown  to  have  longer  cardiopulmonary  bypass 

LVAD  decompression  can  lead  to  loss  of  septal 

times,  longer  operative  times,  higher  incidence  of 

contribution  and  a  steep  decline  in  RV  pressure 

RVAD  requirement,  and  reduced  overall  survival 

generation. 

compared  to  patients  with  lower  MELD-XI  scores 
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Additionally,  the  RV  faces  an  abrupt  increase 

native  RV  structure  and  function  using  echocardi-

in  preload  due  to  higher  systemic  circulation  with 

ography  and  hemodynamics  is  to  provide  insights 

LVAD  support.  Higher  preload  and  RV  geometric 

into  RV  reserve.  Most  of  these  predictors  have 

distortion  pose  the  greatest  risks  to  the  RV  after 

only  been  tested  in  the  pre-implant  period  and  do 

LVAD.  In  the  context  of  significant  PH,  any  loss 

not  account  for  intraoperative  and  postoperative 

of  intrinsic  RV  pressure  generation  leads  to  RV 

events.  Transthoracic  echocardiography  is  the 

uncoupling  from  the  pulmonary  vascular  system, 

most  widely  used  imaging  modality  for  quantify-

which  can  compromise  RV  cardiac  output  and 

ing  RV  function  but  needs  better  reproducibility 

reduce  LVAD  flow.  The  reversal  of  PH  after 

due  to  difficulty  visualizing  the  RV.  Complex  RV 

LVAD  therapy  is  a  gradual  process  that  occurs 

geometry  and  load  dependency  can  also  limit 

over several weeks to months, and thus, any favor-

echocardiographic  assessment. 

able  reduction  in  PA  pressures  in  the  early  post-

Broadly  speaking,  echocardiography  can  be 

operative  period  may  be  insufficient  to  overcome 

useful  for  qualitative  and  semiquantitative  RV 

the  acute  alterations  to  RV  geometry  and  contrac-

assessments  such  as  RV  systolic  function  or  RV 

tility.  Atrial  and  ventricular  arrhythmias  also 

fractional  area  change,  RV enlargement,  and  sever-

occur  frequently  in  the  postoperative  period,  are 

ity  of  tricuspid  valve  regurgitation  (TR).  Moderate 

poorly  tolerated,  and  may  be  associated  with  an 

to  severe  and  severe  TR  has  been  associated  with 

increased  risk  of  RHF  (Kittipibul  et  al. 2021). 

RHF  after  LVAD  and  has  led  to  the  common  prac-

After  LVAD,  there  are  distinct  and  inherent 

tice  of  repairing  the  TV  at  time  of  surgery. 

changes  to  RV  contractile  function.  Prior  to 

Although  the  degree  of  TR  is  expected  to  improve 

LVAD  implant,  RV  function  was  predominantly 

over  time  as  RV  afterload  improves  with  LVAD 

dependent  on  RV  longitudinal  motion  and  LV 

support  (Morgan  et  al. 2013),  TR  may  acutely 

septal  contribution.  Following  LVAD,  however, 

worsen  in  the  early  postoperative  period  because 

the  RV  longitudinal  motion  and  LV  septal  contri-

of  leaflet  tethering  induced  by  a  leftward  shifted 

bution  are  greatly  reduced,  and  the  RV  must  rely 

septum  and  higher  RV  preload  from  increased 

on  the  transverse  motion  of  the  free  wall,  which 

LVAD  flow.  It  remains  unclear  whether  concurrent 

can  be  affected  by  chest  wall  adherence  from 

surgical  repair  of  TR  reduces  RHF  after  LVAD 

surgery.  Placing  centrifugal  or  intrathoracic 

(Mullan  et  al. 2020;  Robertson  et  al. 2014).  Echo-

pumps  can  also  reduce  LV  twist  and  septal  contri-

cardiographic  assessment  of  the  RV  relative  to  the 

bution  (Houston  et  al. 2017). The  cumulative 

LV  can  also  provide  important  clues  for  RV  risk. 

effect  of  these  changes  and  altered  RV-LV 

Increased  RV  to  LV  end-diastolic  diameter  ratio 

interdependence  increase  RV  vulnerability  in  the 

and  increased  left  atrial  diameter/LVEDD  ratio, 

face  of  univentricular  support. 

which  may  indicate  left  atrial  hypertension  and 

Axial  flow  pumps  such  as  the  HeartMate  II 

relatively  high  RV  afterload,  are  associated  with 

were  powerful  unloading  devices  that  led  to 

RHF  (Vivo  et  al. 2013;  Kato  et  al. 2012).  Reduced 

greater  geometric  change  of  the  RV  compared 

peak  RV  longitudinal  strain  and  reduced  tricuspid 

with  centrifugal  flow  pumps.  However,  as  men-

annular  motion  are  additional  markers  of  RV  dys-

tioned  earlier,  the  risk  of  RHF  has  not  substan-

function  but  lack  sensitivity.  Multiple  echocardio-

tially  changed  with  the  advent  of  newer  devices, 

graphic  markers  have  been  incorporated  into 

including  the  HeartMate  3  (Addetia  et  al. 2018). 

imaging-based  risk  scores,  often  developed  out  of 

single-center  analyses;  however,  they  are  not  well 

validated.  Advanced  imaging  techniques,  such  as 

Echocardiographic  and  Hemodynamic 

cardiac  MRI,  are  superior  to  echocardiography  for 

Predictors  of  RHF 

imaging  the  RV  but  are  not  routinely  used  for 

preoperative  risk  assessment. 

Significant  postoperative  changes  to  RV  function, 

Invasive  hemodynamic assessment  is  an essen-

as  mentioned,  imply  that  pre-implant  RV  perfor-

tial  part  of  comprehensive  RHF  risk  prediction. 

mance  needs  to  have  sufficient  reserve  to  over-

Traditional  hemodynamic  predictors,  such  as  ele-

come  the  risk  of  RHF.  The  intention  of  assessing 

vated  central  venous  pressure  (CVP)  >  15  mmHg
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and  an  increased  ratio  of  central  venous  pressure/ 

multiple  cardiovascular  disease  conditions.  The 

pulmonary  capillary  wedge  pressure  >  0.63,  have 

PAPi  has  emerged  as  a  powerful  prognosticator 

remained  strong,  independent  predictors  of  RHF 

to  improve  patient  selection  for  other  surgical  or 

(Lampert  and  Teuteberg  2015). The  most  infor-

percutaneous

cardiovascular

interventions 

mative  hemodynamic  parameters  seek  to  isolate 

(Osteresch  et  al. 2012).  The  strength  of  PAPi  lies 

RV  function  from  LV  function,  to  predict  how  the 

in  that  it  does  not  depend  on  stroke  volume  or  CO 

RV  will  perform  when  uncoupled  from  the  LV or 

compared  to  the  RVSWI,  for  instance.  Its  advan-

when  the  usual  RV-LV  relationship  is  disrupted 

tages  are  that  it  maintains  its  predictive  value  in 

during  LVAD  support.  RV  stroke  work  index 

the  presence  of  inotropes  and  is  incrementally 

(RVSWI)2  is  an  independent  RV  risk  predictor 

informative  at  baseline,  during  hemodynamic 

that  quantifies  the  RV’s  work  with  each  contrac-

optimization  pre-LVAD,  and  in  the  intraoperative 

tion,  corrected  for  heart  rate  and  pressure 

setting  (Gonzalez  et  al. 2021).  A  low  PAPi  is 

(Fitzpatrick  et  al. 2008). A  reduced  RV  stroke 

linearly  associated  with  RHF  and  other  adverse 

work  index  (RVSWI)  of  ≤0.25  mm  Hg  liter/m2 

cardiovascular 

outcomes 

in 

patients 

with 

indicates  high  risk  of  RHF.  An  RVSWI  ≥ 0.3  mm 

end-stage  heart  failure.  Specifically,  a  PAPi 

Hg  liter/m2  and  ideally ≥0.6 mm  Hg  liter/m2  are 

threshold  of  <1.85  or  <  2.0  has  the  best  sensitiv-

considered  favorable  thresholds  for  univentricular 

ity  and  specificity  for  discriminating  patients  at 

support.  A  high  CVP  in  the  setting  of  low  or 

high  risk  for  RHF  after  LVAD.  As  with  other 

“normal”  pulmonary  artery  pressures  signals  a  hemodynamic  cutoffs,  the  variable  thresholds  for 

failing  RV.  It  is  considered  an  ominous  sign,  espe-

PAPi  depend  on  the  definition  of  RHF  used  across 

cially  in  patients  with  end-stage  pulmonary  arte-

different  studies. 

rial  hypertension,  where  the  RV  can  no  longer 

When  attempting  to  optimize  a  patient  with 

generate  systolic  pressures  to  overcome  high  pul-

severe  RV  dysfunction  before  LVAD,  it  is  crucial 

monary  vascular  resistance.  A  low  RV  pressure 

to  consider  the  level  of  support  needed  to  optimize 

“step  up”  or  low  systolic  pressure  gradient  hemodynamics  and  shift  patients  toward  a 

between  RV  and  right  atrium  (RA)  underscores 

low-risk  category.  An  RV  that  requires  significant 

the  loss  of  RV  power  against  high  loading  condi-

inotropic  or  vasoactive  support  to  achieve 

tions.  It  is  represented  by  the  hemodynamic  rela-

improvement  in  the  CVP,  PAPi,  and  CVP/PCWP 

tionship  ΔPRV-RA.  A  cutoff  value  of  >35  mmHg 

preoperatively  may  appear  well  and  ready  for 

for  ΔPRV-RA  is  associated  with  a  lower  risk  of 

VAD  but  may  be  challenged  in  the  postoperative 

RHF  after  LVAD  (Dandel  et  al. 2013). The  ΔPRV-

period  with  the  withdrawal  of  inotropes  as  com-

RA 

is  an  intuitive  physiologic  parameter  for 

pared  to  an  RV  with  similar  hemodynamics  in  the 

assessing  the  independent  performance  of  the 

context  of  far  less  support.  Although  the  treatment 

RV  in  relation  to  RV  load. 

targets  for  RV  optimization  are  not  well-defined, 

More  recently,  there  is  interest  in  using  the 

many  believe  in  delaying  LVAD  insertion  until  all 

pulmonary  artery  (PA)  pulsatility  index  (PAPi) 

efforts 

(inotropes, 

diuresis, 

and 

temporary 

for  the  prediction  of  RHF  after  LVAD  (Kang 

mechanical  support)  have  been  exhausted  to 

et  al. 2016; Morine  et  al. 2016).  PAPi  is  calculated 

improve  hemodynamics,  i.e.,  ideally  starting 

as  (PA  systolic  pressure—PA  diastolic  pressure/ 

with  the  lowest  CVP  before  the  OR  (Dandel 

mean  RAP).  PAPi  was  initially  described  in 

et  al. 2015). Some  have  suggested  the  use  of 

patients who  suffered acute  RV myocardial  infarc-

percutaneous  temporary  axial-flow  devices  such 

tion  (Korabathina  et  al. 2012)  and  has  since  been 

as  the  Impella  5.0  and  5.5  (Abiomed,  Danvers, 

extrapolated  for  use  in  predicting  RHF  across 

MA),  not  only  to  treat  cardiogenic  shock  and 

stabilize  the  patient  before  LVAD  implant  but 

also  because  they  mimic  direct  LVAD  unloading 

2 

and  may  provide  insights  for  how  well  the  RV  will 

RVSWI  =  (mean  PAP - CVP)  ×  SVI,  where  stroke volume  index  (SVI)  was  calculated  by  dividing  cardiac 

perform  after  durable  LVAD  (Hall  et  al. 2018). 

index  (CI)  by  heart  rate  (HR). 

While  the  pursuit  of  aggressive  hemodynamic
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optimization  using  temporary  MCS  is  considered 

learning  to  enhance  our  precision-based  approach 

a 

vital 

strategy 

to 

aid 

the 

decision 

for 

to  patient  selection  and  RHF  management. 

univentricular  vs.  biventricular  support,  it  remains 

A  summary  of  RHF  risk  predictors  and  risk 

uncertain  if  this  improves  patient  selection  and 

models  is  shown  in  Table  1.  Several  established 

reduces  RHF  by  any  appreciable  measure.  Fur-

risk  scores  include  the  Michigan  Risk  Score 

thermore,  preoperative  staged  support  with 

(Matthews  et  al. 2008),  the  Pittsburgh  decision  tree 

Impella  adds  procedural  risks  and  nearly  doubles 

(Wang  et  al. 2012),  the  HeartMate  II  bridge-to-

the  costs. 

transplantation  RHF  analysis  (Kormos  et  al. 2010), 

Penn’s  CRITT  Score  (Atluri  et  al. 2013), the  Utah 

risk  score  (Drakos  et  al. 2010),  the  Euromacs  score 

RHF  Risk  Models 

(Soliman  et  al. 2018),  and  the  Pittsburgh  Bayesian 

Model  (Loghmanpour  et  al. 2016; Kalogeropoulos 

Since  RV  pathophysiology  is  complex  and  clinical 

et  al. 2015). The  Michigan  Risk  Score  is  one  of  the 

presentations  vary  across  a  wide  spectrum,  risk 

oldest  risk  models  in  RHF  prediction,  yet  it  out-

stratification  to  properly  predict  RV  behavior  has 

performs contemporary risk scores and single hemo-

proven  challenging.  No  single  variable  carries  sig-

dynamic  predictors  (C-statistic  0.73)  and  is  most 

nificant  predictive  power,  nor  can  modifying  a 

closely  associated  with  long-term  survival.  This  is 

single  variable  eliminate  RHF  risk.  Multivariable 

especially  remarkable  when  considering  that  the 

risk  factors  and  risk  scores  that  include  RV  hemo-

Michigan  Risk  Score  was  derived  from  a  small 

dynamics, imaging, and the physiologic effects of a 

study  using  the  baseline  values  of  197  patients 

failing  RV  have  superior  discrimination  compared 

who  received  a  now  obsolete  generation  of  pulsatile 

to  common  single  predictors.  However,  as  with 

flow LVADs (86%  of  the LVADs  in this  model  were 

single  predictors,  multivariable  risk  models  are 

pulsatile flow and 14% were continuous flow) (Mat-

limited  by  using  highly  variable  definitions  of 

thews  et  al. 2008).  The  main  components  of  the 

RHF;  are  often  derived  from  small,  single-center 

Michigan  Risk  Score  are  relatively  nonspecific  to  

investigations;  and  need  better  reproducibility 

the  RV and  include  vasopressor  requirement  (Saito 

when  tested  in  independent  cohorts.  Additionally, 

et  al. 2012), AST ≥ 80  IU/L  (Teuteberg  et  al. 2020), 

single  and  multivariable  risk  scores  are  based  on 

bilirubin  ≥2.0  mg/dL  (2.5),  and  creatinine  ≥2.3 

preoperative  values  only  and  do  not  account  for 

(Mullan  et  al. 2021); scores  >4,  and  especially 

unpredictable  intraoperative  and  early  postopera-

>5.5,  were  associated  with  a  significantly  reduced 

tive events that can acutely and sometimes irrevers-

survival  at  30  days.  In  one  validation  study,  adding 

ibly 

damage 

an 

otherwise 

reasonable 

two  important  echocardiographic  and  hemody-

RV.  Intraoperative  injuries  to  the  RV  can  thwart 

namic  parameters  (i.e.,  echocardiographic  severity 

best  efforts  to  optimize  the  RV  pre-LVAD.  Despite 

of  RV  dysfunction,  PAPi)  in  combination  with  the 

newer  investigations  over  the  past  decade,  we  have 

Michigan  Risk  Score  led  to  slightly  improved  prog-

not seen widespread application of risk scores nor a 

nostic  value  (C  statistic  0.784)  compared  to  the 

decrease  in  RHF  incidence.  What  current  risk 

original  Michigan  Risk  Score  (Peters  et  al. 2019). 

models offer, perhaps, is the opportunity to identify 

In  external  validation  cohorts,  the  Michigan  Risk 

vulnerable  patient  phenotypes  in  an  effort  to 

Score  performs  modestly  (C-statistic  0.5–0.6)  but 

enhance  shared  decision-making  and  strategic 

remains  superior  to  the  other  risk  models,  many  of 

planning  around  biventricular  support,  either  as  a 

which  remain  unvalidated.  This  risk  score  empha-

temporary  strategy  to  allow  the  RV  to  recover 

sizes  hemodynamic  instability  and  multi-end-

and/or  as  a  bridge  to  transplant.  Ultimately  an 

organ  dysfunction  that  is  already  manifest  from 

iterative  tool  that  relies  on  a  complex  integration 

severe  RV  dysfunction.  It  is  previously  demon-

of multiple data points and interventions in the time 

strated  that  scores  that  reflect  hemodynamic  insta-

leading  up  to  LVAD  surgery,  and  possibly  even 

bility  are  more  powerful  in  predicting  RHF  than 

intraoperatively,  could  improve  the  decision  for 

scores  combining  isolated  RV  variables;  this 

univentricular  vs.  biventricular  support  and  have 

remains  true  despite  the  emergence  of  newer  vari-

universal  application.  We  may  turn  to  machine 

ables  (Houston  et  al. 2017; Kiernan  et  al. 2017). 
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Table  1  Established  risk  models  and  predictors  for  RHF 

Risk  model

Score  components  (points) 

Michigan  Risk  Score  (Matthews  et  al. 2008) 

Vasopresssor  requirement  (4) 

(197  pts.;  84%  pulsatile  flow;  6%  DT) 

AST  ≥ 80  (2) 

Bilirubin  ≥ 2.0  (2.5) 

Creatinine  ≥ 2.3  (3) 

Michigan  Risk  Score  combined  with  PAPi  and  RV  Dysfunction 

Michigan  Score  Components 

(Peters  et  al. 2019) 

PAPi  (<  1.5  or  >  1.5) 

(128  pts.;  47%  DT) 

RV  Dysfunction  (mild,  moderate,  severe) 

Utah  Risk  Score  (Drakos  et  al. 2010) 

Destination  therapy  (3.5) 

(175  pts.;  85%  pulsatile  flow;  42%  DT) 

IABP  (4) 

Pulmonary  vascular  resistance: 

≤1.7  Wood  units  (1) 

1.8–2.7  Wood  units  (2) 

2.8–4.2  Wood  units  (3) 

≥4.3  Wood  units  (4) 

Inotrope  dependency  (2.5) 

Obesity  (2) 

ACEi  and/or  ARB(-2.5) 

Beta  blocker  (2) 

Pittsburgh  decision  tree  (Wang  et  al. 2012) 

Transpulmonary  gradient  >  7  mmHg 

(183  pts.;  78%  pulsatile  flow) 

Age  ≤ 59 

Right  Atrial  Pressures  >  18mmHg 

INR  ≥ 2.6 

HR  ≥ 110 

WBC  ≥ 12.6 

ALT  ≥ 35 

Number  of  inotropic  agents 

HeartMate  II  in  BTT  RHF  analysis  (Kormos  et  al. 2010) 

CVP/PCWP  >  0.63 

(484  pts.;  100%  continuous  flow) 

Preoperative  ventilator 

BUN  >  39 

Penn  CRITT  (Atluri  et  al. 2013) 

CVP  ≥ 15mmHg 

(218  pts.;  59%  pulsatile  flow) 

Severe  RV  dysfunction 

Preoperative  intubation 

Severe  TR 

HR  >  100  bpm 

EUROMACS  (Soliman  et  al. 2018) 

INTERMACS  Class  1–3 

(2000  pts.  in  derivation  cohort;  988  pts.  in  validation  cohort) 

Multiple  inotropes  (≥3) 

Severe  RV  dysfunction  on  echocardiography 

CVP/PCWP  >  0.54 

Hemoglobin  ≤ 10 

CBP  time  >  100  min  (postoperative  risk  factor) 

Abbreviations  AST aspartate  aminotransferase,  PAPi  pulmonary  artery  pulsatility  index,  RV right  ventricular,  IABP  intraaortic  balloon  pump,  ACEi  angiotensin-converting  enzyme  inhibitor,  ARB  angiotensin  II  receptor  blocker,  INR  international  normalized  ratio,  HR  heart  rate,  WBC  white  blood  cell,  ALT alanine  aminotransferase,  CVP  central  venous  pressure, PCWP  pulmonary  capillary  wedge  pressure,  BUN  blood  urea  nitrogen 

Intraoperative  Strategies 

many  patients  who  undergo  durable  LVAD 

and  Considerations 

implantation  have  had  prior  heart  surgery. 

Reoperation 

and, 

more 

specifically, 

redo 

sternotomy  requires  management  of  pericardial 

Despite  preoperative  status,  the  intraoperative 

and  retrosternal  adhesions.  There  is  a  risk  in 

course  for  durable  LVAD  implantation  may 

these  cases  for  direct  surgical  injury  to  the  RV or 

impact  the  subsequent  right  heart  circulation  and 

damage  to  grafts,  which  may  be  important  for  the 

the  need  for  mechanical  support  for  the  right  side. 

coronary 

circulation 

of 

the 

RV. 

These

Several  scenarios  are  worth  mentioning.  First, 
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intraoperative  events  can  convert  good  RV  func-

In  this  setting,  LVAD  implantation  alone  has  been 

tion  into  impaired  RV  function  with  the  unex-

shown  to  result  in  some  decrease  of  the  TR  over 

pected 

need 

for 

mechanical 

RV 

support. 

time,  but  a  significant  fraction  of  patients  remains 

Preoperative  imaging,  usually  with  a  contrasted 

with  moderate  or  severe  TR  (Piacentino  3rd  et  al. 

chest  CT,  is  important  in  planning  reoperation  and 

2011).  Many  surgeons,  in  this  instance,  have 

may  provide  information  that  can  direct  dissection 

performed  concurrent  surgery  on  the  tricuspid 

and  avoid  injury  to  either  the  RV or  bypass  grafts. 

valve.  The  impact  of  concurrent  TV  surgery  on 

The  proximity  of  grafts  or  the  RV  to  the  sternum 

subsequent  right  heart  failure  is  unclear  and  a 

may  warrant  initiation  of  cardiopulmonary  bypass 

subject  of  active  investigation.  A  review  of  two 

before  redo  sternotomy;  this  typically  requires 

large  databases  and  results  from  a  small  prospec-

peripheral  cannulation,  which  at  our  institution 

tive  randomized  trial  suggest  that  concurrent  pro-

involves  axillary  artery  graft  cannulation  and  per-

cedures  to  reduce  TR  do  not  appear  to  improve 

cutaneous  femoral  venous  cannulation.  Further-

rates  of  severe  acute  right  heart  failure.  Recently  a 

more,  LVAD  implantation  through  thoracotomy 

long-term  follow  up  of  the  randomized  TVVAD 

utilizes  an  approach  that  has  the  surgical  incision 

Study,  of  60  pts  randomized  to  TV  surgery  vs  no 

lateral  to  the  RV;  it  has  been  suggested  to  be  less 

TV  surgery,  showed  no  statistical  difference  in  the 

injurious  to  the  RV  and  may  be  a  strategy  to 

incidence  rate  or  severity  of  RHF  nor  were  early 

preserve  RV  function.  However,  the  thoracotomy 

improvements  in  TR  severity  in  the  TV  surgery 

approach  requires  two  separate  incisions,  one  for 

group  sustained  at  1  year  (Pla  et  al. 2024). Nota-

the  pump  implant  and  one  for  attachment  of  the 

bly, 

tricuspid 

annuloplasty 

repair 

or 

TV 

outflow  graft,  and  RV  injury  can  still  occur  with 

bioprosthetic  replacement  do  not  interfere  with 

these  exposure  strategies. 

the  surgeon’s  ability  to  install  RVAD  support  if 

Another  essential  potential  intraoperative  insult 

necessary. 

to  the  RV occurs  with  air  embolization  to  the  right 

Other  concurrent  procedures,  such  as  bypass 

coronary  artery.  Some  degree  of  air  commonly 

grafting  of  the  right  coronary  artery  in  the  setting 

finds  its  way  into  the  left  heart  during  the  LVAD  of  ischemic  cardiomyopathy  and  mitral  valve  pro-

implant,  and  various  venting  strategies  are  used  to 

cedures  to  reduce  mitral  insufficiency,  have  been 

eliminate  it.  Failure  to  remove  the  air  can  result  in 

suggested  to  benefit  the  right  heart  circulation. 

its  delivery  to  the  right  coronary  system  and  asso-

However,  these  additional  procedures  have  not 

ciated  RV  ischemia.  Fortunately,  this  issue  is  tran-

been  studied  extensively,  and  it  is  unproven 

sient,  and  increased  systemic  blood  pressure  and 

whether  they  impact  RHF  post  LVAD. 

time  usually  allow  the  air  to  be  pushed  through, 

and  RV  function  recovers. 

Another  critical  aspect  of  the  implant  procedure 

Late  RHF 

relates to the common need  for  blood  product trans-

fusion,  which  can  result  in  pulmonary  vascular 

Late  RHF  is  typically  defined  as  incident  RHF, 

injury and increased pulmonary vascular resistance. 

in  the  absence  of  early  RHF  history,  that  occurs 

This  is  most  relevant  with  massive  transfusion, 

after  a  patient  is  discharged  from  the  index 

which  is  seldom  required,  but  this  can  increase 

LVAD  hospitalization.  The  time  of  onset  for 

pulmonary  vascular  resistance  and  create  a 

late  RHF  is  variable  and  ranges  from  as  early 

compromised  right  heart  circulation  despite  reason-

as  30  days  to  years  after  LVAD  implant  (Rich 

able  preimplant  RV  function.  Fortunately,  this  type 

et  al. 2017). The  mechanisms  and  risk  factors 

of  increased  pulmonary  vascular  resistance  is  usu-

for  developing  late  RHF  are  poorly  understood. 

ally  reversible  but  may  take  days  to  resolve. 

Furthermore,  the  relationship  between  early  and 

Many  patients  coming  for  LVAD  implantation 

late  RHF,  as  perhaps  one  continuum  of  RHF,  is 

will  have  significant  tricuspid  valve  regurgitation 

uncertain  and  confounded  by  small  studies  and 

(TR).  Usually,  this  is  not  due  to  primary  valve 

variable  definitions  used  to  describe  late  RHF. 

leaflet  pathology  but  is  secondary  to  high  afterl-

Although  both  early  and  late  RHF  share  similar 

oad  and  dilation  of  the  RV and  tricuspid  annulus. 

clinical  features  and  impair  LVAD  function,  late
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RHF  is  associated  with  worse  morbidity, 

Conclusions 

reduced  exercise  tolerance,  and  reduced  sur-

vival  as  compared  with  early  RHF  (Rich  et  al. 

Multiple  preoperative  parameters  have  been 

2017). Early  RHF,  especially  if  transient  and 

shown  to  predict  right  heart  failure  after  durable 

rectifiable  within  the  first  few  months  after 

LVAD 

implantation.  These 

include  clinical 

LVAD,  carries  a  better  prognosis,  presumably 

parameters  that  capture  end-organ  dysfunction 

due  to  this  being  an  intervenable  state  with  the 

and  hemodynamic  and  echocardiographic  data  in 

option  to  use  temporary  RVAD  support,  unlike 

the  preoperative  setting.  The  combination  of  these 

in  late  RHF  (Kapelios  et  al. 2022). Late  RHF  is 

risk  factors  has  led  to  the  development  of  risk 

specifically  associated  with  worse  outcomes  in 

models  that  have  better  predictive  value  than  sin-

the  BTT  population  (Takeda  et  al. 2015)  an  d

gle  predictors.  However,  the  application  of  risk 

may  expedite  consideration  for  transplantation 

models  to  guide  surgical  decisions  remains  lim-

in  select  patients  or,  conversely,  serve  as  a  turn-

ited.  A  modified  Michigan  Risk  Score  may  best 

ing  point  in  the  transition  to  palliative  care. 

predict  RHF—multidisciplinary  team  review  and 

There  are  no  established  risk  models  for  pre-

examination  of  how  a  patient  responds  to  right 

dicting  late  RHF;  however,  multiple  risk  fac-

heart  optimization  before  LVAD  remains  critical. 

tors,  including  elevated  serum  creatinine  and 

Intraoperative  factors  can  insult  right  heart  perfor-

blood  urea  nitrogen,  persistently  elevated  CVP, 

mance,  especially  in  patients  who  are  otherwise 

centrifugal  versus  axial  LVAD,  and  higher  ratio 

considered  low  risk,  and  need  to  be  factored  into 

of  RV/LV  diastolic  dimension,  to  name  a  few, 

the  calculus  as  well.  When  temporary  mechanical 

are  associated  with  late  RHF  (Rich  et  a l. 2017; 

support  is  utilized  for  the  right  heart,  many 

Kapelios  et  al. 2022; Saxena  et  al. 2013). Time 

patients  will  demonstrate  recovery  of  right-sided 

on  LVAD  support  may  be  the  most  significant 

circulation, such that the temporary  support can be 

risk  factor  itself,  presenting  chronic  and  over-

successfully  weaned.  The  development  of  durable 

whelming  hemodynamic  stress  for  the  unpro-

bi-VAD  or  total  artificial  heart  devices  with 

tected  right  heart. 

improved  safety  profiles  may  lead  to  the  more 

We  currently  lack  optimal  strategies  to  prevent 

liberal  application  of  these  strategies  versus  the 

and  treat  the  late  RHF  syndrome.  The  use  of  phos-

use  of  isolated  LVAD. 

phodiesterase-5 inhibitors early after  LVAD  may or 

may  not  be  a  useful  strategy  for  late  RHF 

depending  on  the  severity  of  persistent  pre- and 
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Abstract 

patient’s  candidacy,  the  transition’s  timing,  and  

General and patient-specific  factors  are  involved 

the level of support required. As device therapies 

in  selecting  the  type  of  temporary  mechanical 

continue  to  improve,  a  team-based  approach  of 

support  for  patients  in  cardiogenic  shock.  The 

different  cardiogenic  shock  specialists  will  lead 

type  of  support  largely  depends  on  the  shock’s 

to  improved  decision-making  in  this  complex 

etiology  and  the  presence  of  counterindications 

patient  population . 

to  specific  strategies.  The  transition  to  durable 
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refractory  to  optimal  medical  therapy,  including 

VAD  such  as  the  TandemHeart  (LivaNova,  UK), 

IV  inotropic  support,  may  be  considered  for 

and  VA-ECMO.  A  detailed  discussion  of  these 

mechanical  support.  Understanding  the  etiology 

individual  devices  will  be  done  in  other  chapters 

of  the  cardiogenic  shock  is  imperative  to  better 

in  this  handbook;  this  chapter  will  focus  on 

determine  the  type  of  support  needed  and  the 

discussing  the  unique  features  of  these  devices  in 

likely  transition  plan  from  temporary  to  perma-

the  context  of  their  consideration  for  short-term  or 

nent  support  or  weaning  to  recovery.  These  deci-

durable  support. 

sions  are  often  made  in  the  context  of  heart 

allocation  policy,  such  as  demonstrating  depen-

dency  with  attempted  device  wean  trials  for 

Short-Term  Support  Devices 

patients  that  are  transplant  candidates  or  in  the 

context  of  eventual  transition  to  durable  long-

The  first  decision  when  facing  a  patient  in  cardio-

term  mechanical  support  if  recovery  is  not 

genic  shock  is  the  type  of  temporary  support 

achieved. 

required,  including  whether  LV only,  RV only,  or 

A  key  component  in  device  selection  is  the 

biventricular  support  is  needed. 

expected  hemodynamic  support  provided  and  the 

Furthermore,  different  temporary  devices  must 

effect  of  such  a  device  on  organ  perfusion  and 

be  evaluated,  considering  their  effect  on  LV/RV 

myocardial  recovery.  Therefore,  a  clear  goal  of 

unloading, changes in O2 demand, and overall

mechanical  support  for  each  patient  is  crucial. 

circulation support (secondary organ support). 

Each  option  for  mechanical  support  has  its  own  set 

The  second  decision  relating  to  the  short-term 

of  advantages  and  risks,  and  those  must  be 

device  strategy  to  choose  is  the  presence  of  general 

employed  based  on  the  goals  of  the  intervention. 

and  device-specific  counterindications  for  therapy. 

In  acute  emergencies,  such  as  active  CPR,  eligible 

For  instance,  patients  with  irreversible  brain  injury 

candidates’  support  options  are  limited  to 

or  known  advanced  staged  malignancies  generally 

VA-ECMO.  In  other  scenarios  where  ventricular 

should  not  be  offered  mechanical  circulatory  sup-

dysfunction  is  more  chronic,  one  can  employ  per-

port,  as  such  therapies  may  be  futile.  Furthermore, 

manent  device  strategies  directly,  such  as  a 

several  relative  counterindications  to  any  tempo-

durable  LVAD. 

rary  support  should  be  carefully  considered  and 

Many  patients,  however,  fall  in  between,  with 

evaluated  on  a  patient-by-patient  basis.  These 

different  options  for  mechanical  support. 

include  advanced  age,  severe  comorbidities,  pro-

In  this  chapter,  we  will  discuss  the  most  com-

longed  CPR  time,  aortic  dissection,  and  prolonged 

mon options  for temporary  and  permanent mechan-

or  chronic  multi-organ  failure. 

ical  support  and  common  transition  strategies. 

There are also device-specific counterindications 

that must  be  considered; these include: (A)  IABP— 

the  presence  of  aortic  valve  insufficiency  and 

Short  (Temporary)  Support  Devices 

heavy  tachyarrhythmia 

burden, 

(B) 

Impella/ 

Versus  Long  (Durable)  Support 

TandemHeart—intracardiac 

thrombus, 

Impella 

Devices 

specific—mechanical  aortic  valve  or  severe  AS 

limiting  the  ability  to  cross  the  valve.  Understand-

The short-term, temporary, or non-dischargeable

ing the etiology of cardiogenetic shock, the absolute 

devices that will be discussed in this chapter will

counterindication  of  different  devices,  and  the 

be the intra-aortic balloon pump (IABP), the

required  support  help  the  clinician  choose  the  opti-

Impella system (Danvers, Massachusetts) 5.5 sys-

mal  temporary  support  device  to  use.  The  table 

tem, extracorporeal VAD (including RVAD with

below  overviews  these  devices  and  their  general 

or without an oxygenator, BiVADs), percutaneous

effect  on  important  hemodynamic  parameters. 
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Biventricular/ 

vascular  complications  reported  in  experienced 

secondary 

hands  (Unverzagt  et  al. 2015). 

Device

LV

RV 

organ 

An  IABP  can  also  be  placed  in  the  axillary 

IABP

Improves 

Decreases 

artery  percutaneously  or  through  a  tunneled  graft 

unloading 

myocardial 

O

sewn  onto  the  artery.  This  allows  for  patient  mobi-

2  demand, 

improves 

lization  without  the  need  to  stay  bedridden  while 

cardiac  and  to 

on  support.  Our  group  has  published  some  of  our 

some  degree 

secondary 

experiences  with  this  strategy,  which  has  had 

organ 

encouraging  outcomes  for  many  patients  (Barac 

perfusion 

et  al. 2019).  Other  groups  have  had  a  similar 

RVAD

Increases LV

Improves

Can improve

experience  with  this  support  strategy  (Naqvi 

(percutaneous) preload

unloading

systemic

perfusion  if 

et  al. 2018; Bhimaraj  et  al. 2020; Nishida  et  al. 

the  LV  can 

2021). One  subset  of  patients  where  this  strategy 

keep up with

is  attractive  are  heart  failure  patients  who  are 

the  increased 

preload 

candidates  for  heart  transplantation,  allowing  for 

LVAD

Significantly Decreases

Improves 

patient  mobilization  while  awaiting  a  suitable 

(percutaneous) improves

RV

cardiac 

donor  organ.  One  study  evaluated  133  patients 

Impella & 

unloading

afterload

output  and  O2 

with  axillary  IABP  support  as  a  bridge  to  trans-

TandemHeart

through

delivery  to 

decreasing

secondary 

plantation.  The  median  duration  of  axillary  IABP 

the wedge

organs 

support  was  21  days,  with  91.7%  of  those  patients 

pressure

successfully  bridged  to  heart  transplantation 

VA-ECMO

Increases  O2 

Increases

Increases 

(Nishida  et  al. 2021). Three  patients  had  a  stroke 

demand and

RV

myocardial 

decreases

unloading

O

while  on  support  before  heart  transplantation, 

2  demand 

unloading

although  it  is  unclear  from  the  study  if  that  was 

through

directly  related  to  the  balloon  pump  placement. 

increasing

LV afterload

Encouraging  results  from  many  centers  for  the 

axillary  placement  of  IABP  has  led  to  the  devel-

opment  of  a  more  long-term  axillary  IABP  with 

the  goal  of  out-of-hospital  support  (Nishida  et  al. 

Intra-aortic Balloon Pump  (IABP) 

2020,  2021). 

There are many theoretical and somewhat  stud-

The intra-aortic balloon pump (IABP) is the work-

ied  hemodynamic  benefits  of  balloon  pump 

horse of temporary  mecha nical  suppo rt  therapy.  It 

counterpulsation.  In  one  study,  15  patients  with 

is often used as  a  first-li ne  strategy  for  patients 

IABPs  had  PV  loop  catheter  measurements  of 

with refractory  cardiogeni c shock. The hemody-

several  different  hemodynamic  parameters.  On 

namic benefits  of  the  IAB P span beyond the esti-

average,  these  patients  had  a  6%  decrease  in  LV 

mated modest  0.3–1 L  of L /min of flow equivalent

end-systolic  volume  and  a  17.5%  decrease  in  LV 

that it provided to include improved secondary

end-systolic  pressure.  They  noted  a  14%  increase 

organ perfusion support, decreased LV afterload, 

in  stroke  volume  (Schreuder  et  al. 2005). 

and improved coronary perfusion (Unverzagt

Despite  this  hemodynamics  improvement  of 

et al. 2015). It is easy to place at the ICU bedside, 

IABP  support,  the  use  of  IABP  did  not  signifi-

operating  room,  or  cath  lab,  and  there  are  many 

cantly  reduce  30-day  mortality  in  patients  with 

different  imaging  modalities  to  confirm  position-

cardiogenic  shock  complicating  acute  myocardial 

ing  (X-ray,  fluoroscopy,  or  echocardiography). 

infarction  (Thiele  et  al. 2012). Further  data  on  this 

Finally,  the  relatively  small  sheath  size  eliminates 

topic  was  later  evaluated  as  part  of  an  extensive 

the  need  for  a  distal  perfusion  cannula  when 

Cochrane  systematic  review.  Data  from  7  studies 

placed  in  the  common  femoral  artery,  with  limited 

with  a  total  of  790  patients  with  cardiogenic  shock
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after  myocardial  infarction  were  pooled  and  dem-

patients, including postcardiotomy shock and other 

onstrated  no  clear  benefit  of  the  use  of  IABP  on 

acute  cardiogenic  shock  etiologies  (Lemaire  et  al. 

30-day  mortality  in  that  patient  cohort  (Unverzagt 

2013, 2014). 

et  al. 2015). Recent  data  suggest  that  long-term 

Given  these  many  conflicting  studies,  a  large-

follow-up  of  these  patients  (up  to  6  years)  also 

scale  meta-analysis  was  conducted  looking  at  the 

shows  no  survival  benefit  of  IABP  use  in  these 

short-term  mortality  of  those  patients.  A  total  of 

patients  (Thiele  et  al. 2019).  In  fact,  given  the 

17  studies  and  3933  patients  were  included  with  a 

convincing  evidence,  the  use  of  IABP  in  cardio-

30-day  mortality  of  47.8%  (CI  43.7–52%)  and 

genic  shock  complicating  myocardial  infarction 

demonstrated  a  survival  benefit  with  the  patients 

was  downgraded  in  clinical  guidelines  (Ibanez 

having Impella placement (Iannaccone et al. 2021). 

et  al. 2018). The  lack  of  a  survival  benefit  in  this 

The  newest  Impella  addition,  Impella  5.5, 

setting  is  complex  and  multifactorial  and  may  be 

allows  for  a  significant  increase  in  flow,  decreased 

because  the  effect  of  IABP  on  overall  cardiac 

hemolysis,  and  total  ventricle  unloading  com-

output  is  small. 

pared  to  only  partial  unloading  in  the  smaller 

Mounting  evidence  for  the  lack  of  a  survival 

systems  (Pahuja  et  al. 2021). This  system  has 

benefit  of  IABP  in  the  setting  of  AMI  with  cardio-

been  used  in  a  variety  of  different  cardiogenic 

genic  shock  has  likely  led  to  a  drop  in  usage,  as 

shock  etiologies,  including  acute  myocardial 

evidenced  by  a  study  that  queried  the  2005–2014 

infarction  (Tonleu  et  al. 2022),  decompensated 

Nationwide Inpatient Sample databases (Shah et al. 

chronic  heart  failure  (Bernhardt  et  al. 2021), post-

2018). Of  144,254  cases  of  cardiogenic  shock, 

cardiotomy  syndrome,  and  acute  myocarditis 

55.4%  of  cases  were  associated  with  an  AMI, 

(Nersesian  et  al. 2020). 

with  an  overall  decline  in  IABP  usage  from  a 

Using  a  conductance  catheter,  PV  loops  were 

third  of  all  patients  to  17%  of  patients.  Interest-

generated  for  a  patient  in  cardiogenic  shock 

ingly,  the  study  identified  an  increased  utilization 

supported  with  an  Impella  5.5  (Everett  et  al. 

of  other  forms  of  mechanical  support,  including 

2021).  The  Impella  at  Power  9  setting  led  to  sig-

Impella/TandemHeart,  and  extracorporeal  mem-

nificant  LV  unloading,  a  decrease  in  pulmonary 

brane  oxygenation  (ECMO)  (Shah  et  al. 2018). 

vascular  resistance,  and  an  increase  in  RV  volume 

without much change to RV filling pressures. Com-

bined  with  a  reduced  RV  afterload,  this  led  to  an 

Impella  System 

overall  reduced  RV  and  LV  pressure-volume  area 

(reflecting  overall  decreased  oxygen  demand in  the 

The  Impella  system  (Abiomed)  is  a  catheter-based 

heart).  These  findings  were  confirmed  by  other 

microaxial,  left  ventricular  assist  device  (LVAD). 

groups  looking  at  the  biventricular  effects  of 

The  systems  are  available  in  several  sizes  and  can 

Impella  unloading  of  the  LV  (Yourshaw  et  al. 

be  inserted  from  the  femoral  artery,  axillary  artery, 

2019).  These  hemodynamic  changes  are  important 

or  a  direct  aortic  insertion  to  the  ascending  aorta. 

as  they  decrease  myocardial  oxygen  consumption 

The main advantage of using this system is improv-

an  essential  factor  in  ventricular  recovery. 

ing  forward  flow  while  significantly  unloading  the 

Some  of  the  most  significant  limitations  of  the 

left  ventricle.  Animal  experiments  of  early  Impella 

smaller  Impella systems  related  to blood  hemolysis 

placement after myocardial infarction led to

have  also  been  improved  in  the  5.5  system.  The 

lowered LV end-diastolic pressure, increased LV

system’s  hemocompatibility  properties  were  com-

end-systolic  elastance,  decreased  NT-proBNP,  and 

pared  to  a  centrifugal  cardiac  assist  system 

decreased  overall  infarct  size  (Saku  et  al. 2018). 

(Centrimag)  (Roka-Moiia  et  al. 2020).  The  study 

This,  however,  was  not  seen  in  clinical  practice 

found  that  despite  the  Impella  system  having  a 

looking at patients with myocardial infarction com-

smaller  diameter  and  higher  RPMs  needed  to 

plicated  by  cardiogenic  shock,  mainly  in  the 

achieve  equivalent  flow,  the  hemocompatibility 

smaller  systems  (Schrage  et  al. 2019).  However, 

parameters  were  similar  for  hemolysis,  platelet 

conflicting  data  exists  for  other  cardiogenic  shock 

degranulation,  and  changes  in  β-thromboglobulin, 
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platelet  count,  and  vWF  functional  activity  (Roka-

on  the  heart  and  may  lead  to  cardiac  distension 

Moiia  et  al. 2020). 

and  further  injury.  Other  risks  include  bleeding  or 

The  Impella  system is usually  placed with echo-

clotting,  increased  risk  of  stroke,  and,  in  periph-

cardiography  and  fluoroscopy  guidance.  Addi-

eral  ECMO,  increased  extremity  ischemia  (Rao 

tional  positioning  adjustment  may  be  required; 

et al. 2018). Given these risks, VA-ECMO is

however, these can generally be done at the bedside 

reserved for select patients as a last-ditch effort

using  transthoracic  echocardiography. 

to  support  systemic  circulation.  In  certain  scenar-

As  more  data  becomes  available  on  this  new 

ios,  however,  such  as  during  active  CPR, 

system,  early  results  are  promising.  The  first 

VA-ECMO  is  the  only  option  for  systemic  circu-

200  patients  supported  at  42  US  centers  were 

latory  support.  Given  these  risks  of  VA-ECMO 

evaluated  (Ramzy  et  al. 2021).  The  median  dura-

support,  once  a  patient  is  placed  on  support,  the 

tion  of  support  was  10  days,  and  the  most  com-

clinical  team  must  begin  to  plan  the  strategy  for 

mon  indications  were  cardiomyopathy  (45.0%), 

transition  to  recovery  or  other  types  of  circulatory 

acute  myocardial  infarction  complicated  by  car-

support  (Sertic  et  al. 2021). 

diogenic  shock  (29.0%),  and  postcardiotomy  car-

A systematic  review evaluated  VA-ECMO out-

diogenic  shock  (16.5%)  (Ramzy  et  al. 2021). 

comes  for  different  cardiogenic  shock  etiologies 

Given  many of these  advantages, our group has 

(Alba  et  al. 2021).  An  analysis  of  29,289  patients 

been  enthusiastic  about  the  use  of  the  5.5  system 

demonstrated  improved  short-term  survival  for 

as  a  support  strategy  in  patients  in  postcardiotomy 

patients  with  severe  cardiogenic  shock  support 

shock  or  those  being  bridged  to  recovery  or  dura-

with  this  strategy.  Short-term  mortality  was  as 

ble  VAD/heart  transplantation.  Our  preferred 

expected,  different  for  the  different  etiologies  of 


strategy  is  placement  in  the  right  axillary  artery 

shock  supported  on  ECMO:  76%  in  out-of-hospi-

through  a  tunneled  graft.  The  Impella  5.5  system 

tal  cardiac  arrest,  64%  in-hospital  cardiac  arrest, 

is  an  attractive  strategy  for  both  ventricular 

60%  post-MI,  59%  postcardiotomy,  53%  heart 

unloading  (which  generally  improves  pulmonary 

failure,  52%  pulmonary  embolism,  40%  myocar-

status)  and  forward  flow  for  secondary  organ  per-

ditis,  and  35%  primary  graft  dysfunction  post 

fusion.  The  device  also  allows  for  easy  wean  trials 

heart  transplant. 

to  assess  underlying  ventricular  function  at  vary-

One 

of 

the 

main 

limitations 

of 

using 

ing  levels  of  support.  Finally,  it  allows  for  moni-

VA-ECMO  for  cardiac  support  (as  opposed  to 

toring  of  candidacy  for  durable  support  in  select 

secondary  organ  support)  is  its  effect  on  the 

patients  by  providing  time  for  the  assessment  of 

LV.  VA-ECMO  provides  the  highest  amount  of 

recovery  of  neurological  function  and  other  organ 

blood  flow  to  secondary  organs,  and  using  an 

function  after  the  acute  period  of  decompensation 

Impella 

pump 

leads 

to 

better 

ventricular 

before  support. 

unloading  (Nix  et  al. 2020).  The  Impella  device 

In  some  patients,  however,  Impella  support 

results  in  a  left  shift  of  the  pressure-volume  loop 

might  not  be  possible  or  sufficient  for  secondary 

and  a  decreased  pressure-volume  area  (PVA— 

organ  flow,  and  an  escalation  of  short-term  sup-

which 

corresponds 

to 

ventricular 

oxygen 

port  to  ECMO  might  be  required. 

demand).  VA-ECMO  increases  PVA  (need  refer-

ence).  VA  ECMO  can  have  a  deleterious  effect  on 

ventricular  recovery  as  it  might  lead  to  significant 

Venoarterial  Extracorporeal 

LV  distention—strategies  to  vent  the  left  ventricle 

Membrane  Oxygenation  (ECMO) 

while  on  ECMO  support  might  be  required  in 

these  situations. 

Peripheral  or  central  ECMO  support  offers  the 

After  a  short-term  strategy  is  deployed,  the 

highest  level  of  circulatory  support  for  secondary 

patient  must  be  carefully  evaluated  to  determine 

organ  perfusion  in  patients  with  severe  cardio-

if  they  remain  in  cardiogenic  shock  and  if  further 

genic  shock.  While  such  perfusion  can  also  bene-

escalation  or  changing  of  therapy  is  required.  For 

fit cardiac perfusion, ECMO increases afterload instance,  if  a  patient  continues  to  display  signs  of
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systemic  hypoperfusion  after  placing  an  Impella 

of  recent  onset  and  nonischemic  etiology  refrac-

or  a  balloon  pump,  a  higher  level  of  circulatory 

tory  to  maximal  neurohormonal  modulation, 

support  may  be  required  (Jain  et  al. 2021). Fur-

should  be  considered  for  durable  support  thera-

thermore,  a  patient  supported  with  RVAD  can 

pies  as  a  possible  bridge  to  recovery  [level  of 

have  worsening  in  their  pulmonary  edema  and  a 

evidence  B]. 

significant  increase  in  left  ventricular  dilation,  a 

An  important  consideration  in  the  transition 

sign  they  may  require  left-sided  support  as  well. 

from  temporary  to  durable  device  transition  is 

Therefore,  close  hemodynamic,  imaging,  and  sec-

understanding  the  reversibility  of  the  etiology  of 

ondary  organ  function  monitoring  is  imperative 

heart  failure.  Only  patients  that  remain  in  refrac-

(Saxena  et  al. 2020; Garan  et  al. 2020).  It  is  also 

tory  advanced  heart  failure,  despite  having  revers-

often  used  to  judge  the  timing  for  the  transition  to 

ible  causes  addressed,  should  be  considered  for 

durable  support  of  de-escalation  of  mechanical 

durable support [level of evidence: C]  (Saeed et al. 

support  to  recovery  (Kapur  et  al. 2017). 

2023). 

The  ISHLT  2023  Mechanical  Circulatory  Sup-

port  guidelines  highlight  the  following  consider-

Long-Term (Durable) Device Transition 

ations  when  evaluating  a  transition  to  durable 

mechanical  support  (DMCS)  (Saeed  et  al. 2023): 

The 

decision 

to 

transition 

patients 

from 

“Class  IIa 

VA-ECMO  support  to  durable  mechanical  sup-

1. Long-term DMCS for patients who are in acute

port  is  complex.  While  there  are  no  clear  guide-

cardiogenic  shock  should  be  reserved  for  the 

lines  on this  matter, some  level of  secondary organ 

following: 

recovery  before  durable  support  is  recommended 

(a)  Patients  whose  ventricular  function  is  either 

deemed  unrecoverable  or  unlikely  to  recover 

(Durinka  et  al. 2014; Maxhera  et  al. 2014). How-

without  long-term  device  support. 

ever,  most  of  the  data  on  this  topic  is  retrospective 

(b)  Patients  who  are  deemed  too  ill  to  maintain 

and  suffers  from  significant  selection  bias,  as 

normal  hemodynamics  and  vital  organ  func-

patients  who  successfully  transitioned  to  durable 

tion  with  temporary  MCSDs  or  who  cannot 

be  weaned  from  temporary  MCSDs  or  ino-

support  were  highly  selected.  This  is  also  true  for 

tropic support. 

patients transitioning from ECMO support to

(c)  Patients  with  the  capacity  for  meaningful 

heart transplantation (DeFilippis et al. 2021). 

recovery  of  end-organ  function  and  quality 

In  a  recent  large-scale  study  of  531  patients 

of  life. 

(d)  Patients 

without 

irreversible 

end-organ 

who 

transitioned 

to 

durable 

LVAD 

from 

damage. 

VA-ECMO  support,  many  risk  factors  for  long-

Level  of  Evidence:  C. 

term  survival  were  evaluated  (Saeed  et  al. 2020). 

2.  Patients  who  are  inotrope-dependent  should  be 

The  authors  generated  a  risk  score  that  includes 

considered  for  DMCS,  as  they  represent  a  group 

patient  (a)  age,  (b)  BMI,  (c)  MELD,  (d)  gender, 

with  high  mortality  with  ongoing  medical 

management. 

(e)  lactate,  (f)  atrial  fibrillation,  and  (g)  previous 

Level  of  Evidence:  B. 

cardiac  surgery.  The  authors  then  compared  the 

3. Patients  with  end-stage  systolic  heart  failure 

highest-risk  score  patients  with  the  lowest,  dem-

who  do  not  fall  into  recommendations  1  and 

onstrating  significant  differences  in  1-year  sur-

2 above  should  undergo  routine  risk  stratifica-

tion  at  regular  intervals  to  determine  the  need  for 

vival  post-durable  VAD  implantation  (Saeed 

and optimal  timing  of  DMCS.  This  determina-

et  al. 2020). 

tion  may  be  aided  by  risk  assessment  calculators 

According  to  the  ISHLT  guidelines,  patients 

and  cardiopulmonary  stress  testing. 

with  advanced  heart  failure  class  IIIB-IV  refrac-

Level  of  Evidence:  C. 

tory  to  medical  therapy  are  inotropic  medication 

4. Heart  failure  patients  who  are  at  high  risk  for 

1-year  mortality  using  prognostic  models  should 

or  temporary  mechanical  device  dependent 

be referred  to  advanced  therapy,  including  heart 

should  be  evaluated  for  durable  mechanical  sup-

transplant 

or 

DMCS 

(BTT  or 

DT), 

as 

port  or  heart  transplantation  [Class  1,  level  of 

appropriate. 

evidence  A]  (Saeed  et  al. 2023).  Furthermore, 

Level  of  Evidence:  C.” 

patients  with  dilated  cardiomyopathy,  particularly 

[image: Image 86]
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The  transition  from  short- to  long-term  mechan-

of  bridging  strategies  is  needed  and  can  be  further 

ical  support  must  also  consider  the  patient’s  neuro  -

helped  by  a  team  of  cardiogenic  shock  specialists 

logical  status (Fig. 1). The ISHLT recommendations 

(Tehrani  et  al. 2019).  Centers  with  specialized 

guidelines  specify  that  durable  LVAD  implantation 

teams  caring  for  these  complex  patients  have 

is contraindicated  in  patients  with  an  unclear  neuro-

been  shown  to  have  better  outcomes  compared 

logical  status  (Guglin  et  al. 2020). This  is  also  a 

to  centers  without  shock  teams  (Papolos  et  al. 

similar  counterindication  for  heart  transplantation. 

2021). 

In these  circumstances,  temporary  support  may  sig-

nificantly  help  in  allowing  for  neurological  assess-

ment  and  evaluation  for  neurological  recovery. 

Conclusion 

There  is  data  available  on  the  likelihood  of 

bridging  patients  in  cardiogenic  shock  to  either 

There  are  general  and  patient-specific  factors 

durable  VAD  or  heart  transplantation.  In  a  meta-

involved  in  selecting  the  type  of  mechanical  sup-

analysis,  the  probability  of  receiving  a  heart  trans-

port  for  patients  with  cardiopulmonary  failure. 

plant while on VA ECMO was 13% for heart

Patients  in  cardiogenic  shock,  refractory  to  opti-

failure,  4.5%  for  myocarditis,  2.8%  for  AMI, 

mal  medical  therapy,  including  IV  inotropic  sup-

and  0.4%  for  postcardiotomy  shock.  The  proba-

port,  may  be  considered  for  mechanical  support, 

bility  of  receiving  a  VAD  was  29%  for  heart 

with the type of support mainly used dependent on 

failure,  2.3%  for  myocarditis,  9%  for  myocardial 

the  etiology  of  the  shock  and  the  presence  of 

infarction,  and  0.8%  for  postcardiotomy  shock 

counterindications  to  certain  strategies.  The  tran-

(Alba  et  al. 2021). Therefore,  careful  evaluation 

sition  to  durable  support  requires  a  careful

Fig.  1  Support  strategies  and  transition  to  durable  support.  (Adopted  with  permission  from  Combes  et  al. 2020) 
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evaluation  of  the  patient’s  candidacy,  the  transi-

left  ventricular  support  with  Impella  5.5  on  biventricular 

tion’s  timing,  and  the  level  of  support  required.  As 

hemodynamics.  Circ  Heart  Fail.  2021:1035–7. https:// 

doi.org/10.1161/CIRCHEARTFAILURE.121.008616. 

device therapies continue to improve, a team-

Garan  AR,  Kanwar M,  Thayer  KL, Whitehead  E,  Zweck  E, 

based approach of different cardiogenic shock

Hernandez-Montfort  J,  Mahr  C,  Haywood  JL,  Harwani 

specialists  will  lead  to  improved  decision-making 

NM,  Wencker  D,  Sinha  SS,  Vorovich  E,  Abraham  J, 

in  this  complex  patient  population. 

O’Neill  W,  Burkhoff  D,  Kapur  NK.  Complete  hemo-

dynamic  profiling  with  pulmonary  artery  catheters  in 

cardiogenic  shock  is  associated  with  lower  in-hospital 

mortality.  Heart  Fail.  2020;8:903–13. https://doi.org/ 
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Abstract 

(TAH)  developed  by  Domingo  Liotta  in  a 

The  utilization  of  mechanical  circulatory  assist 

47-year-old  patient  suffering  from  severe 

(MCA)  in  the  management  of  advanced  heart 

heart  failure.  Over  half  the  century  since,  tech-

failure  is  as  old  as  heart  transplantation  (HTx). 

nology  has  seen  vast  developments  in  mechan-

The  first  successful  left  ventricular  assist 

ical,  electrical,  miniaturization,  and  durability, 

device  (LAVD)  implantation  was  performed 

leading  to  devices  that  can  be  implanted  safely, 

by  Domingo  Liotta  and  Michael  DeBakey  in  a 

maintained  easily,  and  remotely  with  lesser 

37-year-old  woman  in  1966.  In  1969,  Denton 

complications  and  more  freedom  for  patients. 

Cooley  implanted  the  first  total  artificial  heart 

Keywords 

Ventricular  assist  device  ·  LVAD  ·  RVAD  · 
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Introduction 

Mechanically 

Assisted 

Circulatory 

Support 

(Intermacs)  annual  report,  more  than  25,000 

The  MCA  can  be  broadly  classified  based  on  the 

LVADs  were  implanted  in  the  last  decade 

thoracic 

organ 

they 

support—extracorporeal 

(2010–2019)  (Molina  et  al. 2021). 

membrane  oxygenation  (ECMO)  that  supports 

First-generation 

LVADs 

(HeartMate 

I, 

lungs  or  heart  and  lungs,  and  ventricular  assist 

Novacor)  were  pulsatile,  whereas  the  second-

devices  (VADs)  that  support  one  or  both  lower 

generation  LVADs  (HeartMate  II  and  Jarvik 

chambers  of  the  heart.  The  VADs  are  further  clas-

2000)  offered  continuous  flow  and  were  smaller 

sified  as  short-term  where  in  most  the  motor  of  the 

and  consumed  less  energy due  to  only one  moving 

pump  lies  outside  the  patient’s  body  (Exception: 

part.  The  axial  flow  in  the  second-generation 

Impella)  and  patients  cannot  be  discharged  home, 

LVADs  was  improved  to  centrifugal  flow  in  the 

while  in  long-term  VADs,  also  called  durable 

third  generation  of  LVADs  which  offered  even 

devices,  the  motor  of  the  device  lies  inside  the 

smaller  pumps  (HeartWare  and  HM3)  that  can 

patient’s  body,  the  device  can  be  disconnected 

be  implanted  via  thoracotomy  and  can  be  used  as 

from  the  electric  charging  supply  temporarily, 

right-sided  VADs.  HeartMate  II  (HM2)  and 

and  the  patients  can  be  discharged  home.  Per  se, 

HeartWare  ruled  the  market  for  more  than  a 

the  VADs  support  the  ventricular  function  by 

decade  before  the  former  was  replaced  by  its 

bypassing  the  blood  from  the  ventricles  into  the 

successor  and  the  latter  was  withdrawn  from  the 

aorta  and  pumping  it  to  generate  flow  (cardiac 

market  due  to  higher  rates  of  neurological  events 

output)  and  pressure  (arterial  blood  pressure). 

and  mortality  with  it  compared  to  other  available 

The  TAH  on  the  other  hand  offers  similar  support 

devices  (Njoku  2021).  MVAD,  a  miniaturized 

but  by  replacing  the  ventricles. 

version  of  HVAD,  was  smaller  in  size;  however, 

Over  the  years,  several  devices  were  invented 

in 2015, a clinical trial of the system in Europe and 

and  experimented  in  the  laboratory,  tested  in  ani-

Australia  was  stopped  because  of  several  inci-

mals  and  trialed  and  studied  in  humans,  marketed, 

dents  of  pump  thrombosis.  This  leaves  us  with 

and  compared  with  most  of  them  failing  the  test  of 

HM3  as  the  only  LVAD  available  in  the  market. 

time  leaving  HeartMate  III  (HM3)  and  SynCardia 

(TAH,  SynCardia  Systems,  Tucson,  AZ)  as  only 

LVAD  and  TAH  in  the  market,  respectively.  This 

Heartmate  3 

chapter  summarizes  the  current  evidence  for  use 

of  these  devices  based  on  clinical  trials,  system-

This  latest  innovation  from  Abbott  is  loaded  with 

atic  analyses,  and  large  observational  series  and 

a  Full  MagLev  Flow  Technology  that  maintains 

offers  a  strategy  for  patient-centric,  situation  spe-

gentle  blood  handling  to  minimize  complications 

cific,  and  cost-effective  way  of  their  utilization. 

and  hemocompatibility-related  adverse  events 

(Mehra  et  al. 2019). The  HM3  incorporates  a 

fully  levitated,  self-centering  rotor  that  does  not 

LVADs 

require  hydrodynamic  or  mechanical  bearings  and 

offers  large,  consistent  blood  flow  pathways  to 

REMATCH  trial  showed  a  48%  reduction  in  the 

reduce  shear  stress  (Bourque  et  al. 2016). In  addi-

risk  of  death  from  any  cause  with  the  LVAD  as 

tion,  intrinsic  pulsatility  helps  reduce  stasis  and 

compared  with  the  medical  therapy  (Rose  et  al. 

minimize  thrombus  (Bourque  et  al. 2006, 2016). 

2001). Monumental  progress  is  seen  in  the  tech-

The  MOMENTUM  3  pivotal  trial  established 

nology  of  durable  LVADs  from  the  REMATCH 

the  superiority  of  the  HM3  centrifugal  pump  over 

trial  with  a  2-year  survival  rate  of  23%  to  the 

the  HM2  axial-flow  pump  at  6  months  primarily 

81.2%  2-year  survival  rate  with  the  latest  LVAD 

because  of  the  lower  rate  of  pump  thrombosis  and 

in  the  market,  HM3  (Rose  et  al. 2001; Mehra  et  al. 

reoperation  for  pump  malfunction  (Mehra  et  al. 

2021). According  to  the  2020  Society  of  Thoracic 

2017). Further  analyses  of  larger  cohorts  until 

Surgeons 

(STS)-Interagency 

Registry 

for 

2  years  confirmed  the  superiority  of  MH3  over
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MH2  in  regard  to  survival  free  of  disabling  stroke 

2021).  While  posttransplant  survival  was  initially 

or 

reoperation 

to 

replace 

or 

remove 

a 

worse  in  patients  with  bridge-to-transplant  VADs 

malfunctioning  device  (Mehra  et  al. 2017, 2018). 

(2000–2005),  it  has  consistently  improved  over 

Moreover,  a  comparison  of  pivot  trial  cohort  and 

time  (2006–2011  and  2012–2017)  and  is  now 

continuous 

assessment 

protocol 

patients 

approaching  that  seen  in  patients  without  bridge-

supported  with  HM3  pumps  showed  a  similar 

to-transplant 

VAD 

support 

which 

reflects 

2-year  primary  endpoint  and  overall  survival 

improved  VAD  patient  selection  and  management 

(81.2%  vs.  79.0%)  despite  sicker  patients  (more 

before  transplant,  improvement  in  VAD  technol-

intra-aortic  balloon  pump  use  and  Intermacs  pro-

ogy,  and  improved  surgical  and  perioperative 

file  1)  in  continuous  assessment  protocol  who  management  of  these  recipients  (Khush  et  al. 

were  more  often  intended  for  destination  therapy 

2021).  A  meta-analysis  comprising  more  than 

(Mehra  et  al. 2021). 

25,000  patients  with  two-third  receiving  a  HTx 

and  one-third  receiving  CF-LVAD  as  a  BTT 

showed  no  difference  in  the  incidence  of  stroke, 

Role  of  LVADs  as  a  Bridge 

bleeding,  and  infection,  and  in  survival  up  to 

to  Transplantation  (BTT) 

5  years  (Zhang  et  al. 2021).  While  this  establishes 

and  Destination  Therapy  (DT) 

LVAD  as  a  safe  option  of  a  BTT  in  patients  inel-

igible  for  transplant,  too  sick  for  transplant  or 

In  the  management  of  end-stage  heart  failure, 

could  not  receive  a  donor  organ  in  time,  the  dura-

LVADs  demonstrated  significant  improvement  in 

tion  of  LVAD  before  transplantation  could  be  a 

terms  of  survival  rate  compared  to  medical  ther-

risk  factor  for  posttransplant  survival.  A  study 

apy  for  over  two  decades  (Cavarretta  et  al. 2019). 

based  upon  the  UNOS  database  found  increased 

Latest  Intermacs  annual  report  shows  improve-

post-HTx  mortality  in  CF-LVAD  support  more 

ment  in  the  1- and  2-year  survival  in  patients 

than  2  years  compared  to  the  support  less  than 

supported  with  LVADs  in  the  most  recent  era 

2  years  as  the  longer  LVAD  support  was  associ-

(2015–2019)  compared  to  older  (2010–2014)  era 

ated  with  a  greater  body  mass  index,  higher  serum 

(82.3%  and  73.1%  vs.  80.5%  and  69.1%,  respec-

creatinine  level,  more  blood  transfusions  and  anti-

tively;  P  <  0.0001)  (Molina  et  al. 2021). A  40.4% 

biotics,  and  higher  incidence  of  device-related 

of  the  patients  who  received  HTx  from  2010  to 

infection  and  life-threatening  arrhythmia  before 

2018  were  transplanted  from  an  LVAD—more 

transplantation  (Fukuhara  et  al. 2016).  Neverthe-

than  double  compared  to  18.9%  in  2001–2009 

less,  LVADs  used  as  BTT  did  not  significantly 

(Khush  et  al. 2021).  This  increased  use  of  bridge-

alter  posttransplantation  acute  rejection,  chronic 

to-transplant  LVADs,  with  less  use  of  inotropic 

rejection,  cardiac  allograft  vasculopathy,  30-day 

support,  may  partly  account  for  the  decline  in 

postoperative  mortality,  stroke,  renal  failure, 

patients  hospitalized  before  transplant  (60.7%  to 

bleeding,  or  infection,  and  long-term  survival 

44.6%)  when  similar  eras  were  compared  (Khush 

(Seco  et  al. 2017). LVAD  BTT  may  be  cost-

et  al. 2021). 

effective,  particularly  in  medium- and  high-risk 

With  LVADs  becoming  a  credible  option  for 

patients  with  expected  prolonged  waiting  times, 

heart  transplantation,  its  comparison  with  HTx  for 

renal  dysfunction,  and  young  patients  (Seco  et  al. 

patients  with  advanced  heart  failure  and  post-HTx 

2017). BTT-LVAD  Score,  a  33-point  scoring,  was 

comparison  of  LVAD  and  non-LVAD  patients  is 

created  from  six  recipient  variables  and  two  donor 

inevitable.  Analysis  of  the  UNOS  database 

variables;  it  can  predict  1-year  mortality  in  LAVD 

between  2008  and  2018  highlights  1-year  post-

patients  undergoing  transplants  and  serve  as  a 

transplant  mortality  in  patients  supported  with 

clinical  decision  tool  to  guide  therapeutic  deci-

durable  LVAD  at  9.8%  (Okoh  et  al. 2022). 

sions  in  advanced  heart  failure  patients  (Okoh 

LVAD  in  transplant  recipients  is  associated  with 

et  al. 2022). 

increased  1-year  mortality  in  multivariable  ana-

Traditionally, 

LVAD 

support 

in 

chronic 

lyses  with  a  hazard  ratio  of  1.29  (Khush  et  al. 

end-stage  heart  failure  is  segregated  into  BTT  and
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in  transplant-ineligible  patients  as  DT.  Patients 

for  pump  thrombosis  (Najjar  et  al. 2014). The 

selected  for  DT  have  inferior  outcomes  compared 

PREVENT  study  showed  that  the  adherence  to  a 

to BTT quite unsurprisingly due to higher age, high 

typical  surgical  technique,  bridging  patient  with 

pulmonary 

vascular 

resistance, 

and 

other 

heparin  during  implant,  early  initiation  of  warfa-

comorbidities  that  precluded  them  from  being 

rin  and  aspirin,  maintaining  the  patient  with  goal 

transplant  candidates.  The  2-year  survival  in  HM2 

INR  of  2.0–2.5,  maintaining  higher  pump  speed 

used  as  destination  therapy  in  the  pivotal  trial  and 

and  mean  arterial  pressure  below  90  mmHg  was 

post-approval  study  was  58%  and  62%,  respec-

associated  with  a  low  incidence  of  early  pump 

tively 

(Jorde 

et 

al. 

2014). 

However, 

in 

thrombosis  with  HMII  (Maltais  et  al. 2017).  Man-

MUMEMTUM  3  trial,  13.5%  of  the  patients  who 

agement  of  pump  thrombosis  includes  pharmaco-

were  initially  deemed  as  transplant  ineligible 

logical 

therapy 

with 

anticoagulants 

and 

underwent  HTx  within  2  years  of  LVAD  implant 

thrombolytics,  invasive  therapy  like  catheter-

(Goldstein  et  al. 2020). There  is  sufficient  evidence 

directed  thrombectomy  and  surgery  of  device 

to  support  LVAD  use  regardless  of  transplantation 

exchange  (Gurbel  et  al. 2018;  Dang  et  al. 2017). 

eligibility  status,  as  long  as  patients  are  carefully 

Surgical  pump  exchange  is  superior  to  medical 

selected  and  program  infrastructure  and  budget  are 

therapy  with  a  higher  success  rate  of  pump  throm-

adequate  (Boothroyd  et  al. 2013).  Classification  of 

bosis  resolution,  lower  mortality  rate,  and  lower 

patients  into  BTT  and  DT  based  on  current  or 

recurrence  rate  (Luc  et  al. 2019).  Device  failure  is 

future  transplant  eligibility  should  be  discouraged. 

an  uncommon  complication,  but  its  incidence 

The  miniaturization  of  the  LVADs  over  the 

increases  with  the  duration  of  the  device.  A 

generations  encouraged  thoracotomy  approaches 

meta-analysis  looking  for  causes  of  device  failure 

for  implantation  potentially  sparing  sternotomy 

found  pump  thrombosis  as  the  most  common 

with  the  advantage  of  easier  dissection  during 

cause  of  device  failure  (50.5%),  followed  by 

heart  transplantation.  In  addition,  recent  meta-

lead  or  cable  damage  (21.7%),  mechanical  pump 

analyses  have  shown  a  reduced  incidence  of 

failure  (11.6%),  device-related  infection  (11.1%), 

RVF,  bleeding,  blood  transfusion,  ICU  stays, 

and  surgical  complications  from  implantation 

device-related  infections,  kidney  failure,  and  mor-

(2.5%)  (Xie  et  al. 2014). 

tality  with  the  thoracotomy  approach  when  com-

Infections  by  far  remain  the  most  common 

pared  to  the  sternotomy  (Worku  et  al. 2021; 

complication  in  LVAD  patients  and  younger  age, 

Mariani  et  al. 2021). 

higher  body  mass  indices,  and  unsurprisingly, 

longer  LVAD  support  times  are  the  risk  factors. 

LVAD-related  infections  are  responsible  for 

Complications  of  LVADs 

urgent  heart  transplantation  in  these  patients,  and 

ironically,  they  result  in  a  30%  increase  in  post-

LVAD-specific  complications  are  device  pump 

cardiac  transplantation  mortality  (Chahal  et  al. 

thrombosis, 

malfunction/failure, 

and 

suction 

2019). Driveline  infections  are  the  most  common 

event,  while  LVAD-associated  complications 

infections  associated  with  the  LVADs,  usually 

include  bleeding,  cerebrovascular  event,  infec-

appear  late  in  the  therapy,  and  are  difficult  to 

tion,  right  ventricular  failure,  dysrhythmia,  and 

eradicate  but  can  be  treated  with  local  debride-

aortic  regurgitation  (Long  et  al. 2019).  Although 

ment and systemic antibiotics (O’Horo et al. 2018; 

pump  thrombosis  is  the  most  dreaded  complica-

Patel  et  al. 2020). Bloodstream  infections  are 

tion  of  LVAD,  it  is  a  relatively  uncommon  occur-

infrequent 

but 

are 

associated 

with 

stroke 

rence  (less  than  0.04  events  per  patient-year)  with 

(Kanjanahattakij  et  al. 2018).  Device  exchange 

contemporary  studies  quoting  incidence  between 

for  device-specific  infection  carries  significant 

2%  and  11%  (McNamara  et  al. 2021). Analysis  of 

mortality  and  morbidity  and  does  not  confer  a 

pump  thrombosis  in  HeartWare  revealed  elevated 

significant  advantage  compared  to  other  infection 

blood  pressure  and  suboptimal  anticoagulation 

control  modalities  in  terms  of  overall  mortality 

and  antiplatelet  therapies as significant risk  factors 

and  infection  recurrence  (Bauer  et  al. 2019). 

21

LVADs, BiVADs, and TAHs

337

Stroke  is  a  major  cause  of  morbidity  and  mor-

worsening  hepatic  or  renal  dysfunction  which  is 

tality  in  patients  supported  with  LVAD  and  affects 

further  graded  into  mild,  moderate,  and  severe 

around  one-tenth  of  the  population  (Cho  et  al. 

RVF;  severe,  that  need  inotropes,  inhaled  nitric 

2017; Carroll  et  al. 2021). The  risk  of  stroke  and 

oxide  or  intravenous  vasodilators  beyond  14  days 

death  among  patients  with  stroke  is  bimodal,  with 

of implant, and  requirement  for  RVAD (Rame  et al. 

the  highest  risk  at  the  time  of  implant  and  increas-

2021;  Kirklin  et  al. 2014). The  incidence  of  RVF 

ing  risk  again  after  9–12  months  (Frontera  et  al. 

varies across studies but is approximately 5% if it is 

2017). Management  of  modifiable  risk  factors  like 

defined  by  the  need  for  a  postoperative  RVAD  and 

tobacco  use,  bacteremia,  pump  thrombosis,  pump 

15–20%  if  the  definition  also  includes  the  need  for 

infection,  and  hypertension  may  reduce  stroke  and 

prolonged  inotropes,  typically  beyond  7–14  days 

mortality  rates  (Frontera  et  al. 2017).  A  meta-

after implantation (McNamara et al. 2021; Lampert 

analysis  comprising  almost  4000  LVAD  patients 

and Teuteberg 2015). The Intermacs registry shows 

found  an  increased  relative  risk  of  mortality 

a  3.9%  incidence  of  RVAD  requirement  within 

(RR  =  1.45,  95%  CI:  1.10–1.91,  p  =  0.01)  for 

14  days  of  LVAD  implant,  and  the  preimplant 

ICH  patients  undergoing  surgical  intervention 

characteristics  associated  with  RVAD  use  include 

(65.5%) 

compared 

to 

medical 

management 

elevated  right  atrial  pressure,  reduced  pulmonary 

(45.2%)  (Carroll  et  al. 2021). 

artery  pulse  pressure,  reduced  stroke  volume, 

Gastrointestinal  bleeding  (GIB)  is  another 

Intermacs  patient  profiles  1  and  2,  the  need  for 

common  complication  suffered  by  almost  a  quar-

preoperative  ECMO  or  renal  replacement  therapy, 

ter  of  LVAD  patients.  The  most  common  cause  is 

severe  preimplant  tricuspid  regurgitation,  history 

GI  angiodysplasia;  however,  older  age  and  ele-

of  cardiac  surgery,  and  concomitant  procedures 

vated  creatinine  are  found  to  be  the  additional  risk 

other  than  tricuspid  valve  repair  at  the  time  of 

factors  (Draper  et  al. 2014). While  death  due  to 

LVAD  (Kiernan  et  al. 2017). While  most  cases  of 

GIB  is  rare,  cessation  of  anticoagulation  during 

acute  RVF  are  managed  by  inotropes  and  diuretics, 

treatment  increases  the  risk  of  subsequent  throm-

approximately  4%  need  MCA  with  percutaneous 

botic  events  (Carlson  et  al. 2020).  Aortic  insuffi-

or  invasive  RVAD  (Molina  et  al. 2021). 

ciency  (AI)  occurs  in  almost  25%  of  patients 

Late  RVF  is  associated  with  significantly 

during  LVAD  therapy  and  may  require  aortic 

higher  mortality, stroke, gastrointestinal  bleeding, 

valve  replacement  or  heart  transplant.  Advanced 

and  rehospitalization  (Rame  et  al. 2021).  Late 

age,  longer  support  duration,  continuous-flow 

RVF  was  defined  as  inotropes  starting  >14  days 

pumps,  and  a  closed  aortic  valve  are  associated 

after  LVAD  implantation  in  the  HeartMate  II  trial, 

with  AI  (Deo  et  al. 2014).  Transcatheter  aortic 

and  its  incidence  was  7%  (Kormos  et  al. 2010). 

valve  replacement  (TAVR)  may  be  a  viable  treat-

Other  series  defining  late  RVF  as  requiring 

ment  option  in  this  condition  with  the  potential  for 

rehospitalization  and  medical  or  surgical  treat-

better  inpatient  mortality  and  inpatient  outcomes 

ment  for  RVF  after  the  index  hospital  discharge 

compared  to  patients  who  undergo  surgical  valve 

found  it in  11%  of  patients  at a median  of  141  days 

replacement  (Zaidi  et  al. 2022). Percutaneous 

after  LVAD  implantation  (Takeda  et  al. 2015). 

interventions  for  AI  in  CF-LVAD  patients  with 

STS  Intermacs  database  shows  the  incidence  of 

TAVR  and  closure  devices  are  promising  and 

RVF  at  3,  6,  and  12  months  post-LVAD  catego-

demonstrate  similar  efficacy  in  significantly 

rized  as  mild  in  5%,  6%,  and  6%  and  moderate  in 

reducing  severe  AI  (Phan  et  al. 2017). 

5%,  3%,  and  3%,  respectively,  while  in  patients 

Right  ventricular  failure  (RVF)  following 

surviving  3  months  with  LVAD  support  alone, 

LVAD  implantation  can  be  broadly  categorized 

mild  or  moderate  RVF  occurred  in  nearly  1  of 

into  early  and  late  depending  upon  onset  before 

10  patients  at  12  months  (Rame  et  al. 2021). 

or  after  discharge  from  the  hospital  following  pri-

Echocardiography-guided  optimization  of  pump 

mary  implant.  Intermacs  defines  acute  RVF  as  ele-

speed  to  avoid  left-sided  septal  shift  and  adequate 

vation  of  central  venous  pressure  (CVP)  and  its 

diuresis  is  a  key  to  preventing  and  managing 

manifestations, 

such 

as 

edema, 

ascites, 

or 

late  RVF. 
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The  tricuspid  annular  plane  systolic  excursion 

short-term  VADs  as  an  option  to  TAH  where  it 

could  be  a  reliable  parameter  in  RVF  prediction. 

was  not  available.  Important  advantages  durable 

The  right  ventricular  fractional  area  change  and 

BiVAD  offers  over  the  cheaper  short-term  RVAD 

global  longitudinal  strain  are  likely  to  be  stronger 

as  an  adjunct  to  durable  LVAD  are  early  ambula-

predictors  of  RVF  after  LVAD  implantation 

tion,  shorter  ICU  stay,  discharge  from  hospital, 

(Chriqui  et  al. 2021). The  EUROMACS-RHF 

and  time  for  recovery  before  candidacy  for  heart 

risk  score,  a  9.5-point  risk  score  incorporating 

transplantation.  It  is  a  destination  therapy  for 

five  variables  (Intermacs  class,  use  of  multiple  patients  currently  ineligible  for  transplantation 

inotropes,  severe  right  ventricular  dysfunction  on 

until  they  become  a  candidate  for  one.  However, 

echocardiography,  ratio  of  right  atrial/pulmonary 

the  challenges  while  adapting  an  LVAD  pump  as 

capillary  wedge  pressure,  and  hemoglobin),  out-

an  RVAD  would  be  (i)  volume-dependent 

performs  previously  published  scores  and  may  be 

low-pressure  side  of  the  heart,  (ii)  overflowing  of 

useful  for  tailored  risk-based  clinical  assessment 

pulmonary  circulation  due  to  low  afterload,  (iii) 

and  management  of  patients  with  advanced  HF 

long  inflow  cannula,  (iv)  high  risk  of  thrombosis, 

evaluated  for  ventricular  assist  device  therapy 

and  (v)  choice  of  the  site  of  the  implant  between 

(Soliman  et  al. 2018). 

the  right  atrium  and  right  ventricle—in  that  ante-

rior  or  inferior  wall. 

The  LVADs  are  built  to  perform  against  sys-

BiVADs 

temic  pressure  which  is  significantly  higher  com-

pared  to  pulmonary  pressure  and  their  utilization 

Approximately  15%  of  patients  suffer  severe  RVF 

as  RVAD  may  cause  flooding  of  pulmonary  circu-

before  LVAD  implantation  and  4%  require  addi-

lation  at  the  company  recommended  speed 

tional  RVAD  during  the  same  operative  procedure 

required  to  prevent  pump  thrombosis.  Among 

(Intermacs  annual  report  2020)  (Molina  et  al. 

the  first  series  that  reported  the  use  of  HAVD  as 

2021). Multiple  ventricular  assist  devices  have 

durable  RVAD,  the  afterload  in  pulmonary  circu-

been  used  for  biventricular  support  including  the 

lation  was  matched  with  the  systemic  circulation 

paracorporeal  BiVADs  (p-BiVAD),  implantable 

level  by banding of the outflow tract  with a proline 

BiVAD,  HeartWare  HVAD,  and  HM2  (Shah  et  al. 

suture  (Krabatsch  et  al. 2011)  while  others  pre-

2018). Utilization of durable CF-LAVD in the form 

ferred  a  low  RVAD  flow  instead  (Strueber  et  al. 

of  HAVD  for  BiVAD  in  17  patients  was  reported 

2010). With  the  stable  rotor  position  even  at  lower 

by  the  Berlin  group  with  82%  30-day  survival  and 

speed  settings,  the  HM3  device  can  be  run  at  a 

59%  discharge  to  home  survival  (Krabatsch  et  al. 

lower  speed  than  recommended,  and  this  makes 

2011).  In  a  follow-up  paper  with  39  patients,  the 

the  banding  procedure  unnecessary  (Eulert-Grehn 

group  identified  30-day  and  1-year  survival  of 

et  al. 2018). 

72.7% and 45%, respectively, with only one patient 

The  right  side  of  the  heart  has  low-pressure 

getting  transplanted  (Eulert-Grehn  et  al. 2018). A 

chambers  with  thinner  and  collapsible  walls  com-

larger  (93  patients)  multicenter  retrospective  study 

pared  to  the  left  ventricle.  Implantation  of  the 

utilizing  HVAD  in  RVAD  position  revealed  1  and 

LVADs  built  for  LV  apical  implantation  into  the 

2  years  of  survival  (56%  and  47%)  independent  of 

right  side  chambers  leads  to  excessive  protrusion 

the  location  of  RVAD  (RA  or  RV)  and  the  interval 

of  the  inlet  cannula  with  a  higher  risk  of  contact 

between  LVAD  and  RVAD  implant  (Marasco  et  al. 

with  the  chamber  walls  or  valve  apparatus.  The 

2020). Today,  with  HM3  as  the  only  durable  VAD 

risk  of  inlet  obstruction  with  tricuspid  valve,  intra-

available  for  commercial  use,  the  durable  BiVAD 

ventricular  septum,  or  RV  trabeculae  that  may 

implantation  would  involve  its  utilization  to  sup-

lead  to  suction  events  and  low  pump  flow  and 

port  both  the  ventricles  and  its  use  on  the  right  side 

potential  pump  thrombosis  can  be  minimized  by 

heart  will  be  off-label. 

reducing  the  inlet  length  inside  the  chambers. 

Utilization  of  durable  VAD  to  support  failing 

Reduction  of  intra-chamber  inlet  length  up  to 

right  heart  was  adapted  from  the  utilization  of 

1  cm  was  achieved  by  the  use  of  custom-made
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PTFE  felt  ring  stack  or  silicon  rings  (Krabatsch 

implanted  orthotopically  following  cardiac  exci-

et  al. 2011; Tran  et  al. 2018). 

sion  (Copeland  et  al. 2003). 

Pump  thrombosis  is  seen  more  frequently  in 

The  pivotal  trial  conducted  in  the  USA  span-

RVADs 

(approximately 

30%) 

compared 

to 

ning  over  a  decade  involving  the  implantation  of 

LVADs  probably  due  to  higher  thrombogenicity 

the TAH in  81 patients showed  a rate  of  survival  to 

on  account  of  different  pressure  and  flow  patterns 

transplantation  of  79%  along  with  1  and  5  years 

on  the  right  heart  and  ingestion  of  microthrombi 

posttransplant  survival  rates  of  86%  and  64%, 

originating from the peripheral deep venous system 

respectively  (Copeland  et  al. 2004).  Post-market 

and  parts  tricuspid  valve  apparatus  (Eulert-Grehn 

approval study conducted in 15 centers worldwide 

et al. 2018; Arabía et al. 2018; Maynes et al. 2020a; 

had  75.5%  of  the  recruited  patients  successfully 

Bernhardt  et  al. 2015). Unstandardized  implant 

transplanted  (Slepian  et  al. 2012). By  now,  it  has 

site,  pump  vulnerable  to  malposition,  longer 

been  implanted  in  about  2000  patients  (Copeland 

intracavitary  inlet,  lower  pump  speed  to  avoid  pul-

et  al. 2021). 

monary  edema,  excessive  trabeculae,  and  intricate 

One  of  the  important  risk  factors  for  the  sur-

tricuspid  valve  apparatus  are  also  responsible  for  a 

vival  of  patients  supported  with  TAH  is  implanta-

higher  incidence  of  pump  thrombosis  in  RVADs. 

tion  in  low-volume  centers  (Arabía  et  al. 2018).  In 

Incidence  of  pump  thrombosis  is  found  signifi-

a  recent  multicenter  study  conducted  at  high-

cantly  less  in  RA  implants  in  some  series  (Shehab 

volume  TAH  implant  centers  in  the  USA,  almost 

et  al. 2016).  Anticoagulation  targeting  higher  INR 

two-thirds  of  patients  implanted  with  a  t-TAH 

supplemented 

with 

antiplatelet 

agents 

and 

were  transplanted  with  a  posttransplant  survival 

maintaining  RVAD  speed  above  the  recommenda-

of  84%,  79%,  and  74%  at  1  year,  2  years,  and 

tion  should  decrease  the  incidence  of  this  compli-

5  years,  respectively  (Carrier  et  al. 2021).  In 

cation.  In  the  case  of  right  ventricular  functional 

France,  61%  of  patients  supported  with  the  TAH 

recovery,  some  series  reports  leaving  RVAD  in 

were  transplanted  after  a  mean  of  97  ±  98  days  of 

place  in  a  nonfunctional  state  (Potapov  et  al. 

support  and  the  actuarial  survival  rates  were  78%, 

2012). RA  cannulation  compared  to  RV  cannula-

71%,  and  63%  at  1,  5,  and  8  years,  respectively, 

tion  shows  a  trend  toward  better  outcome  probably 

after  transplantation  which  was  similar  to  that  of 

due  to  additional  space  in  the  right  pleural  space  in 

patients  undergoing  primary  heart  transplanta-

RA  implant  compared  to  intrapericardial  RVAD 

tion  (Kirsch  et  al. 2013). Robust  training  facilities, 

placement  with  possible  compression  of  the 

experience,  and  expertise  in  implantation  and 

RVAD  into  the  RV and  ventricular  septum  and  the 

postoperative  management  available  at  high-

risk  of  VAD  ingestion  of  the  tricuspid  valve  in  case 

volume  centers  are  key  to  such  outstanding 

of  the  latter  (Arabía  et  al. 2018;  Maynes  et a l  . 

outcomes. 

2020a).  However,  some  series  did  not  find  this 

Historically,  the  70  cc  TAH  was  only  consid-

difference  (Marasco  et  al. 2014). 

ered  for  patients  with  a  body  surface  area  (BSA) 

>1.7  m2  and  an  anteroposterior  distance  from  the 

sternum  to  the  tenth  thoracic  vertebra  of  at  least 

TAH 

10  cm  mainly  to  prevent  compression  of  inferior 

vena  cava  and  left-sided  pulmonary  veins 

The  SynCardia  TAH  (TAH,  SynCardia  Systems, 

(Copeland  et  al. 2003).  A  smaller  50  cc  device 

Tucson,  AZ)  is  the  only  biventricular  cardiac 

was  introduced  by Syncardia  that can  be used  for a 

replacement  approved  for  the  bridge  to  transplan-

patient  with  BSA  >1.2  m2 .  The  50  cc  TAH  trial 

tation  by  the  US  Food  and  Drug  Administration 

conducted  in  North  America  and  Europe  with 

(FDA)  and  which  carries  the  European  Union  CE 

implantation  in  28  patients  with  a  median  weight 

mark  (Copeland  et  al. 2021). It  is  a  pneumatically 

of  65  kg  and  median  BSA  of  1.7  m2  with  a  median 

driven,  pulsatile,  biventricular  replacement  sys-

support  duration  of  66  days  had  50%  of  the  pop-

tem  capable  of  outputs  >9  L/min  that  is  surgically 

ulation  either  transplanted  or  alive on  the  device  at
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the  time  of  trial  report  (Wells  et  al. 2017).  The 

managed  with  inotropes,  inodilators,  diuretics, 

50  cc  device  was  welcomed  apart  from  small 

and  temporary  mechanical  RV  support  for  a  few 

adults  for  pediatric  use.  Until  2019,  51  children 

days  to  weeks.  While  most  can  be  discharged 

(<18  years  old)  received  Syncardia  TAH  world-

home  and  bridged  to  transplant,  some  continue 

wide  (15  with  the  50  cc  TAH-t)  with  73%  and 

to  suffer  chronic  or  late  RHF  despite  optimum 

66%  of  patients  being  transplanted  with  50  cc  and 

medical 

therapy 

progressing 

to 

permanent 

70  cc  devices,  respectively  (Villa  et  al. 2020). 

end-organ  damage,  frequent  hospital  admissions, 

TAH  entails  the  replacement  of  ventricles  with 

poor  quality  of  life,  and  increased  complications 

mechanical  pumping  chambers  with  no  chance  of 

like  stroke  and  bleeding,  ultimately  preventing 

recovery,  leaving  the  patient  with  a  noticeably 

them  candidacy  for  HTx.  On  the  other  hand, 

loud  machine  until  the  heart  transplantation,  pro-

planned  MCA  for  RHF  protects  the  patient  from 

vided  they  become  a  candidate  for  one  and  found 

right  heart  failure  leading  to  faster  recovery,  dis-

a  suitable  donor.  Patients  should  be  given  a  full 

charge  from  hospital,  and  a  bridge  to  transplanta-

idea  of  this  situation  and  can  also  be  acquainted 

tion;  however,  it  also  carries  an  additional  risk  of 

with  another  patient  with  TAH  before  consenting 

device-related  complications  and  inferior  survival 

to  the  procedure.  The  TAH  implantation  in 

pre- and  posttransplant.  While  some  small  single-

urgency  in  sedated  patients  can  cause  apprehen-

center  series  report  higher  mortality  risk  with  a 

sion,  disappointment,  and  denial  when  these 

delayed  RVAD  implantation  after  LVAD,  larger 

patients  wake  up  and  therefore  should  be  consid-

multicenter  series  did  not  find  this  difference 

ered  carefully  after  family  discussions. 

(Fitzpatrick  et  al. 2009;  Takeda  et  al. 2014).  It  is 

difficult  to  strike  the  balance;  however,  patients 

with  full  fledge  symptomatic  RVH,  echocardio-

Strategy 

graphic  and  biochemical  evidence  of  RVF  along 

with  Euromacs  Scores  in  a  higher  spectrum  can  be 

Patients with left ventricular failure with up to a mild 

considered  for  planned  BiVAD  that  would  avoid 

degree  of  right  heart  failure  requiring  long-term 

prolonged  ICU  and  hospital  stays  and  other 

MCA  for  various  reasons  are  unquestionably  candi-

RHF-related  complications.  In  patients  with  mod-

dates  for  durable  LVAD.  However,  it  is  challenging 

erate  RVF,  the  LVAD  can  be  implanted  followed 

to  tailor  a  strategy  for  patients  with  moderate  and 

by  short-term  RVAD  if  medical  therapy  is  inade-

severe  right  heart  failure. 

quate  to  control  the  RVF,  and  if  the  short-term 

Principle  strategic  issues  that  need  addressing 

RVAD  cannot  be  weaned  within  a  week,  it  can 

while  choosing  appropriate  MCA  in  this  set  of 

be  replaced  with  a  durable  VAD  (see  Fig. 1). 

patients  are: 

(i)  Timing  of  addition  of  MCA  for  RHF— 

Short-Term  RVAD  versus  Durable 

planned  or  as  and  when  required 

Biventricular  Support  with  BiVAD 

(ii)  Type  of  MCA  for  RHF—short-term  or 

or  TAH 

durable  MCA 

(iii)  Type  of  durable  MCA  for  RHF—BiVAD  or 

With  some  clarity  about  the  timing  of  the  institu-

TAH 

tion  of  MCA  for  RHF,  the  next  choice  is  for  the 

type  of  the  MCA—short-term  or  durable.  In  the 

The  decision  to  implant  BiVAD  could  be  diffi-

case  of  preoperative  severe  RHF  with  planned 

cult  as,  despite  low  scores  on  a  variety  of  RHF 

intervention  to  support  both  ventricles,  the 

scoring  systems,  pre-optimization  and  precau-

options  are  durable  BiVAD  and  TAH.  Whereas 

tions  during  LVAD  implant,  a  significant  number 

in  case  of  unexpected  uncontrolled  RHF  follow-

of  the patient develop acute RHF  following  LVAD 

ing  durable  LVAD,  the  options  are  short-term 

implant  (McNamara  et  al. 2021; Lampert  and 

RVAD  (percutaneous  or  via  sternotomy)  or  dura-

Teuteberg  2015).  Most  of  these  patients  are 

ble  RVAD  (MH3). 

[image: Image 87]

21

LVADs, BiVADs, and TAHs

341

Fig.  1  Choice  of  MCA  in  biventricular  failure 

French  (GRAM)  registry  comparing  TAH, 

who  died  exhibiting  mobility  and  discharge-

CF-BiVAD  and  paracorporeal  BiVAD  (p-BiVAD) 

ability  to  home  as  the  advantage  of  CF-BiVAD 

showed  no  difference  in  the  actuarial  estimates 

(Arabía  et  al. 2018). 

for  survival  while  on  support  (75.2%,  61.1%, 

With  this  compelling  evidence  of  comparison 

and  56.8%  at  30,  90,  and  180  days,  respectively) 

between  the  short-term  RVAD  and  durable  MCA 

or  posttransplant  (81.7%,  75.3%,  73.0%,  and 

for  RHF  in  terms  of  durable  BiVAD  and  TAH, 

64.7%  at  1  month  and  1,  3,  and  5  years,  res-

patients  with  moderate  or  less  severe  RHF  deter-

pectively)  (Kirsch  et  al. 2013).  Another  study 

mined  by  clinical,  laboratory,  echocardiographic, 

comparing  p-BiVAD  and  TAH  as  a  BTT  showed 

and  hemodynamic  parameters  supported  with 

no  difference  in  the  mean  duration  of  device  sup-

available  scoring  systems  to  predict  post-LVAD 

port  (79  vs.  71  days),  BTT  (63%  from  both 

RV  failure  should  undergo  only  LVAD  implanta-

groups),  death  on  support  (39%  vs.  37%),  survival 

tion  with  all  the  precautions  to  prevent  RHF. 

while  on  device  or  survival  posttransplant  at 

While  several  scoring  systems  have  been 

1  year  (76%  vs.  77%),  and  at  5  years  (58% 

published  based  on  observational  cohort  studies 

vs.  70%)  (Nguyen  et  al. 2015).  This  shows  that 

to  predict  the  post-LVAD  RVF,  none  is  found 

TAH  does  not  have  much  advantage  over  the 

reliable 

in 

clinical 

practice 

(Lampert 

and 

short-term  MCA  in  places  where  the  donor  organs 

Teuteberg  2015). No  doubt,  the  clinical  condition 

are  available  within  a  short  span  of  time  and  the 

of  the  patient,  the  heart  and  the  end  organs  along 

patients  can  be  kept  hospitalized  until  trans-

with  the  scoring  systems  offer  us  a  probability  of 

planted.  A  10-year  review  of  the  Intermacs  regis-

RVF  after  LVAD  implantation,  addressing  RVF 

try  comparing  patients  receiving  CF-Bi-VAD  and 

preemptively  with  a  planned  BiVAD  or  TAH  is  a 

CF-LVAD  plus  temporary  RVAD  showed  no  dif-

big  undertaking.  It  obviates  any  chance  of  spon-

ference  at  6  months  in  patients  alive  on  the  orig-

taneous  myocardial  recovery  or  coping  of  the 

inal  device,  patients  transplanted,  and  patients 

right  ventricle.  Therefore,  unless  the  RVF  is

[image: Image 88]
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Fig.  2  Comparison  of  strategies  for  post-LAVD  RVF 

established  with  no  chance  of  recovery,  the 

TAH  Vs  BiVAD 

patients  deserve  a  chance  with  only  LAVD  and  if 

required a short-term RVAD. Figure 2 summarizes 

the  advantages  and  drawbacks  of  the  two  strate-

Finally,  in  whatever  circumstance—planned  or 

gies  utilized  in  post-LVAD  RVF. 

unplanned—once  the  decision  is  made  in  favor 

Should  the  post-LVAD  RHF  is  not  controlled 

of  durable  MCA  for  RHF,  we  have  to  choose 

with  medical  therapy,  the  short-term  RVAD 

between  durable  BiVAD  and  TAH.  Both  the 

should  be  implanted  as  soon  as  possible.  If  the 

devices  are  in  use  for  more  than  25  years  now, 

short-term  RVAD  could  not  be  weaned  within  a 

and  both  have  seen  vast  development  in  the  tech-

week  of  its  implantation,  more  durable  options— 

nology,  implant  technique,  and  management  over 

durable  RVAD  or  TAH—should  be  considered 

the  years,  as  mentioned  in  this  chapter  earlier. 

without  much  further  delay. 

BiVAD  and  TAH  are  highly  complex  surger-

This 

is 

because, 

traditionally 

short-term 

ies,  performed  sparsely  only  at  experienced  cen-

RVADs  are  left  as  subsidiary  devices,  supporting 

ters  and  require  expertise  to  implant  and  manage 

“intraoperative”  RVF  for  weeks  to  months  ham- the  devices  postoperatively.  Although  they  both 

pering  ambulation,  discharge,  and  candidacy  for 

address  biventricular  failure,  they  have  unique 

HTx  with  significant  morbidity  and  mortality 

indications,  mechanisms,  and  outcomes  from  a 

related  to  it.  Moreover,  these  patients  where  the 

bridging  point  of  view.  While  BiVAD  involves 

short-term  RVAD  is  weaned  over  weeks  suc-

the  implantation  of  an  additional  durable  VAD 

cumb  to  the  RVF  after  RVAD  explantation  and 

on  the  right-sided  chambers,  the  TAH  implies  to 

are  difficult  to  manage  with  medical  therapy. 

replacement  of  native  ventricles  with  pneumatic 

The  post-LAVD  RVF  unamenable  to  the  short-

pumping  chambers.  Figure  3  summarizes  the 

term  RVAD  support  should  be  identified  at  an 

advantages  and  drawbacks  of  durable  BiVAD 

early  stage  and  should  be  addressed  with  

and  TAH. 

BiVA D or TAH. 

According  to  the  UNOS  database,  waitlist  sur-

vival  of  TAH  and  BiVAD  is  not  significantly

[image: Image 89]
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Fig.  3  Comparison  of  durable  BiVAD  and  TAH 

different  at  30  days  (95  vs.  93%)  or  1  year  (77  vs. 

inferior  survival  in  the  TAH  group  (Cheng  et  al. 

69%)  (Cheng  et  al. 2016).  The  French  GRAM 

2016).  Ninety-four  percent  of  the  patients  in  the 

registry  shows  comparatively  inferior  but  similar 

BiVAD  cohort  were  supported  with  pulsatile 

survival  in  patients  supported  with  these  devices 

devices.  Another  study  based  on  the  UNOS  data-

at  30  days  and  3  months  (75%  and  61%,  respec-

base  comparing  TAH  and  BiVADs  with  77%  dura-

tively)  (Kirsch  et  al. 2012). The  seventh 

ble  CF-BiVADs,  however,  again  showed  similar 

INTERMACS  annual  report  (data  between  2012 

posttransplant  survival  with  TAH  and  BiVAD 

and  2014)  revealed  no  significant  difference  in  the 

(30  days:  91.5%  vs.  91.0%;  1  year:  81.0% 

1-year  survival  on  TAH  and  BiVAD  support  (59% 

vs.  80.3%;  5  years:  66.1%  vs.  58.9%)  (Grimm 

and  56%,  respectively)  (Kirklin  et  al. 2015). The 

et  al. 2016). A  meta-analysis  comparing  TAH  and 

2-year 

survival 

according 

to 

the 

2020 

CF-BiVAD,  in  particular,  HVAD  showed  similar 

INTERMACS  report  is  49%  for  patients  on 

overall  mortality  (TAH  36%;  BiVAD  26%)  at 

CF-BiVAD  support  and  40%  for  those  on  TAH 

4  months  mean  follow-up,  mortality  on  device 

support  (Molina  et  al. 2021). 

support  (26  vs.  21%),  and  incidence  of  the  BTT 

While  few  TAH  and  durable  BiVADs  are 

(68  vs.  61%);  however,  BiVAD  patients  had  a 

implanted  as  destination  therapy,  most  implants 

longer  average  duration  of  support  compared  to 

are  intended  as  a  bridge  to  transplant.  A  major 

TAH  (167  vs.  71  days)  and  higher  incidence  of 

study  based  on  the  UNOS  database  comparing 

discharge  to  home  (73%  vs.  6%)  (Maynes  et  al. 

outcomes  of  TAH  and  durable  BiVAD  after  heart 

2020b). 

transplantation  showed  slightly  inferior  survival  in 

Without  proven  superiority  of  the  devices 

TAH  patients  (78  vs.  83%  and  67  vs.  73%  at  1  and 

(TAH  and  durable  BiVADs)  over  each  other,  the 

3  years)  did  not  reach  statistical  significance  and 

choice  between  them  comes  down  to  the  chance 

further  analysis  showed  that  the  higher  creatinine 

of  bridge  to  recovery,  chest  size,  patient’s  wishes, 

before  the  transplant  was  responsible  for  the 

availability  of  the  device,  and  expertise  of  the
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team  implanting  and  managing  the  devices.  Dura-

to  the  LVADs—not  to  forget  that  this  group  of 

ble  BiVAD  due  to  familiarity  of  teams  with  the 

patients  have  right  heart  failure  in  addition  to  the 

VADs  remains  the  default  option  in  most  centers 

left,  unlike  LVAD  patients. 

especially  when  the  TAH  and  essential  implanting 

The  durable  RVAD  implantation  technique  is 

and  managing  expertise  are  not  available.  The 

not  standardized  yet  nor  the  device  is  recognized 

TAH  is  a  preferred  option  in  severe  refractory 

for  use  on  the  right-sided  chambers.  Further  expe-

arrhythmia,  hypertrophic,  restrictive,  infiltrative 

rience  in  this  field  would  help  decipher  the  best 

cardiomyopathies,  LV  thrombus,  complex  con-

site  for  the  RVAD  implantation  as  well  as  set 

genital  heart  disease,  tumor  unamenable  to  resec-

parameters  of  device  flow,  anticoagulation,  and 

tion,  and  ventricular  failure  in  presence  of 

troubleshooting.  A  customized  VAD  for  the  right 

mechanical  valve  and  structural  defects. 

side  with  a  shorter  inlet,  adaptability  to  the 

low-pressure  right  side,  and  a  single  console  man-

aging  biventricular  VADs  will  be  ideal. 

Conclusions 
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Abstract 

involving  multiple  organs,  with  decreased 

Patients  undergoing  durable  mechanical  circu-

resistance  to  stressors  that  increase  in  preva-

latory  support  (MCS)  are  increasingly  elderly 

lence  with  age.  Frailty  is  a  marker  for  increased 

patients  70  years  of  age  and  older  who  are  not 

risk  of  adverse  events  and  mortality  across 

transplant  candidates  and  undergoing  destina-

many  disease  states,  and  recent  studies  have 

tion  therapy  for  advanced  heart  failure  (AHF). 

shown  that  in  addition  to  aging,  frailty,  and 

Several  studies  have  demonstrated  that  care-

malnutrition  can  significantly  increase  the  risk 

fully  selected  older  patients  for  MCS  have 

of  poor  outcomes  after  an  MCS  implant. 

similar  clinical  outcomes  as  their  younger 

Although  there  is  no  consensus  on  the  method 

counterparts.  Frailty  is  a  physiologic  state 

of  measuring  frailty,  common  frailty  measure-

ments  used  in  AHF  are  the  Fried  phenotype 

score  and  the  Rockwood  Frailty  Index.  Nutri-

tional  evaluation  has yet  to be  extensively stud-
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used malnutrition assays  to predict outcomes in 

patients,  hypoalbuminemia  may  be  a  result  of 

patients  before  MCS  implant. 

inflammation,  fluid  overload,  malnutrition,  and 

renal  dysfunction.  This  results  in  decreased 

Keywords 

oncotic  pressure,  which  contributes  to  the  familiar 

symptoms  of  heart  failure,  including  peripheral 

Nutrition  ·  Frailty  ·  Age  ·  Sarcopenia  · 

and  pulmonary  edema  (Don  and  Kaysen  2004). 

Functional  status 

Hypoalbuminemia,  unsurprisingly,  has  thus  been 

identified  as  a  marker  for  heart  failure  severity  and 

is  associated  with  increased  mortality  at  both  the 

Introduction 

1- and  5-year  timepoints.  It  is  independently  pre-

dictive  of  the  global  risk  of  death. 

Age 

Heart  failure  prevalence  increased  in  older  adults, 

Nutrition 

reaching  4.3%  among  persons  aged  65  to  70  years 

old  in  2012,  and  is  projected  to  increase  through 

Malnutrition  is  common  among  patients  with 

the  year  2030,  when  prevalence  could  reach  8.5% 

heart  failure  and  is  associated  with  increased  mor-

(Van  Nuys  et  al. 2018). Frailty  increases  in  older 

tality  (Vest  et  al. 2019). Advanced  heart  failure 

age  groups  along  with  other  comorbidities,  which 

may 

result 

in 

anorexia, 

malabsorption, 

can  result  in  considerable  personal  and  societal 

sarcopenia,  and  cachexia  (Beltrami  et  al. 2021). 

burdens.  The  aging  population  with  advanced 

There  are  multiple  screening  tools  for  malnutri-

heart  failure  has  led  to  increased  use  of  left  ven-

tion  in  heart  failure  (Sze  et  al. 2018).  Few  of  the 

tricular  assist  devices  (LVADs)  as  destination 

tools,  such  as  the  Mini  Nutritional  Assay  and 

therapy  in  older  patients  who  are  not  candidates 

prognostic  nutritional  index,  have  been  used  in 

for  cardiac  transplantation. 

LVAD  patients  before  implantation  and  have 

Senile  muscular  atrophy,  also  known  as 

shown  that  malnutrition  is  a  poor  prognostic  fac-

sarcopenia,  results  from  expected  loss  in  muscle 

tor  and  increases  morbidity  and  mortality 

mass,  which  occurs,  on  average,  at  the  rate  of 

(Aggarwal  et  al. 2013; Yost  et  al. 2014; Genev 

1–2%  per  year  starting  at  age  50.  It  is  estimated 

et  al. 2019). One  study  showed  improved  nutri-

that  5–13%  of  people  of  age  60–70  develop 

tional 

parameters 

after 

LVAD 

placement, 

sarcopenia,  and  as  expected,  those  numbers 

suggesting  that  a  malnutrition  component  may 

increase  for  people  of  age  80  and  older  (Van 

be  reversible  with  improved  perfusion  achieved 

Nuys  et  al. 2018). 

by  LVAD  support  (Genev  et  al. 2019). Further 

studies  are  essential  in  this  field  to  confirm  these 

Nutrition  and  Heart  Failure 

findings.  Meanwhile,  the  Nutrition  Risk  Index 

In  the  last  20  years,  there  has  been  increased 

(NRI),  a  malnutrition  risk  assessment  before 

interest  in  and  investigation  of  the  relationship 

LVAD,  was  influential  in  predicting  postoperative 

between  malnutrition,  frailty,  and  heart  failure.  It 

adverse  events  (Gulleroglu  et  al. 2019). 

has  become  evident  that  shared  pathophysiologic 

bases  exist  for  what  had  been  previously  consid-

Frailty  and  Heart  Failure 

ered  distinct  pathologies.  Cardiac  cachexia,  also 

Frailty  is  a  broad  term  that  describes  a  global 

referred  to  as  “wasting  disease,”  is  associated  with 

deterioration  of  functional  status  and  physiologic 

progressive  muscle  loss  and  lowered  body  mass 

reserve  resulting  in  worsened  tolerance  of 

index.  This  is  thought  to  be  driven  by  chronic 

stressors  and  increased  vulnerability  to  adverse 

inflammation,  an  increasingly  well-recognized 

events  (Fried  et  al. 2001).  Generally,  frailty  corre-

component  of  the  syndrome  of  heart  failure,  and 

lates  to  age  and  the  impairments  resulting  from 

is  significantly  correlated  with  hypoalbuminemia 

aging.  Still,  recently,  frailty  has  been  recognized 

(Arques  et  al. 2003).  Indeed,  in  heart  failure 

as  a  distinct  entity  that  can  occur  even  in  the
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young  and  has  numerous  implications  for  health 

implantation  are  the  Fried  physical  phenotype 

outcomes,  including  a  notable  relevance  to  heart 

and  the  Frailty  Index  based  on  deficit  accumu-

failure  (Afilalo  et  al. 2014;  Warraich  et  al. 2018). 

lation.  The  addition  of  cognition,  nutrition,  and 

Frailty  and  heart  failure  are  both  associated  with 

psychosocial  domains  has  been  suggested  to 

age  and  share  common  physiologic  bases.  How-

improve  frailty  assessment. 

ever,  clinical  outcomes  are  worse  when  frailty  and 

• Small  studies  have  shown  a  reversal  of  frailty 

AHF  present  together,  emphasizing  the  impor-

in  patients  undergoing  advanced  surgical  ther-

tance  of  identifying  and  managing  frailty  in 

apies  for  heart  failure.  The  difficulty  lies  in 

patients  with  heart  failure  (Vitale  et  al. 2018; 

separating  surgical  therapy-responsive  frailty 

Joseph  and  Rich  2017). Similar  to  the  biological 

from  age  and  other  comorbid  contributors  to 

mechanisms  underpinning  malnutrition  in  heart 

frailty. 

failure,  the  mechanisms  that  drive  frailty  in  heart 

• Prehabilitation  before  transplant  and  MCS 

failure  patients  are  multifactorial,  including  sys-

could  improve  outcomes. 

temic  inflammation,  sarcopenia,  mitochondrial 

• More  research  is  needed  to  standardize  frailty 

impairments,  and  increased  adipose  tissue  levels 

instruments  and  conduct  randomized  clinical 

(Pandey  et  al. 2019;  Denfeld  et  al. 2018). Specif-

trials  for  the prevention and  treatment of frailty. 

ically,  a  positive  feedback  cycle  drives  inflamma-

tory  cascades  in  heart  failure  and  frailty.  Poor 

cardiac  output  and  hemodynamic  changes  result 

Age 

in  tissue  hypoxia,  venous  congestion,  volume 

overload,  and  insulin  resistance  (Pandey  et  al. 

Both  frailty  and  heart  failure  are  strongly  associ-

2019;  Sze  et  al. 2019).  Each  of  these  effects  accel-

ated  with  age.  LVAD  implantation  in  patients  over 

erates  both  muscle  tissue  wasting  and  further 

75  years  old  has  increased  substantially  from 

inflammation.  Unfortunately,  this  positive  feed-

3.5%  of  all  LVADs  placed  in  2003  to  10.5%  in 

back  system  results  in  accelerated  frailty,  wors-

2014  (Lampropulos  et  al. 2014). Carabello  et  al., 

ened  functional  status,  and  aggravation  of  heart 

in  their  analysis  of  the  INTERMACS  registry, 

failure  symptoms  (Madan  et  al. 2016; Vermeiren 

reported  that  patients  with  age  above  75  years 

et  al. 2016). 

had  increased  mortality  and  higher  incidence  of 

gastrointestinal  bleeding  but  lower  rates  of  device 

thrombosis  and  that  only  46.8%  of  these  patients 

Key  Messages

were  discharged  home  after  implant  compared  to 

84.5%  of  patients  less  than  55  years  of  age.  The 

• Frailty  is  associated  with  increased  vulnerabil- use  of  a  right  ventricular  assist  device,  serum 

ity  to  stressors,  resulting  in  adverse  outcomes, 

albumin,  and  6-minute  walk  test  distances  were 

including  mortality,  readmissions,  and  length 

predictors  of  outcome  in  the  oldest  cohort 

of  stay 

after 

undergoing  procedures  or 

(Caraballo  et  al. 2019).  A  recent  report  analyzing 

surgeries. 

the  Society  for  Thoracic  Surgery  Interagency 

• The  pathophysiology  of  frailty  is  complex,  Registry  for  Mechanical  Circulatory  Support 

involving  multiple  physiologic  systems  with 

(STS  INTERMACS  registry)  data  from  2010  to 

many  risk  factors. 

2020  showed  that  elderly  patients  >75  years  had 

• Frailty  can  occur  at  any  age  in  patients  with  improvement  in  functional  capacity  and  quality  of 

chronic  diseases  such  as  heart  failure  but 

life  after  LVAD  similar  to  other  age  groups 

increases  in  prevalence  with  age. 

<65  years  and  65–75  years.  Newer  generation 

• Although  several  tools  for  frailty  evaluation  devices  were  associated  with  reduced  late  mortal-

have  been  used,  a  standardized  approach  has 

ity  in  patients  >65  years  (Hazard  ratio:  0.35;  95% 

yet  to  be  developed.  The  most  common  instru-

confidence  interval:  0.25–0.49).  The  authors  con-

ments  used  prior  to  heart  transplant  and 

cluded 

that 

destination 

therapy 

may 

be 

mechanical 

circulatory 

support 

(MCS) 

underutilized  in  elderly  patients.  The  authors  of
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Table  1  Selected  studies  evaluating  age  in  patients  undergoing  mechanical  circulatory  support 

Author,  reference

Study  design

Patients  (number)

Outcome 

Aleksova 

Retrospective,  IMACS 

5572 

55.8%  all-cause  mortality  in  >70Y 

et  al.  (2021) 

registry  analysis,  comparison 

1872,  >70Y 

vs  44.8%  in  50–69Y  (P  =  0.001), 

of  cf-LVAD  DT  patients 

3700,  50–69Y 

higher  risk  of  GIB  in  >70Y 

>70Y vs  50–69Y 

Caraballo  et  al. 

INTERMACS  Registry, 

20,939,  4  groups 

Lower  survival  in  >75Y and  higher 

(2019) 

2008–2017,  Outcomes  in 

compared 

incidence  GIB 

LVAD  pts.  >75Y 

37%  <55Y,  32.3% 

84.5%  pts.  <55Y  d/c  home  vs  46.8% 

55–64Y,  25.9% 

of  >75Y  (P  <  0.001) 

65–74Y,  4.9%  >75 

Emerson  et  al. 

INTERMACS  Registry, 

24,408 

Functional  capacity  and  QOL 

(2021) 

2010–2020 

16,808,  <65Y 

improved  in  >75Y  similar  to  other 

6418,  65–75Y 

age  groups.  Newer  generation 

1182,  >75Y 

devices  were associated  with  reduced 

late  mortality 

Gazda  et  al. (2021) 

Retrospective  analysis  of 

4491 

Postop  delirium  in  >75Y  17.9%  vs 

National  Inpatient  sample, 

>65Y old  LVAD 

11.92%  in  younger  pts 

2005–2017 

implants  increased 

from  12.53  to 

31.65%  (P  <  0.01) 

this  work  recognized  that  carefully  selected 

studies  have  demonstrated  that  carefully  selected 

patients  over  age  75  years  without  risk  factors 

older  patients  for  MCS  have  similar  clinical  out-

such  as  frailty,  renal  dysfunction,  pulmonary, 

comes  as  their  younger  counterparts.  A  descrip-

cerebrovascular  disease,  psychiatric  disorder, 

tion  of  salient  studies  evaluating  the  effects  of  age 

and  poor  social  support  may  have  similar  benefits 

on  patients  undergoing  mechanical  circulatory 

as  younger  patients  (Emerson  et  al. 2021).  Addi-

support  is  provided  in  Table  1. 

tionally,  observations  from  the  MOMENTUM 

Frailty  is  a  physiologic state  involving  multiple 

3  (Multicenter  Study  of  MagLev  Technology  in 

organs,  with  decreased  resistance  to  stressors  that 

Patients 

Undergoing 

MCS 

Therapy 

With 

increase  in  prevalence  with  age.  Frailty  is  a 

HeartMate  3  Investigational  Device  Exemption 

marker  for  increased  risk  of  adverse  events  and 

clinical  Study)  indicated  that  patients  undergoing 

mortality  across  many  disease  states,  and  recent 

HeartMate  3  implantation  for  destination  therapy 

studies  have  shown  that,  in  addition  to  aging, 

who  had  a mean  age  of  63 years  had  similar  2-year 

frailty  and  malnutrition  can  significantly  increase 

survival  compared  to  patients  receiving  the  same 

the  risk  of  poor  outcomes  after  an  MCS  implant. 

device  as  a  bridge  to  transplantation  who  had 

Although  there  is  no  consensus  on  the  method  of 

mean  age  55  years  (Goldstein  et  al. 2020). It  has 

measuring  frailty,  common  frailty  measurements 

been  speculated  that  this  may  be  a  result  of 

used in AHF  are the Fried phenotype score  and the 

significant  improvements  in  device  hemocom-

Rockwood  Frailty  Index.  Nutritional  evaluation 

patibility,  which  results  in  decreases  in  both 

has  yet  to  be  extensively  studied  in  AHF.  There 

pump  thrombosis  and  stroke  rates  in  patients 

is  a  consensus  that  malnutrition  can  adversely 

with  the  HeartMate  3  device,  and  that  elderly 

affect  outcomes  after  MCS,  and  few  retrospective 

patients  are  less  able  to  tolerate  these  complica-

studies  have  used  malnutrition  assays  to  predict 

tions  compared  to  younger  ones  (Pagani  2021). 

outcomes  in  patients  before  MCS  implant. 

Patients  undergoing  durable  mechanical  circula-

Recently,  the  United  Network  of  Organ  Shar-

tory  support  (MCS)  are  increasingly  elderly 

ing/Organ  Procurement  and  Transplant  Network 

patients  70  years  of  age  and  older  who  are  not 

in  the  United  States  introduced  a  heart  allocation 

transplant  candidates  and  undergoing  destination 

policy  that  assigns  a  lower  transplant  priority  for 

therapy  for  advanced  heart  failure  (AHF).  Several 

patients  with  durable  LVADs  compared  to  two
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patients  with  temporary  forms  of  mechanical  cir-

no  gold  standard  yet  for  diagnosis  of  frailty  before 

culatory  support.  This  has  resulted  in  a  significant 

MCS  implantation  or  heart  transplant.  The  two 


increase  in  the  proportion  of  patients  who  are 

most  commonly  used  tools  are  the  Fried  physical 

implanted  as  destination  therapy.  These  patients 

phenotype  assessment  or  its  modifications  and  the 

tend  to  be  older  and  with  more  comorbid  medical 

frailty  index.  Initially  described  by  Fried  et  al.,  the 

conditions.  As  mentioned,  recent  data  has  demon-

physical 

frailty 

phenotype 

comprises 

five 

strated  satisfactory  outcomes  in  elderly  patients 

domains:  slowness  measured  by  gait  speed,  weak-

implanted  with  mechanical  circulatory  support.  In 

ness  measured  by  hand  grip  strength,  exhaustion, 

fact,  in  the  latest  generation  of  devices,  it  was 

reduced  activity,  and  weight  loss  (Flint  et  al. 

noted  that  stroke,  device  malfunction  or  thrombo-

2013a).  The  utility  of  the  Fried  phenotype  may 

sis,  and  rehospitalization  decreased  with  increas-

be  diminished  by  notable  overlap  between  the 

ing age. Also, critically, the median 6-minute walk 

clinical  manifestations  of  heart  failure  and  its 

distance  and  quality  of  life  improved  for  all 

domains  (Rockwood  et  al. 2005). 

patients  implanted  with  these  devices,  including 

Many  modifications  of  the  Fried  phenotype  have 

those  greater  than  75  years  of  age  (Emerson  et  al. 

been  used,  including  cognitive  function  assessment 

2021). 

and anorexia instead of weight loss. Rockwood et al. 

described  the  deficit  accumulation  index,  which 

defines frailty as a clinical state resulting from cumu-

Frailty 

lative  deficits  across  70  physical,  functional,  medi-

cal,  and  psychosocial  domains.  The  ratio  of  the 

Frailty  is  characterized  by  the  aggregation  of  sub-

number  of  items  present  to  the  total  number  of 

clinical  physiologic  insults  across  multiple  organ 

items  assessed  equals  the  frailty  index.  It  is  a  contin-

systems,  resulting  in  a  syndrome  of  heightened 

uous  variable  directly  related  to  chronological  age 

vulnerability  in  the  face  of  stress.  Frailty  has  been 

based  on  a  comprehensive  geriatric  assessment 

identified  as  a  risk  factor  for  adverse  outcomes 

(Rockwood  et  al. 2005). The  Frailty  Index  has 

after  cardiac  surgery  or  cardiac  procedures, 

recently  been  used  to  generate  long-term  prognosti-

resulting  in  increased  mortality,  readmission  rate, 

cation  in  patients with heart  failure with reduced  and 

length  of  stay,  and  decreased  quality  of  life.  The 

preserved  ejection  fractions  (Sze  et  al. 2019;  Yang  

pathophysiology  of  frailty  is  complex  and 

et al. 2018). Multiple  other  frailty  tools  exist;  no 

involves  molecular  and  cellular  senescence, 

standardized,  universal  tool  is  used.  The  most  com-

genetic  abnormalities  that  are  superimposed  on 

mon  tools  for  frailty  evaluation  in  advanced  heart 

inflammation,  and  physiologic  impairment  of 

failure  patients  undergoing  LVAD  implantation  are 

multiple 

systems, 

resulting 

in 

anorexia, 

shown  in  Tab  le 2. 

sarcopenia,  neuroendocrine  dysregulation,  cogni-

tive  dysfunction,  and  physical  phenotype  abnor-

malities.  Frailty  is  common  in  heart  failure  and 

Assessment  of  Physical  Function 

other  chronic  diseases,  increases  in  prevalence 

in  Frailty 

with  age,  and  is,  by  itself,  a  risk  factor  for  the 

development  of  heart  failure.  Frailty  in  heart  fail-

Deficits  in  physical  function  are  the  most  apparent 

ure  is  associated  with  worse  clinical  outcomes  and 

and  most  salient  manifestations  of  frailty.  Assess-

increases  with  severity  of  heart  failure.  The  vari-

ments  of  frailty  rely  on  quantification  of  physical 

ous  societies  involved  in  transplantation  and 

function,  and  several  tools  assist  clinicians  in 

mechanical  circulatory  support  devices  have  rec-

screening  patients  for  deprecation  in  physical 

ognized  frailty  as  an  independent  risk  factor  for 

function,  several  of  which  have  been  demon-

transplantation  or  device  implantation  and  have 

strated  to  predict  outcomes  in  patients  with  heart 

provided  recommendations  for  frailty  assessment 

failure.  These  include  gait  speed,  a  Fried  pheno-

before  invasive  or  physiologically  taxing  proce-

type  component,  measured  in  the  clinic  as  dis-

dures  in  advanced  heart  failure  patients.  There  is 

tance  traveled  in  a  pre-defined  time.  Assessment
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Table  2  Selected  frailty  tools  used  in  advanced  heart  failure 

Tool

Components

Frailty  measure 

Fried  physical  phenotype  (Flint 

Slowness,  weakness,  exhaustion, 

Frailty  ≥3  items;  pre-frail  1–2  items; 

et  al. 2013a) 

low  physical  activity,  weight  loss 

not  frail  =  none 

Frailty  Index  (Sze  et  al. 2019; Yang 

30–70  accumulated  health  deficits

Score  of  no  deficits  to  1.0  (all  deficits). 

et  al. 2018) 

Frailty  cutoff  suggested  at  >0.25 

Short  physical  performance  battery 

Gait  speed,  chair  rise,  balance  test

Score  0–12 

(SPPB)  (Pavasini  et  al. 2016) 

Frailty  ≤5 

Clinical  frailty  scale  (CFS) 

Nine  graded  pictures  of  frailty; 

Frailty  cutoff  point  ≥5 

(Rockwood  et  al. 2005) 

1  =  very  fit;  9  =  terminally  ill 

FRAIL  (Morley  et  al. 2012)

Fatigue,  resistance,  ambulation, 

Frailty  ≥3  items;  pre-frail  1–2  items; 

illness,  loss  of  weight 

not  frail  =  0  items 

of  gait,  though  remarkably  easy  to  perform,  rep-

women  (Pavasini  et  al. 2016; Bellettiere  et  al. 

resents  an  assessment  of  global  motor  strength 

2021). Several  other  frailty  and  strength  measures 

and  neurosensory  coordination  (Reuben  et  al. 

have  been  developed  and  studied  but  have  not 

2013).  A  large  study,  including  over  34,000 

been  investigated  in  the  context  of  predictive 

elderly  patients,  by  Studenski  et  al.  demonstrated 

scores  for  heart  failure.  These  include  the  Acute 

that,  for  each  0.1  m/s  increase  in  gate  speed,  the 

Frailty  Network  Criteria,  the  Derby  Frailty  Index, 

risk  of  death  decreased  by  12%  (Studenski  et  al. 

and  the  Get  Up  and  Go  Test  (Hwang  et  al. 2016; 

2011).  Gait  speed  predicts  short- and  long-term 

Rodriguez-Pascual  et  al. 2017;  Sze  et  al. 2017). 

all-cause  mortality  in  patients  undergoing  cardiac 

surgery  (Afialo  et  al. 2018). 

Hand  grip  strength,  measured  using  a  hand 

The  Predictive  Capability  of  Frailty 

dynamometer,  is  included  in  the  Fried  phenotype, 

Assessment  in  Patients  Undergoing 

like  gait  speed.  This  simple  metric  is  helpful  in 

LVAD  Implantation 

patients  for  whom  ambulation  is  not  possible  or 

logistically  challenging  and,  when  poor,  predicts 

The  use  of  these  measures  of  frailty  and  others  in 

poor  outcomes  in  older  individuals.  Poor  grip 

evaluating  candidacy  for  LVAD  implantation  is  a 

strength  is  predictive  of  cardiac  death  and  hospital 

logical  extension,  given  their  utility  in  the  heart 

admission  for  patients  with  heart  failure  (Pavasini 

failure  population.  This  is  particularly  germane 

et  al. 2019).  Interestingly,  this  relationship  has 

given  the  costs  of  LVAD  therapy  are  significant, 

been  documented  to  extend  to  the  LVAD  popula-

and  complications  are  frequent  and  frequently 

tion,  where  handgrip  strength  of  less  than  25%  of 

severe;  as  such,  careful  patient  selection  is  critical 

body weight  is associated with an increased risk of 

to  the  successful  and  ethical  use  of  LVAD  tech-

mortality 

and 

postoperative 

complications 

nology.  The  presence  of  preoperative  frailty  belies 

(Chung  et  al. 2014a).  Poor  hand  grip  strength 

continued postoperative frailty  and the risks inher-

correlates  with  several  markers  for  heart  failure 

ent  to  a  frail  state.  This  is,  intuitively,  true  for 

severity  in  LVAD  patients,  including  reduced 

LVAD  patients  who  undergo  an  operation  of 

ejective  fraction  and  serum  albumin.  Poor  hand-

large  magnitude  but  are  also  required  to  navigate 

grip  strength  is  an  independent  predictor  of  pro-

the  process  of  caring  for  the  LVAD  driveline, 

longed  hospital  stay  after  LVAD  implantation 

dressings,  controller,  battery,  and  anticoagulation. 

(Yost  and  Bhat  2017). 

This  underscores  the  importance  of  assessing  pre-

Finally,  the  short  physical  performance  battery 

operative  frailty  in  these  patients. 

is  a  frailty  assessment  emphasizing  strength, 

Several  groups  have  explored  using  frailty  as  a 

mobility,  and  balance.  This  has  been  shown  to 

predictive  tool  in  LVAD  implantation.  A  large, 

be  predictive  of  all-cause  mortality  in  the  hospi-

multi-institutional  database  was  interrogated  by 

talized  population  and  of  rates  of  heart  failure  in 

Cooper  et  al.,  who  identified,  as  expected,  an
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association  of  the  presence  of  frailty  with  markers 

after  LVAD  implantation,  and  several  studies  have 

for  severity  of  heart  failure,  including  several  car-

delineated  the  specifics  of  these  improvements.  As 

diac  hospitalizations,  NYHA  class,  cachexia,  and 

discussed  previously,  hypoalbuminemia  is  a  well-

low  prealbumin  levels.  They  additionally  identi-

established  surrogate  marker  for  heart  failure  and 

fied  provider-assessed frailty  as  predictive  of  post- contributes  to  its  progression.  Its  suppression  in 

LVAD  1-year  mortality  and  major  bleeding.  This 

patients  with  heart  failure  is  resultant  to  activation 

study  did  not,  however,  identify  individual  phys-

of  pro-inflammatory  and  pro-catabolic  compounds 

ical  performance  measures  as  predictive  of  post 

which  include  tumor  necrosis  factor  alpha  and  inter-

LVAD  outcomes  (Flint  et  al. 2012; Cooper  et  al. 

leukin 6  (Horwich et  al. 2008;  Rauchaus  et  al. 2000; 

2018).  This  may  be  related  to  the  difficulty  of 

Chojkier  2005).  Interestingly,  as  forward  flow  is 

obtaining  physical  measures  of  frailty,  like  gait 

augmented  by  initiation  of  LVAD  therapy  and  the 

speed,  in  patients  who  are  severely  ill  and  hospi-

clinical  syndrome  of  heart  failure  is  treated,  it 

talized.  This  represents  an  interesting  paradox  in 

appears  that  these  aforementioned  drivers  of  hypo-

the  evaluation  of  advanced  heart  failure  patients 

albuminemia  are  alleviated.  This  is  borne  out  in 

who  are  extremely  deconditioned,  with  minimal 

several  studies  which  demonstrate  improved  albu-

reserve,  and  who  presumably  represent  a  subset  of 

min  levels  after  LVAD  implantation.  Imamura  et  al. 

heart  failure  patients  whose  frailty  exerts  a  pro-

demonstrate  an  improvement  in  serum  albumin 

found  effect  on  postoperative  recovery  but  who 

levels  from  a  mean  of  3.2  g/dL  preoperatively  to 

cannot  be  easily  studied. 

3.8  g/dL.  Interestingly,  it  was  noted  that  patients 

A  study  by  Dunlay  et  al.  demonstrated  that 

whose  improvement  in  albumin  was  greater  tended 

using  the  deficit  index,  a  31-component  frailty 

to have reduced postoperative complications includ-

measure,  identified  an  increased  risk  of  postoper-

ing  lower  rates  of  death  and  sepsis  (Imamura  et  al. 

ative  mortality  in  patients  who  underwent  implan-

2020).  Additional  studies  have  used  an  improved 

tation  of  HeartWare  HVAD  and  HeartMate  II 

serum  albumin  after  LVAD  implantation  to  predict 

LVADs  for  destination  therapy  (Reuben  et  al. 

improved  survival  and  postoperative  length  of  stay 

2013).  A  separate  study,  enrolling  only  patients 

(Gopal  et  al. 2017;  Kato  et  al.  2013).  A  study  by 

implanted  as  bridge  to  transplant  indicated  that 

Sinan  Guvenc  et  al.  demonstrated  that  patients 

frail  patients  experienced  longer  intensive  care 

undergoing  LVAD  implantation  not  only  had 

stay,  but  identified  no  difference  in  mortality 

improvements  in  albumin  postoperatively  but  also 

(Dunlay  et  al. 2014; Muthiah  et  al. 2022). 

showed  that  this  was  concordant  with  improvement 

These  studies  support  that  preoperative  frailty 

in  total  protein  levels  and  weight  gain.  These 

may  dilute  the  benefits  of  LVAD  implantation  and 

changes  should  have  been  noted  in  a  medically 

that  careful  assessment  of  performance- and 

managed  group  (Sinan  Guvenc  et  al. 2017). While 

nonperformance-based  measures  of  frailty  are  an 

improvements  in  chemical  markers  are  essential 

important  component  of  risk  stratification  in 

demonstrations  of  physiologic  effects,  they  are  not 

patients 

undergoing 

workup 

for 

LVAD 

considered  meaningful  clinical  outcomes  in  isola-

implantation. 

tion.  These  are  better  assessed  with  more  compre-

hensive  measures  of  function,  such  as  those 

discussed  previously,  including  the  Freid  Index, 

Changes  in  Frailty  Measures  Following 

handgrip  strength,  and  a  6-minute  walk  test.  Specif-

LVAD  Implantation 

ically,  the  Mini  Nutritional  Assessment  (MNA)  is  a 

comprehensive  tool  that  uses  clinical,  biochemical, 

Treatment  of  advanced  heart  failure  with  LVAD 

and  anthropometric  data  points  to  define  patients 

implantation  has  numerous,  and  well-documented, 

who  are  malnourished,  at  risk  of  malnourishment, 

effects  related  to  the  neurohormonal  and  nutritional 

and  well-nourished  (Aggarwal  et  al. 2013).  The 

milieu which can result in improved strength, endur-

MNA was  studied  in  a  population  of  patients  under-

ance,  and  mobility  in  the  postoperative  period.  Gen-

going  LVAD  implantation  or  orthotopic  heart  trans-

erally  speaking,  this  manifests  as  reduction  in  frailty 

plantation, where it was shown to be an independent
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predictor of postoperative mortality. Subsequently, a 

demonstrated  repeatedly  over  the  past  two 

second study demonstrated that  the Mini Nutritional 

decades.  Specifically,  multivariate  analysis  has 

Assessment  Short-Form  (MNA-SF),  a  considerably 

revealed  a  protective  survival  effect  in  obese 

easier  tool  to  use  compared  to  the  MNA,  correlates 

patients  with  heart  failure  rather  than  a  survival 

well  with  the  scores  generated  by  the  full-form 

decrement  (Butler  et  al. 2005). This  effect  is  pre-

assessment  (Yost  et  al. 2014). Both  the  MNA  and 

served  in  patients  who  have  undergone  LVAD 

MNA-SF  were  shown  to  improve  after  LVAD 

implantation.  To  our  knowledge,  no  consensus 

implantation,  with  28.3%  of  patients  classified  as 

data  is  demonstrating  an  obesity  paradox  in 

malnourished  preoperatively  and  only  3.8%  classi-

LVAD  patients  like  what  is  observed  in  heart 

fied  as  malnourished  postoperatively  (Genev  failure  patients.  However,  several  studies  have 

et  al. 2019). 

noted  equivalent  survival  in  obese  patients  com-

Interestingly,  body  mass  index  also  appears  to 

pared  to  nonobese  patients.  There  does  appear  to 

increase  after  LVAD  implantation.  As  discussed 

be  a  relationship  between  obesity  and  postopera-

previously,  despite  poor  functional  status  and  gen-

tive  complications,  including  reoperation,  device 

erally  low  exercise  tolerance,  patients  with  heart 

infection,  readmission  rate,  and  kidney  injury 

failure  tend  to  suffer  from  muscle  wasting  as  well 

between  obese  and  nonobese  LVAD  recipients 

as  loss  of  fat,  both  of  which  can  contribute  to 

(Mohamedali  et  al. 2015;  Brewer  et  al. 2012). 

weight  loss  even  in  the  presence  of  fluid 

As  LVAD  use  has  broadened,  patients  who 

overload—The  trend  of  increased  body  weight 

might  have  previously  been  considered  poor  oper-

and  BMI  after  LVAD  implantation  has  been 

ative  candidates  have  undergone  pump  implanta-

noted  by  several  groups.  Guvenc  and  colleagues 

tion.  A  single-center  analysis  of  outcomes  for 

demonstrated,  in  a  relatively  small  cohort,  a  trend 

patients  deemed  extremely  obese,  as  defined  by 

toward  increased  BMI  in  patients  implanted  with 

BMI  greater  than  35  kg/m2 ,  demonstrated  that 

LVADs  compared  to  those  who  were  medically 

despite  high  rates  of  respiratory  and  right  ventric-

managed.  Though  this  increase  did  not  reach  sta-

ular  failure,  the  highly  obese  group  had  no 

tistical  significance,  they  did  identify  a  statisti-

increased  proclivity  for  other  postoperative  com-

cally  significant  increase  in  serum  albumin, 

plications  or  reduced  survival  (Yost  et  al. 2017a; 

which  occurred  at  approximately  1  month  after 

Morrow  et  al. 2014).  Post  LVAD  weight  gain  may 

LVAD  implantation  (Emani  et  al. 2013). Another, 

have  important  clinical  implications  in  patients 

more  extensive  study  that  stratified  patients  based 

who  are  deemed  ineligible  for  a  heart  transplant 

on  preoperative  BMI  found  that  those  patients 

due  to  low  BMI  as  implantation  with  a  bridge  to 

who  were  underweight  and  normal  weight,  as 

transplant  candidacy  may  permit  sufficient  weight 

defined  by  BMI  less  than  18.5  kg/m2  and  BMI 

gain  to  allow  for  eventual  transplant  listing. 

between 18.5 and 29.9 kg/m2 , respectively, gained 

On  the  other  hand,  obese  patients  do not  appear 

the  most  weight  after  LVAD  implantation. 

consistently  lose  weight  after  LVAD  implantation. 

Meanwhile,  the  BMI  of  obese  and  extremely 

This  is  despite  apparently  improved  aggregate 

obese,  defined  by  BMI  30  to  34.9  kg/m2  and  greater 

functional  status  and  exercise  tolerance.  Nonethe-

than  35.0,  respectively,  did  not  change  after  LVAD 

less,  obesity  or  extreme  obesity  can  be  viewed  in  a 

implantation.  Interestingly,  the  nutritional  profiles, 

similar  regard  to  low  body  weight,  as  a  potentially 

as  defined  by  serum  albumin  and  pre-albumin, 

modifiable  factor  in  evaluation  for  transplantation 

improved  for  all  groups  (Horwich  et  al. 2001). 

candidacy.  At  this  time,  there  are  case  reports  of 

Both the weight  gain in the underweight and normal 

patients  undergoing  gastric  bypass  as  well  as 

weight groups, as well as the improvements in nutri-

LVAD  implantation,  but  there  is  no  conclusive 

tional  profiles  for  all  patients,  are  presumed  to  be 

data  demonstrating  efficacy  or  outcomes  (Maurer 

secondary  to  the  reversal  of  cardiac  cachexia  after 

et  al. 2017). 

LVAD  implantation. 

There  is  limited  available  data  investigating 

The  protective  effect  of  obesity  in  heart  failure 

changes  in  measures  of  frailty,  such  as  the  Freid 

patients 

has 

been 

well 

recognized 

and 

Index  after  LVAD  implantation.  Still,  some
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studies  have  endeavored  to  demonstrate  changes 

than  healthy  controls  (Chuang  et  al. 2014). Brain 

in  these  markers  for  frailty  in  the  postoperative 

hypoperfusion  has  been  demonstrated  to  lead  to 

period.  A  study  that  included  29  patients  under-

both cognitive  decline and dementia. This normal-

going  LVAD  implantation  for  destination  therapy 

ized  after  cardiac  transplantation  (Gruhn  et  al. 

demonstrated  a  statistically  significant  improve-

2001; Alexopoulos  et  al. 1999). A  retrospective 

ment  in  the  Fried  frailty  phenotype  at  the  6-month 

study  analyzing  changes  in  cognitive  function  as 

postoperative  timepoint.  They  note  no  improve-

measured  by  the  Montreal  Cognitive  Assessment 

ment  in  frailty  before  the  6-month  mark 

(MoCA)  demonstrated  a  significant  improvement 

(Dimopoulos  et al. 2010). Additional studies dem-

in  cognitive  function  following  LVAD  implanta-

onstrate  that  placement  of  a  left  ventricular  assist 

tion,  presumably  due  to  improved  cerebral  perfu-

device  may  reverse  several  individual  features  of 

sion  (Bhat  et  al. 2015). 

the  Fried  frailty  phenotype,  including  muscle 

Additionally,  it  is  well  recognized  that  both 

strength,  6-minute  walk  distance,  and  exhaustion 

depression  and  anxiety  are  associated  with 

(Chung  et  al. 2014b; Allen  et  al. 2010). Impor-

advanced  heart  failure,  with  the  prevalence  of 

tantly,  several  studies  have  demonstrated  a  signif-

depression  ranging  from  10  to  60%  and  anxiety 

icant  improvement  in  quality  of  life,  as  measured 

from  10  to  40%.  Further,  depression  in  patients 

by  the  Minnesota  Living  with  Heart  Failure  Ques-

with  heart  failure  was  strongly  associated  with 

tionnaire  in  the  Kansas  City  Cardiomyopathy 

increased  mortality  and  decreased  functional 

Questionnaire  after  LVAD  placement  (Hasin 

capacity  and  quality  of  life.  The  Beck  Depression 

et  al. 2012;  Lewis  et  al. 2001; Rogers  et  al. 

Inventory-II (BDI-II)  and Beck Anxiety  Inventory 

2010).  This  includes  the  HeartMate  2  trial, 

(BAI)  are  self-reported  21-item  questionnaires 

which  included  quality  of  life  as  a  secondary 

that  have  been  used  to  delineate  disease  severity 

endpoint.  It  was  demonstrated  that  LVAD  recipi-

as  part  of  the  preoperative  workup  for  LVAD.  A 

ents  had  significantly  better  quality  of  life  scores 

recent 

study 

has 

demonstrated 

significant 

as  early  as  three  months  after  LVAD  implantation 

improvement  in  the  BAI-II  and  BDI  after  LVAD 

(Slaughter  et  al. 2009). While  there  is  no  data  to 

implantation  (Yost  et  al. 2017b). 

demonstrate  that  quality  of  life  directly  results 

from  improvements  in  functional  status,  it  has 

been  shown  that  patients  whose  functional  class 

Conclusion 

improved  6  months  after  LVAD  implantation  had 

a  corresponding  improvement  in  their  quality  of 

As  the  role  of  mechanical  circulatory  support  in  the 

life.  This  appears  concordant  with  the  notion  that 

care  of  patients  with  advanced  heart  failure  evolves 

improved  functional  status,  including  improved 

and  is  further  delineated,  clinicians  and  payers  alike 

mobility  and  strength,  results  in  a  general 

continue  to  emphasize  preoperative  risk  mitigation 

improvement  in  perceived  quality  of  life  and  that 

and expected postoperative changes. While the roles 

these  improvements are likely conferred  by LVAD 

of  frailty,  nutrition,  and  aging  in  the  lifecycle  of 

implantation. 

mechanical  circulatory  support  devices  have  been 

Cognitive  function  is  another  important  con-

preliminary  explored,  non-dedicated  markers  for 

tributor  to  quality  of  life  in  all  patients,  particu-

these  entities,  such  as  the  Freid  Index,  are  still 

larly  surgical  and  heart  failure  patients.  There  is  a 

heavily  relied  upon.  Nonetheless,  there  is  an  indica-

well-established  relationship  between  cardiovas-

tion  that  patients  who  suffer  from  preoperative  mal-

cular  disease  and  impaired  cognitive  function, 

nutrition  and  frailty  tend  to  fare  worse  after  LVAD  

which  is  assumed  to  be  the  result  of  impaired 

implantation.  Importantly,  however,  frailty  and  mal-

cerebral  blood  flow,  particularly  in  the  orbital 

nutrition  improve  after  LVAD  implantation  as  the 

frontal,  medial  frontal,  and  anterior  cingulate 

syndrome of advanced heart failure is treated and, in 

regions  (Koide  et  al. 1994). As  measured  by 

part,  reversed.  This  has  been  shown  to  improve 

Xenon-133  inhalation,  cerebral  blood  flow  was 

postoperative  functional  capacity  and  quality  of  life. 

31%  lower  in  patients  with  chronic  heart  failure 
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Abstract 

(Bouabdallaoui  et  al. 2018). Severe  AR  leads  to  a 

circulatory  shortcut  between  ascending  aorta  and 

The  preoperative  evaluation  of  advanced  heart 

LVAD,  which  significantly  reduces  the  hemody-

failure  patients  plays  an  essential  role  in  therapy 

namic  support  leading  to  recurrent  heart  failure 

decision-making  and  is  based  on  patients’  cur-

(Dhillon  et  al. 2022). Therefore,  a  meticulous  eval-

rent  condition  and  presence  of  comorbidities, 

uation  of  the  aortic  valve  function  must  be 

potentially  affecting  future  outcomes.  The  opti-

performed  prior  to  and  directly  after  durable  LVAD 

mization of end-organ function may significantly 

implantation  (Potapov  et  al. 2019).  Advanced  age, 

improve  the  postoperative  results  and  prevent 

lower  body  surface  area,  systemic  hypertension, 

potential  adverse  events,  and,  therefore,  should 

large  aortic  root  diameter,  permanently  closed  aortic 

be  addressed  in  the  preoperative  setting.  The 

valve,  uncorrected  mild  aortic  insufficiency,  and 

relevant  comorbidities  can  be  divided  into  two 

duration  of  support  represent  well-known  risk  fac-

large  groups:  cardiac  and  noncardiac  conditions. 

tors  for  AR  development  (Bouabdallaoui  et  al. 

An  overview  of  such  a  delicate  issue  is  herein 

2018;  Tanaka  et  al . 2020).  In  the  case  of  moderate 

reported,  particularly  focusing  on  portential  left 

or  severe  AR,  it  is  recommended  to  perform  an 

ventricular  assist  device  (LVAD)  recipients. 

aortic 

valve 

replacement 

with 

a 

porcine 

bioprosthesis  as  a  concomitant  procedure.  In  recent 

Keywords 

years, transcatheter aortic valve implantation (TAVI) 

is  increasingly  applied  in  LVAD  patients  as  an  alter-

Comorbidity  ·  Mechianical  circulatory 

native  to  conventional  surgery  (Dhillon  et  al. 2022). 

support  ·  Left  ventricular  assist  device 

However,  caution  should  be  taken  in  patients  with  a 

pure  AR,  since  the  impaired  fixation  in  the  aortic 

annulus  can  lead  to  the  dangerous  prosthesis  migra-

Introduction 

tion  (Ali  et  al. 2020). 

The  preoperative  evaluation  of  advanced  heart  fail-

ure  patients  plays  an  essential  role  in  therapy 

Mitral  Regurgitation 

decision-making  and  is  based  on  patients’  current 

condition and presence of comorbidities, potentially 

Mitral regurgitation (MR) is a common comorbidity 

affecting  future  outcomes.  The  optimization  of 

observed  in  40–70%  of  patients  with  an  end-stage 

end-organ  function  may  significantly  improve  the 

heart  failure  (Pagani  2020).  The  pathophysiology  is 

postoperative  results  and  prevent  potential  adverse 

secondary to left  ventricular  distention, mitral annu-

events,  and,  therefore,  should  be  addressed  in  the 

lar  enlargement,  and  papillary  muscle  dislocation, 

preoperative setting. The relevant comorbidities can 

which  impair  physiological  leaflet  cooptation  and 

be  divided  into  two  large  groups:  cardiac  and  non-

lead  to  a  functional  MR  (Morgan  et  al. 2012). 

cardiac conditions. However, it should be taken into 

MR  in  heart  failure  patients  is  associated  with 

consideration  that  the  comorbid  conditions  of  dif-

an  increased  mortality  and  morbidity  and  directly 

ferent  etiologies  can  be  frequently  observed  simul-

correlates  with  the  severity  of  regurgitation 

taneously  and  often  influence  each  other. 

(Goliasch  et  al. 2018). Additionally,  patients 

with  functional  MR  present  with  higher  pulmo-

nary  artery  pressure  and  pulmonary  artery  wedge 

Cardiac  Comorbidities 

pressures,  which  is  also  associated  with  poor  out-

comes  (Goliasch  et  al. 2018). 

Aortic  Regurgitation 

However,  the  positive  effect  of  the  left  ventric-

ular  unloading  achieved  by  LVAD  support 

Aortic  regurgitation  (AR)  represents  a  potentially 

decreases  left  ventricular  end-diastolic  diameter 

life-threatening  comorbidity  in  patients  on  left  ven-

and  contributes  to  a  spontaneous  reduction  of  the 

tricular  assist  device  (LVAD)  support  and  can  be 

MR  in  follow-up  (Slaughter  et  al. 2010).  In  this 

observed  in  up  to  30%  of  patients  after  one  year 

constellation,  the  rationality  of  mitral  valve
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surgery  in  LVAD  patients  remains  controversial. 

single-center  studies  suggested  a  reduced  inci-

Data  of  several  studies  suggested improved hemo-

dence  of  a  postoperative  RHF,  short-term 

dynamics,  better  quality  of  life  and  lower  inci-

readmission  rate,  and  renal  impairment  for  those 

dence  of  HF-related  readmissions  in  patients, 

patients  who  underwent  a  concomitant  tricuspid 

who  underwent  a concomitant  mitral  repair  during 

valve  (TV)  repair,  however,  without  any  impact 

LVAD  implantation  (Tanaka  et  al. 2017;  Sandoval 

on  survival  (Critsinelis  et  al. 2019).  The  analysis 

et  al. 2017; Robertson  et  al. 2018).  However,  the 

of  multicenter  data  demonstrated  no  significant 

data  on  survival  benefit  for  mitral  repair  is  not 

benefit,  but  a  “natural”  reduction  of  an 

consistent (Pagani 2020). According to the current 

uncorrected  TVR  on  LVAD  support  (Barac  et  al. 

guideline  a  concomitant  mitral  valve  repair  for 

2020; Veen  et  al. 2019;  Mulzer  et  al. 2021). 

MR  might  be  considered  in  selected  patients 

It  is  important  to  understand  that  in  contrast  to 

with  a  IIb  class  of  recommendation  (Potapov 

the  pathophysiology  of  MR,  secondary  TVR  can 

et  al. 2019).  Studies  suggesting  improved  survival 

occur  not  only  as  a  result  of  right  ventricular 

provide  only  retrospective  single-center  data  with 

dilatation  and  leaflet  tethering  but  also  due  to 

limited  statistical  analysis  or  below  the  burden  of 

persistent  pulmonary  hypertension  (Condello 

significance  (Tanaka  et  al. 2017;  Sandoval  et  al. 

et  al. 2021). In  this  constellation,  effects  of  a 

2017).  Still,  residual  MR  after  the  LVAD  implan-

successful  TV repair  can  be  leveled  off  by  pulmo-

tation  is  associated  with  increased  mortality  and 

nary  hypertension  (Barac  et  al. 2020). 

morbidity  on  support  (Kassis  et  al. 2017). 

Since  isolated  TV  surgery  is  associated  with  the 

In  recent  years,  the  modern  endovascular  mitral 

highest mortality in comparison with other valvular 

repair  techniques  have  become  a  standard  therapy 

interventions,  the  rationality  of  a  potential  surgical 

in  patients  considered  unsuitable  for  conventional 

TV  after  a  LVAD  in  patients  with  persisting  TVR 

approaches.  The  MitraClip™  (Abbot  Laboratories, 

remains highly questionable (Condello et al. 2021). 

Chicago,  IL,  USA)  can  be  successfully  applied  in 

Modern  methods  for  transcatheter  edge-to-edge 

advanced  heart  failure  patients  for  a  severe  MR 

repair  for  TVR  treatment  represent  a  promising 

treatment.  However,  primary  MitraClip™  applica-

option;  however,  the  experience  of  this  approach 

tion  cannot  prevent  and  may  only  delay  a  needed 

in  LVAD  patients  is  low  (Lurz  et  al. 2021). 

LVAD  implantation  and  thereby  lead  to  impaired 

outcomes (Kreusser  et al. 2020; Dogan et al. 2018). 

On  the  other  hand,  subsequent  percutaneous  edge-

Intracardiac  Shunts 

to-edge  mitral  valve  repair  can  be  considered  in 

selected  LVAD  patients  with  persisting  MR,  who 

Patent  foramen  ovale  and  small  atrial  septal  defects 

are  potentially  eligible  for  circulatory  support 

can  be  incidently  diagnosed  in  cardiac  patients  dur-

weaning  (Nersesian  et  al. 2021a; Knierim  et  al. 

ing  echocardiographic  assessment  often  without 

2019; Lanmueller  et  al. 2022). 

any  clinical  correlation  (Bacich  et  al. 2020).  Under 

normal  physiological  conditions  left  atrial  pressure 

(LAP)  is  only  marginally  higher  than  the  right  atrial 

Tricuspid  Regurgitation 

pressure,  preventing flow  of unoxygenated  blood  to 

the  systemic  circulation  (Bacich  et  al. 2020).  How-

Similar  to  MR,  functional  tricuspid  valve  regurgi-

ever,  left  ventricular  unloading  provided  by  LVAD 

tation  (TVR)  is  highly  prevalent  in  advanced heart 

support  decreases  LAP  and  creates  a  right-to-left 

failure  patients  and  is  associated  with  an  increased 

shunting,  significantly  affecting  patients’  clinical 

risk  for  post-LVAD  right  heart  failure  (RHF) 

condition  (Bacich  et  al. 2020). 

(Barac  et  al. 2020).  Therefore,  tricuspid  valve 

Ventricular  septal  defects  are  a  feared  compli-

surgery  as  a  concomitant  procedure  during 

cation  in  patients  with  acute  myocardial  infarction 

LVAD  implantation  was  advocated  as  a  potential 

and  are  associated  with  a  very  high  mortality 

solution  for  postoperative  RHF  (Barac  et  al. 

(Hlavacek  et  al. 2021). The  high  pressure  gradient 

2020).  However,  rigid  scientific  data  on  the  ben-

between  the  left  and  right  ventricle  increases  the 

efits  of  tricuspid  interventions  is  lacking.  Several 

pressure  load  of  the  right  heart  and  volume  load  of
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the  left,  additionally  dropping  the  blood  oxygen-

right  heart  assessment  is  based  on  echocardio-

ation  of  the  system  circulation  (Hlavacek  et  al. 

graphic  and  hemodynamic  parameters:  increased 

2021).  In  this  constellation,  veno-atrial  extracor-

central  venous  pressure,  moderately/severely 

poreal  support  (v-a  ECLS)  initialization  repre-

reduced  right  ventricular  ejection  fraction,  and 

sents  one  of  the  few  feasible  approaches  for 

increased  RV/LV  diameter  ratio  are  preoperative 

bridge  to  decision  and  potential  durable  LVAD 

parameters  that  can  give  a  hint  on  a  right  ventric-

support  (Hlavacek  et  al. 2021). 

ular  dysfunction  (Bellavia  et  al. 2017). However, 

The presence of intracardiac septal  defects has to 

more  precise  evaluation  can  be  achieved  by a  right 

be  ruled  out  during  preoperative  assessment  in 

heart  catheterization:  right  ventricular  stroke  work 

patients  planned  for  durable  LVAD  therapy.  In 

index  (RVSWI),  pulmonary  artery  pressure  and 

cases  of  patent  foramen  ovale,  atrial  and  ventricular 

pulmonary  capillary  wedge  pressure  represent 

septal  defects,  surgical  closure  can  be  concomi-

valuable  parameters  mirroring  the  functionality 

tantly  performed  during  LVAD  implantation. 

of  the  right  ventricle  (Bellavia  et  al. 2017). 

Small  defects  can  be  closed  via  endovascular  tech-

Currently,  nitric  oxide  (NO)  inhalation  is 

nique  (Nersesian  et  al. 2021b).  It  is  extremely 

widely  used  for  postoperative  RHF  prophylaxis 

important to  reevaluate  potential  shunting  after  sup-

in  LVAD  patients.  NO  reduces  pulmonary  vascu-

port  initialization,  since  patients’  hemodynamics 

lar  resistance,  decreasing  the  right  ventricular 

and pressure gradients change (Potapov et al. 2019). 

afterload  and  improving  LVAD  flow  (Kukucka 

et  al. 2011). However,  the  positive  impact  of  NO 

inhalation  on  reduction  of  postoperative  RHF  in 

Right  Ventricular  Dysfunction 

LVAD  patients  could  not  be  proven  in  prospective 

research  (Potapov  et  al. 2011). 

Acute  right  heart  failure  (RHF)  is  a  feared  compli-

If  right  ventricular  circulatory  support  is 

cation after LVAD implantation occurring in 5–10% 

needed, 

temporary 

mechanical 

circulatory 

of  cases  and  is  associated  with  an  increased  postop-

(tMCS)  devices  are  the  therapy  of  choice 

erative  mortality  and  morbidity  (Eulert-Grehn  et  al. 

(Nersesian  et  al. 2019).  The  right  ventricle  has  a 

2021). The  pathophysiology  of  post-LVAD  RHF  is 

higher  recovery  potential  compared  to  the  left 

complex.  Advanced  heart  failure  patients  often  pre-

heart,  but  may  require  prolonged  circulatory  sup-

sent  with  impaired  biventricular  function  (Eulert-

port,  usually  over  weeks  (Nersesian  et  al. 2019). 

Grehn  et  al. 2021).  The  LVAD  initialization  signif-

The  study  from  Eulert-Grehn  et  al.  demonstrated 

icantly  increases  the  cardiac  output,  improving  the 

that  patients  with  post-LVAD  RHF  have  similar 

hemodynamics  but  at  the  same  time  generates  a 

survival  whether  they  directly  receive  a  durable 

high  preload  for  the  right  ventricle  (Bellavia  et  al. 

RVAD  or  undergo  a  two-stage  implantation,  after 

2017). The  left  ventricular  unloading  by  an  LVAD 

a  tMCS  (Eulert-Grehn  et  al. 2018).  Hence,  a  tem-

has  a  positive  effect  on  left  heart  and  mitral  regur-

porary  RVAD  support  in  patients  with  post-LVAD 

gitation;  however,  the  leftward  shift  of  the 

RHF  should  be  preferred  in  order  to  give  patients 

interventricular  septum  changes  the  right  ventricu-

a  chance  to  regenerate  their  right  ventricular  func-

lar  geometry,  thus  reducing  the  mechanical  contrac-

tion  avoiding  a  durable  biventricular  VAD 

tility  of  the  right  ventricle (Bellavia et al. 2017). 

implantation  with  its  negative  effects  on  survival 

Various  scores  and  parameters  have  been 

(Nersesian  et  al. 2019; Eulert-Grehn  et  al. 2018). 

developed  in  order  to  predict  post-LVAD  RHF; 

however,  the  reproducibility  of  that  data  is  limited 

and  no  golden  standard  exists  (Bellavia  et  al. 

Arrhythmias 

2017;  Rivas-Lasarte  et  al. 2021). The  meta-

analysis  by  Bellavia  et  al.  has  systemized  the 

Atrial  Arrhythmia 

current  scientific  experience,  suggesting  that  pre-

operative  right  ventricular  dysfunction  is  the 

Atrial  fibrillation  (AF)  is  a  commonly  observed 

strongest  independent  predictor  for  post-LVAD 

comorbidity  in  patients  with  an  end-stage  heart 

RHF  (Bellavia  et  al. 2017). Routine  preoperative 

failure 

and 

a 

well-known 

risk 

factor 

for
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thromboembolic  complications.  However,  the 

prophylaxis  of  sudden  cardiac  death  and  VTs 

association  between  AF  and  thromboembolism 

(Boudghene-Stambouli  et  al. 2014). However, 

in  LVAD  patients  remains  a  controversial  topic 

the  effectiveness  of  ICDs  in  LVAD  patients 

(Kittipibul  et  al. 2019).  Previous  single-center 

remains  controversial.  Additionally,  there  is  a 

publications  suggested  a  significantly  higher  risk 

risk  of  a  potential  interaction  between  the  devices 

for  thromboembolic  complications  (e.g.  stroke, 

themselves  and  with  the  telemetry  magnet  during 

pump  thrombosis,  and  hemolysis)  in  LVAD 

ICD  monitoring  (Sacher  et  al. 2015;  Boudghene-

patients  with  AF  (Stulak  et  al. 2013; Potapov 

Stambouli  et  al. 2014). Therefore,  elective  ICD 

and  Schoenrath  2022). However,  in  studies  with 

implantation  in  patients  planned  for  a  LVAD  is  not 

larger  patient  populations  and  after  matching  for 

recommended  (Potapov  et  al. 2019; Sacher  et  al. 

relevant  comorbidities  no  impact  of  AF  on  mor-

2015). 

tality  in  LVAD  patients  could  be  demonstrated 

In  this  constellation,  the  endovascular  catheter 

(Potapov  and  Schoenrath  2022;  Antonides  et  al. 

ablation  offers  an  attractive  alternative  for  VTs 

2022;  Pedde  et  al. 2020).  In  case  of  an  AF  at  the 

treatment  in  LVAD  patients  and  can  be  success-

time  of  surgery,  concomitant  left  atrial  appendage 

fully  used  in  selected  patients  (Potapov  et  al. 

closure  at  might  reduce  the  risk  of  thromboem-

2019; Sacher  et  al. 2015). 

bolic  complications  in  selected  patients  (Friedman 

It  is  important  to  note  that,  in  contrary  to  AF, 

et  al. 2018). 

the  incidence  of  ventricular  arrhythmia  on  support 

The  presence  of  an  AF  with  a  high  ventricular 

can  even  increase,  since  the  ischemic  scars  repre-

response  can  cause  a  hemodynamic  impairment  of 

sent  a  constant  electrophysiological  substrate  for 

the  right  ventricular  function  and  subsequently 

VTs  which  can  be  aggravated  by  the  inflow  can-

compromise  the  circulatory  support  provided  by 

nula  itself  (Sacher  et  al. 2015). 

LVAD  (Sisti  et  al. 2020). Therefore,  according  to 

the  EACTS  expert  consensus,  which  is  based  on 

the  guidelines  of  European  Society  of  Cardiolo-

Intracardiac  Thrombus 

gy/European  Heart  Rhythm  Association,  Heart 

Rhythm  Society  recommends  medical  or  surgical 

Intracardiac  thrombi  are  often  present  in  patients 

therapy  of  tachycardic  AF  (Potapov  et  al. 2019). 

undergoing  LVAD  implantation  and  are  associ-

Which  approach  is  more  favorable  remains  an 

ated  with  an  increased  risk  of  postoperative  stroke 

unanswered  question  (Table  1).  However,  it  is 

and  mortality  (Bravo  et  al. 2021).  Intracardiac 

important  to  remember  that  the  ongoing  LVAD 

thrombi  have  to  be  ruled  out  both  by  instrumental 

support  itself  decreases  the  left  atrial  volume,  lead-

imaging  and  direct  visual  inspection  during 

ing  to  reverse  electrophysiological  remodeling  and 

implantation;  if  present,  thrombotic  material  has 

spontaneous  sinus  conversion  in  up  to  40%  of 

to  be  maximally  removed  from  the  heart  (Potapov 

patients  (Sisti  et  al. 2020; Deshmukh  et  al. 2017). 

et  al. 2019). 

Ventricular  Arrhythmia 

Noncardiac  Comorbidities 

Ventricular  tachycardias  (VT)  is  a  frequent 

Pulmonary  Function 

comorbidity  in  advanced  heart  failure  patients 

and  are  associated  with  an  increased  postoperative 

Chronic  Obstructive  Pulmonary  Disease 

mortality  in  LVAD  patients  (Sacher  et  al. 2015). 

Multimodal  evaluation  of  the  pulmonary  function 

Despite  systemic  circulatory  support  in  LVAD 

is  essential  prior  to  durable  MCS  implantation.  A 

patients,  sustained  VTs  can  lead  to  right  heart 

high  incidence  of  chronic  obstructive  pulmonary 

failure  and  preload  decrease  compromising  the 

disease  (COPD)  can  be  observed  among  end-stage 

entire  circulation  (Sacher  et  al. 2015). Implantable 

heart  failure  patients.  COPD  is  often  associated 

cardiac  defibrillators  (ICD)  are  routinely  used  in 

with  other  cardiovascular  comorbidities,  e.g.,  cor-

advanced  heart  failure  patients  for  primary 

onary  artery  disease,  dyslipidemia,  and  arterial
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Table  1  Cardiac  comorbidities  evaluation  and  recommendations  according  to  2019  EACTS  Expert  Consensus  on  long-term  mechanical  circulatory  support  (Potapov  et  al. 2019) 

Comorbidity

Recommendation

Class 

Level 

Aortic  valve 

Moderate-to-severe  aortic  regurgitation  at  the  time  of  LVAD  implantation  is  an 

IIa

B 

pathologies 

indication  for  aortic  valve  replacement  with  a  bioprosthesis 

Future  perspectives 

TAVI  can  be  considered  as  an  alternative  to  surgical  aortic  valve  replacement  prior  or  even  after 

LVAD  implantation 

Mitral  valve 

Severe  mitral  valve  insufficiency  can  be  considered  an  indication  for 

IIb

C 

regurgitation 

concomitant  repair  in  selected  patients  undergoing  LVAD  implantation 

Future  perspectives 

Percutaneous  mitral  valve  repair  might  be  considered  in  LVAD  patients  with  mitral  regurgitation 

planned  for  a  circulatory  weaning 

Tricuspid 

Severe  tricuspid  valve  insufficiency  can  be  considered  for  concomitant  repair 

IIb

C 

regurgitation 

in  selected  patients  undergoing  LVAD  implantation 

Future  perspectives 

Percutaneous  edge-to-edge  tricuspid  valve  repair  represents  a  promising  approach  for  treatment 

of  clinically  relevant  regurgitation  on  LVAD  support 

Intracardiac  shunts 

Presence  of  patent  foramen  ovale,  as  well  as  atrial  and  ventricular  septal 

I

C

defects  has  to  be  ruled  out  by  pre-/intra- and  postoperative  imaging 

Intracardiac  defects  have  to  be  closed  (ether  surgically  or  percutaneously)  in 

I

C

order  to  prevent  shunting  after  LVAD  implantation 

Right  ventricular 

Right  ventricular  dysfunction  has  to  be  carefully  evaluated  in  preoperative 

IIa

C 

dysfunction 

diagnostics.  In  case  of  post-LVAD  right  heart  failure,  temporary  right 

ventricular  support  should  be  favored  to  primary  BiVAD  implantation 

Atrial  fibrillation

Medical  or  surgical  treatment  of  tachycardic  atrial  fibrillation  is  recommended 

I

C

in  patients  undergoing  LVAD  implantation 

Left  atrial  appendage  closure  can  be  considered  in  selected  AF  patients 

IIb

C 

undergoing  LVAD  implantation 

Ventricular 

ICD  implantation  or  endovascular  catheter  ablation  can  be  considered  in 

IIb

C 

arrhythmias 

patients  suffering  from  ventricular  arrhythmias 

Intracardiac 

Intracardiac  thrombi  have  to  be  ruled  out  by  preoperative  diagnostics  and  if 

I

C

thrombus 

present  maximally  removed  from  the  left  ventricle  before  LVAD  insertion 

hypertension;  however,  the  impact  of  COPD  on 

and  are  often  considered  as  a  contraindication  for 

LVAD  patients  is  not  associated  with  an  increase 

HTx  or  require  a  combined  heart  and  lung  trans-

in  mortality  (Ebner  et  al. 2020).  Nevertheless,  a 

plantation  (Mikus  et  al. 2011).  However,  durable 

long-lasting  history  of  COPD  can  lead  to  pulmo-

LVAD  therapy  has  demonstrated  to  be  an  effective 

nary  hypertension,  which  itself  not  only  worsens 

therapy  achieving  a  significant  PH  and  PVR  reduc-

the  respiratory  function  but  also  impairs  the  right 

tion  (Mikus  et  al. 2011; Selim  et  al. 2019). 

ventricular  function  and  aggravates  prognosis 

(Kalogeropoulos  et  al. 2011)  (Tabl  e 2). 

Renal  Function 

Pulmonary  Artery  Hypertension 

Pulmonary  hypertension  (PH)  can  be  observed  in 

The  preoperative  renal  function  exerts  a  high  influ-

up to 72% of patients with an end-stage heart failure 

ence  on  outcomes  of  patients  undergoing  a  durable 

and  is  considered  as  a  significant  preoperative  mor-

MCS  implantation.  Acute  renal  injury  (AKI)  can 

tality  and  morbidity  predictor  in  heart  transplant 

be  commonly  observed  in  INTERMACS  profile 

(HTx) patients  (Mikus et  al. 2011). PH  and  increase 

1  and  2  patients  but  is  potentially  fully  reversible 

in  pulmonary  vascular  resistance  (PVR)  cause  sig-

after  MCS  initialization  (Patel  et  al. 2013). In  these 

nificant  impairment  of  cardiopulmonary  function 

patients,  a  temporary  MCS  therapy  can  be  taken
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Table  2  Noncardiac  comorbidities  evaluation  and  recommendations  according  to  2019  EACTS  Expert  Consensus  on long-term  mechanical  circulatory  support  (Potapov  et  al. 2019) 

Comorbidity

Recommendation

Class 

Level 

COPD

COPD  should  be  preoperatively  assessed  by  spirometry

IIa

C 

Pulmonary 

Pulmonary  hypertension  is  associated  with  an  increased  mortality  and 

I

C

hypertension 

morbidity  in  LVAD  patients.  Invasive  hemodynamic  assessment  of 

pulmonary  vascular  resistance  is  recommended 

LVAD therapy can be considered in transplant  candidates for normalization of 

IIa

B 

pulmonary  hypertension 

Renal  function

LVAD  support  improves  renal  function  and  can  be  considered  in patients  with 

IIa/b

C 

chronic  renal  impairment 

Peripheral  vascular 

The  impact  of  LVAD  therapy  on  peripheral  artery  disease  is  not  well 

I

C

disease 

investigated.  However,  it  is  highly  recommended  to  evaluate  peripheral 

vascular  status  prior  to  LVAD  implantation 

Hepatic  function

Preoperative  assessment of liver function is recommended in patients  planned 

IIa

C 

for  a  LVAD  implantation.  MELD-IX  score  represents  a  feasible  tool  for 

evaluation  of  hepatic  dysfunction 

Psycho-

Multidisciplinary  neurological  examination  should  be  performed  in  all 

I

C

neurological 

candidates  for  a  durable  LVAD  implantation  including  assessment  of 

conditions 

dementia,  depression,  suicidal  conditions,  and  mental  status 

Nutrition

Frailty  and  cardiac  cachexia  in  potential  LVAD  patients  can  be  assessed  using 

IIb

C 

an  index  of  axial  muscle  area  to  body  surface 

Preoperative  conditioning  of  patients’  nutritional  status  might  be  considered 

IIb

C 

Malignancy

In  patients  with  a  malignancy  and  an  expected  survival  durable  mechanical 

III

C 

support  device  implantation  is  not  recommended.  Careful  screening  for  GI 

tract  malignancies  can  prevent  mucosal  bleeding  following  LVAD  implant 

into  consideration  for  clinical  conditioning  of  renal 

of  peritoneal  dialysis  in  LVAD  patients  (Potapov 

function  prior  to  durable  devices  (Potapov  et  al. 

et  al. 2019;  Ajuria  et  a  l. 2021). 

2019). Although  kidney  function  improves  after 

LVAD  implantation,  up  to  45%  of  patients  may 

Peripheral  Artery  Disease 

develop  early  postoperative  AKI,  which  is  associ-

The  incidence  of  moderate-to-severe  peripheral 

ated  with  poor  outcomes,  especially  if  continuous 

artery  disease  (PAD)  among  end-stage  heart  fail-

renal  replacement  therapy  (cRRT)  is  needed  (Ross 

ure  patients  is  up  to  30%;  however,  the  impact  of 

et  al. 2018). Severe  renal  impairment  (glomerular 

PAD  in  patients  undergoing  a  LVAD  implantation 

filtration  rate  <  30  ml/min*1.73  m2 )  is  associated   remains  barely  investigated  (Ullah  et  al. 2021). 

with  perioperative  requirement  for  a  cRRT,  right 

The  only  available  large  studies  specifically  on 

heart  failure,  infections,  and  early  mortality  in 

impact  of  PAD  in  LVAD  patients  are  based  on 

LVAD  patients  (Potapov  et  al . 2019; Patel  et  al. 

the  short-term  data  from  the  National  Inpatient 

2013;  Ross  et  a  l. 2018). 

Sample  (NIS)  database  from  US  hospitals  (Ullah 

Several  studies  demonstrated  GFR  increase  in 

et  al. 2021). Those  studies  suggest  an  increased 

patients  with  chronic  kidney  disease  (CKD),  with 

risk  for  in-hospital  mortality  and  vascular  compli-

up  to  20  ml/min*1.73  m2  higher  rates  in  the  first 

cations  in  PAD  patients,  who  receive  a  LVAD, 

12  months  (Patel  et  al. 2013; Ross  et  al. 2018). 

especially  in  association  with  a  diabetes  mellitus. 

However,  the  potential  of  GFR  recovery  is 

Moreover,  the  nonpulsatile  flow  character  after 

inversely  proportional  to  the  severity  of  the  pre-

LVAD  might  additionally  compromise  the  distal 

operative  renal  impairment  (Patel  et  al. 2013; 

perfusion,  worsening  the  PAD  (Ullah  et  al. 2021). 

Ross  et  al. 2018). 

Therefore,  severe  PAD  might  represent  a  relative 

Limited  data  and  potential  risks  for  severe 

contraindication  for  LVAD  and  has  to  be  evalu-

device-associated  infections  prevent  the  utilization 

ated  preoperatively  (Feldman  et  al. 2013). 
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Hepatic  Function 

ability  to  carry  out  self-care,  prescribed  medical 

treatment  as  well  as  recognize  and  respond  appro-

Preoperative  hepatic  failure  is  associated  with  an 

priately  to  worsening  symptoms  (Bhat  et  al. 

increased  mortality  in  patients  undergoing  LVAD 

2015). Nevertheless,  current  data  on  neurological 

implantation  (Yalcin  et  al. 2020).  The  etiology  of 

evaluation  and  its  impact  is  limited  and  very  het-

liver  damage  is  multifactorial;  however,  it  is 

erogeneous  due  to  the  different  assessment  tools 

strongly 

associated 

with 

right 

ventricular 

used  (Potapov  et  al. 2019). 

(RV)  dysfunction  (Yalcin  et  al. 2020;  Maltais  and 

For  example,  the  Stanford  Integrated  Psychoso-

Stulak  2016). Persistent  RV  dysfunction  causes 

cial  Assessment  for  Transplantation  (SIPAT)  is  a 

chronic  venous  congestion  impacting  liver  and 

validated,  psychosocial  risk  assessment  question-

potentially 

leading 

to 

irreversible 

hepatic 

naire  that  is  routinely  used  to  evaluate  patients  for 

damage—“cirrhose  cardiaque”  (Maltais  and  Stulak 

a  potential  HTx,  but  can  be  successfully  applied  on 

2016).  Hepatic  dysfunction  represents  a  clinically 

LVAD  patients  (Cagliostro  et  al. 2019).  Patients 

severe  condition  affecting  various  metabolic  pro-

with  a  higher  SIPAT  score  demonstrated  an 

cesses.  Especially  dangerous  for  LVAD  patients  is 

increased  incidence  for  urgent  hospital  visits  and 

the  coagulopathy  due  to  the  impaired  synthesis  of 

readmissions,  however,  without  any  impact  on  mor-

clotting  factors  and  vasodilatation  (Maltais  and 

bidity  and  mortality  (Cagliostro  et  al. 2019). 

Stulak  2016).  The  Model  for  End-stage  Liver  Dis-

The  Mini-Mental  State  Examination  is  a  well-

ease  (MELD)  is  a  score  originally  used  for  a  liver 

known  assessment  tool  for  a  rapid  evaluation  of 

function  assessment  and  mortality  prediction  in 

cognitive  impairment  in  senior  patients  and  can  be 

patients 

undergoing 

trans-jugular 

intrahepatic 

also  applied  on  heart  failure  cohort  (Bhat  et  al. 

portosystemic  shunt  procedure  (Yalcin  et  al. 2020). 

2015). The  Montreal  Cognitive  Assessment  was 

Various  formulas  for  MELD  score  calculation  are 

demonstrated  to be  a feasible  evaluation  tool  espe-

currently  available.  The  classic  MELD  score  uses 

cially  sensitive  for  detection  of  a  mild  cognitive 

the  bilirubin,  creatinine,  and  INR,  which  can  be 

impairment  (Bhat  et  al. 2015). 

unsuitable  for  patients  on  anticoagulation  (Yalcin 

Last  but  not  least,  an  ongoing  LVAD  support 

et  al. 2020).  The  MELD-XI  includes  only  bilirubin 

achieved  a  significant  improvement  in  patients’ 

and creatinine was demonstrated to be a feasible tool 

cognitive  function,  suggesting  that  an  increased 

for  preoperative  liver  function  evaluation  in  MCS 

cardiac  output  and  cerebral  perfusion  may  have  a 

patients  (Nersesian  et  al. 2020). 

beneficial  impact  on  patients’  neurology  (Bhat 

et  al. 2015). 

Psycho-Neurological  Conditions 

Cognitive  impairment  can  be  frequently  observed 

in  25  to  75%  of  heart  failure  patients.  Although 

Nutrition 

the  relationship  between  cardiovascular  disease 

and 

impaired 

cognitive 

function 

is 

well 

Low  body  mass  index  and  malnutrition  are  well-

established,  it  is  predominantly  associated  with  a 

known  predictors  for  poor  outcomes  in  heart-

chronic  cerebral  hypoperfusion  and  a  high  inci-

failure  patients  undergoing  LVAD  implantation 

dence  of  carotid  artery  disease  (Bhat  et  al. 2015). 

(Dang  et  al. 2005).  Cardiac  cachexia  is  a  complex 

In  addition,  approximately  4%  of  patients  under-

and  multifactorial  comorbidity,  affecting  not  only 

going  an  LVAD  implantation present  a history  of  a 

patients’  metabolism  but  also  the  immune  system 

major  stroke  preoperatively  (Potapov  et  al. 2019). 

and  recovery  mechanisms  (Holdy  et  al. 2005). 

The  cognitive  and  psycho-neurological  assess-

Though  the  nutritional  evaluation  in  end-stage 

ment  represents  an  essential  part  of  preoperative 

heart  failure  patients  is  especially  challenging, 

evaluation  for  patients  planned  for  HTx  or  durable 

due  to  the  fact  that  conventional  parameters  such 

LVAD,  due  to  the  requirement  for  an  executively 

as  BMI  or  weight  itself  are  often  not  representa-

high  patient  compliance  (Cho  et  al. 2021).  More-

tive,  cardiac  cachexia  and  sarcopenia  can  be 

over,  neurological  dysfunction  impairs  patient’s 

masked  by  edemas  and  volume  overload  (Holdy
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et  al. 2005). In  this  constellation,  the  computed 
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Abstract 

Mechanical  circulatory  support  (MCS)  is 

important  therapeutic  option  for  severe  heart 

failure  such  as  cardiogenic  shock  (CS)  and 
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of  etiologies  and  presentations  of  CS  and  AHF 

Etiology  of  CS  in  Women 

and  often  require  specific  consideration  when 

implementing  MCS.  Sex  disparities  in  utiliza-

Acute  Myocardial  Infraction 

tion,  complications,  comorbidities,  and  mortal-

ity  are  found  in  almost  in  all  MCS  devices.  In 

Acute  myocardial  infarction  (AMI)  remains  the 

contrast  to  the  ample  evidence  of  gender  dif-

most  common  cause  of  cardiogenic  shock 

ferences  in  MCS  outcomes,  little  is  known 

(CS)  (van  Diepen  et  al. 2017). Women  with  AMI 

about  their  exact  reasons.  The  underrepresen-

have  a  higher  incidence  and  worse  outcome  of  CS 

tation  of  female  patients  in  MCS  calls  for  col-

compared  to  men.  In  a  study  of  199,690  AMI 

laborative 

efforts 

from 

clinicians 

and 

patient  from  national  registry,  women  had  a  sig-

researchers  to  understand  gender  differences 

nificantly  higher  incidence  (11.6%  vs  8.3%)  of  CS 

better  and  to  improve  the  outcomes  of  MCS 

compared  to  men  (Akhter  et  al. 2009). In  the 

in  women. 

SHOCK  II  trial,  as  compared  to  males,  females 

who  presented  with  AMI  complicated  by  cardio-

Keywords 

genic  shock  were  older  and  sicker  with  higher 

burden  of  cardiovascular  risk  factors  (Fengler 

Women  ·  Mechanical  circulatory  support  · 

et  al. 2015).  There  was  also  less  revascularization 

Gender  difference  ·  Complication  ·  Survival 

and  utilization  of  mechanical  circulatory  support 

in  females  with  AMI-CS  compared  to  male,  espe-

cially  in  elderly  females  (Vallabhajosyula  et  al. 

Introduction 

2020a;  Abdel-Qadir  et  al. 2013). As  far  as  the 

morality,  the  data  are  conflicting.  Early  data  had 

Cardiogenic  shock  (CS)  and  advanced  heart  failure 

suggested  despite  a  sicker  presentation,  women 

(AHF)  are  critical  conditions  that  are  associated 

appeared  to  have  similar  mortality  rate  from 

with  high  mortality  and  often  necessitate  consider-

AMI-CS  compared  to  males  after  adjusting  for 

ation  of  mechanical  circulatory  supports  (MCS) 

confounders  (Akhter  et  al. 2009;  Vallabhajosyula 

(van  Diepen  et  al. 2017; Crespo-Leiro  et  al. 2018). 

et  al. 2020a). In  contrast,  a  recent  study  from 

Women  account  for more than half  of  the total  heart 

national  registry  of  17,195  patient  with  AMI-CS 

failure  population  and  represent  a  growing  popula-

showed  women  had  higher  in-hospital  mortality 

tion  for  MCS  (Cowie  et  al. 1997).  Compared  to 

and  risk  of  major  bleeding  compared  to  men 

males,  females  have  some  unique  etiologies  and 

(Abdel-Qadir  et  al. 2013). 

pathophysiologies  of  CS  and  AHF  that  warrant 

special  consideration  when  implementing  MCS 

therapy.  Notable  gender  differences  in  utilization 

Myocarditis 

and  outcomes  of  MCS  have  been  shown  in  numer-

ous studies of MCS. Due to the  underrepresentation 

Myocarditis  is  an  infrequent  cause  of  cardiogenic 

of  females  in  clinical  studies  and  trials  of  MCS, 

shock  but  is  associated  with  significant  mortality 

significant  knowledge  gaps  exist  in  understanding 

(van  Diepen  et  al. 2017). Males  have  higher  prev-

outcomes  of  MCS  in  women.  Understanding  the 

alence  of  myocarditis  than  females  (Caforio  et  al. 

reasons  for  these  sex  disparities  is  of  critical  impor-

2007; Magnani  et  al. 2006).  In  a  retrospective 

tance  in  guiding  future  directions  and  improving 

study  of  a  national  database  of  27,129  admitted 

outcomes  of  MCS  in  women. 

patients  with  myocarditis,  the  majority  of  the 

The  aim  of  this  chapter  is  to  provide  a  compre-

patients  are  male  (66%  vs  34%).  However,  the 

hensive  review  of  the  gender  differences  in  the 

female  patients  were  found  to  have  significantly 

etiology  of  cardiogenic  shock  as  well  as  in  clinical 

higher  in  hospital  mortality  and  incidence  of  car-

outcomes  of  temporal  and  durable  mechanical 

diogenic  shock  (Shah  et  al. 2019). The  mecha-

circulatory  support  for  patients  in  advanced  heart 

nism  behind  the  susceptibility  of  females  to

failure. 
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myocarditis  is  largely  unknown.  It  is  possibly 

Takotsubo  Registry  of  1750  stress  cardiomyopa-

contributed 

by 

the 

different 

inflammatory 

thy  patients,  89.9%  were  women  and  mean  age 

responses  of  the  body  to  the  virus,  as  females 

were  66.4  years.  Common  risk  factors  include  age 

were  found  to  have  higher  IFN-γ  and  macrophage 

>55  years,  smoking,  alcohol  abuse,  anxiety 

activity  (Shepherd  et  al. 2021).  Interestingly, 

states,  and  hyperlipidemia  (Deshmukh  et  al. 

females  seem  to  have  better  chance  of  recovery 

2012). Approximately  5–10%  of  patients  with 

from  fulminant  myocarditis  after  undergoing  ven-

stress 

cardiomyopathy 

develop 

cardiogenic 

tricular 

assist 

device 

(VAD) 

implantation, 

shock  (Templin  et  al. 2015)  with  about  20%  mor-

although  the  exact  reason  is  unclear  (Atluri  et  al. 

tality  (Di  Vece  et  al. 2019). 

2013). 

Peripartum  Cardiomyopathy 

Spontaneous  Coronary  Artery 

Dissection 

Peripartum  cardiomyopathy  (PPCM)  is  a  form  of 

idiopathic  dilated  cardiomyopathy  that  presents  in 

Spontaneous  coronary  artery  dissection  (SCAD) 

women  during  the  latter  part  of  pregnancy  or  the 

is  an  underreported  and  potentially  fatal  cause  of 

first  several  months  after  delivery.  The  incidence 

acute  coronary  syndrome  (ACS)  (Lebrun  and 

of  PPCM  in  the  United  States  is  between  1 in  1141 

Bond  2018). Females  account  for  more  than 

and  1  in  4350  live  births  (Brar  et  al. 2007). Risk 

80%  of  SCAD  cases,  which  typically  presents  as 

factors  include  advanced  maternal  age,  African 

ST  elevation  ACS  in  young  females  without  tra-

American  race,  chronic  hypertension,  preeclamp-

ditional  cardiovascular  risk  factors  (Tweet  et  al. 

sia,  multiple  gestations,  and  prolonged  tocolytic 

2012).  About  40%  of  SCAD  is  related  to  preg-

use.  In  a  large  national  inpatient  cohort,  cardio-

nancy,  which  is  theorized  to  be  caused  by  hor-

genic  shock  was  found  complicating  about  2.6% 

monal  and  hemodynamic  changes  that  affect  the 

of  the  PPCM  cases  (Kolte  et  al. 2014). The  esti-

vessel  wall  integrity  in  predisposed  females 

mated  mortality  rate  associated  with  peripartum 

(Vijayaraghavan  et  al. 2014).  Fibromuscular  dys-

cardiomyopathy  in  the  United  States  is  6–10% 

plasia  and  other  connective  tissue  diseases  are  the 

(Felker  et  al. 2000). Early  initiation  of  MCS  is 

common  conditions  that  predispose  to  both  preg-

recommended  in  patient  with  PPCM-CS  as  ino-

nancy- and  non-pregnancy-related  SCAD  (Hayes 

tropic  stimulation  may  cause  increase  of  myocar-

et  al. 2018).  In  a  retrospective  study  of  SCAD  in 

dial  oxygen  demand  and  irreversible  remodeling 

pregnancy,  24%  developed  cardiogenic  shock  and 

(Bauersachs  et  al. 2016; Stapel  et  al. 2017). 

28%  required  mechanical  circulatory  support 

(Havakuk  et  al. 2017). 

Temporary  Mechanical  Circulatory 

Support  in  Women 

Stress  Cardiomyopathy 

Intra-Aortic  Balloon  Pump 

Stress  cardiomyopathy,  also  known  as  Takotsubo 

cardiomyopathy,  has  been  increasingly  reported 

Intra-aortic  balloon  pump  (IABP)  is  the  most  uti-

as  cause  of  cardiogenic  shock  (Khera  et  al. 2016). 

lized  mechanical  circulatory  support  device 

It  is  characterized  by  an  acute  and  transient 

(Stretch  et  al. 2014).  It  works  by  inflating  the 

(<21  days)  left  ventricular  (LV)  systolic  (and 

balloon  inside  the  aorta  during  diastole  and  deflat-

diastolic)  dysfunction  often  related  to  an  emo-

ing  the  balloon  during  systole  to  improve  forward 

tional  or  physical  stressful  event,  most  often  iden-

flow  and  cardiac  output.  It  is  peripherally  inserted 

tified  in  the  preceding  days  (1–5  days).  Stress 

most  commonly  via  femoral  artery  but  may  also 

cardiomyopathy  predominantly  affects  the  post-

be  placed  in  the  axillary  artery  (Bhimaraj  et  al. 

menopausal 

women. 

In 

the 

International 

2020).  As  stated  previously,  females  are  less
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likely  to  receive  IABP  compared  to  male.  Yet, 

CS  was  also  comparable  to  that  of  males  (Osman 

females  appears  to  have  higher  complication 

et  al. 2021). 

rates  of  IABP  when  compared  to  males,  especially 

vascular  complications.  In  a  study  of  1119 

patients  who  underwent  IABP,  females  were 

TandemHeart 

found  to  have  higher  complication  rates  and 

female  gender  was  independently  associated 

TandemHeart®  is  a  percutaneous  left  atrial  (via 

with  the  development  of  vascular  complications 

atrial  septostomy)  to  iliac  artery  bypass,  powered 

(Cohen  et  al. 2000).  It  is  postulated  that  the 

by  an  external  centrifugal  pump  that  provides  up  to 

smaller  artery  size  of  females  compared  to  males 

3.5–4  L/min  of  forward  flow  by  standard  implanta-

might  have  contributed  to  this  difference  (Cohen 

tion  technique.  Complications  after  TandemHeart® 

et  al. 2000). The  outcome  difference  of  IABP  in 

mostly include limb ischemia, major bleeding, cere-

women  versus  men  are  conflicting  among  litera-

brovascular  accident  (CVA),  and  very  infrequently 

ture.  In  a  study  of  patients  who  underwent  high-

right-to-left  shunt  from  inflow  canula  into  the  right 

risk  coronary  bypass  surgery,  IABP  was  shown  to 

atrium  (Ali  and  Abu-Omar  2020). There  is  no  cur-

benefit  female  more  than  males  in  reducing  major 

rent  study  available  investigating  gender  outcome 

adverse  cardiac  or  cerebrovascular  event  peri-

differences  with  TandemHeart® . 

operatively  (Wilczyński  et  al. 2010). In  the 

SHOCK  II  trial,  after  adjusting  for  confounders, 

no  differences  in  primary  outcomes  between 

Venoarterial  Extracorporeal  Membrane 

males  and females were found  (Thiele  et al. 2012). 

Oxygenation 

Venoarterial  extracorporeal  membrane  oxygena-

Impella® 

tion  (VA-ECMO)  has  served  as  a  salvage  inter-

vention  in  patients  with  cardiogenic  shock  or 

Impella®  is  a  catheter-based  microaxial  flow 

cardiac  arrest  that  is  refractory  to  standard  thera-

pump  placed  across  the  aortic  valve  into  the  LV 

pies.  VA-ECMO  circuits  consist  of  a  venous 

that  actively  pumps  blood  from  the  LV  into  the 

(inflow,  drainage)  cannula,  a  pump,  an  oxygena-

aorta,  thereby  unloading  the  LV.  Impella®  device 

tor,  and  an  arterial  (outflow,  return)  cannula  which 

has  been  gaining  popularity  in  recent  years  as 

can  provide  3–7  L/min  flow.  Utilization  of 

temporary  MCS  especially  in  the  setting  of 

VA-ECMO  in  women  has  also  grown  signifi-

AMI-CS.  Depending  on  the  device  type,  Impella® 

cantly  in  recent  years  in  parallel  to  men 

can  provide  2–5.5  L/min  cardiac  output.  The  uti-

(Vallabhajosyula  et  al. 2020b).  The  most  common 

lization  of  percutaneous  ventricular  assist  devices 

serious  complications  from  ECMO  are  bleeding 

(pVAD)  in  both  men  and  women  has  increased 

and  thrombosis  (Cheng  et  al. 2014).  Gender  dif-

significantly  in  recent  years,  but  women  are  still 

ference  in  outcome  of  VA-ECMO  has  been 

less  likely  to  receive  pVAD  than  men  (Bravo-

described  in  the  literature.  In  a study  of  81  patients 

Jaimes  et  al. 2022).  Vascular  complications  have 

treated  with  VA-ECMO  for  various  indications, 

been  more  frequently  observed  in  females  who 

female  gender  was  associated  with  increased  risk 

underwent  Impella®  placement  (Abaunza  et  al. 

for  in-ICU  death  (Mirabel  et  al. 2011).  In  another 

2015).  In  contrast,  females  appear  to  benefit 

meta-anlaysis  of  2986  patients  who  required  VA-

equally  from  pVAD  when  compared  to  male 

ECMO  post  cardiac  surgery,  female  patients  dem-

counterparts.  In  a  subgroup  analysis  of  the  Protect 

onstrated  higher  hospital  mortality  than  men. 

II  trial,  no  difference  in  outcome  between  males 

Morbidity  and  late  mortality  were  similar  between 

and  females  was  found  (Kovacic  et  al. 2015).  In 

the two groups  (Biancari  et al. 2018). In  contrast,  a 

another  study  of  the  nationwide  readmission  data-

retrospective  study  of  574  patient  with  that 

base,  the  outcome  of  Impella®  use  in  women  with 

required  VA-ECMO  showed  no  difference  in
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Table  1  Comparison  of  temporary  mechanical  circulatory  support  devices 

Device

IABP

Impella® 

TandemHeart® 

VA-ECMO

Impella  RP® 

Protek  Duo® 

Blood  flow

Aorta

LV  →  aorta

LA  →  aorta

RA  →  aorta 

IVC  →  PA

RA  →  PA 

Mechanism

Pneumatic 

Axial

Centrifugal

Centrifugal

Axial

Centrifugal 

Flow  (L/min)

0.3–0.5

2–5.5

2.5–5

3–7

4

4.5 

Sheath  size

7–8  Fr

13  Fr  (2.5) 

15–19  (arterial) 

15–19Fr 

14  Fr

29–31Fr 

14  Fr  (CP) 

21Fr  (venous) 

(arterial) 

22Fr  (5.0) 

18–29Fr 

(venous) 

Common 

Limb 

Vascular 

Limb  ischemia 

Bleeding 

Vascular 

Bleeding 

complications 

ischemia 

complications 

Major  bleeding 

Thrombosis 

complications 

Stroke 

in  women 

Major  bleeding 

Dislodgement 

Limb 

Major 

Renal  failure 

(Abaunza  et  al. 

of  the  inflow 

ischemia 

bleeding 

(Abdelshafy 

2015) 

canula 

et  al. 2022) 

outcomes  between  male  and  female  patients 

symptoms  of  heart  failure  with  unplanned  hospi-

despite  differing  risk  profiles  for  in-hospital  mor-

talization  and  severe  impairment  of  exercise 

tality  (Wang  et  al. 2020)  (Table  1). 

capacity  in  the  setting  of  severe  cardiac  structural 

dysfunction,  despite  of  optimal  guideline  directed 

medical  therapy  (Metra  et  al. 2007).  The  preva-

RV  Support  Device 

lence  of  AHF  among  heart  failure  patient  is  esti-

mated  to  be  6–25%,  depending  on  the  definition 

Right  ventricular  (RV)  failure  is  associated  with 

that  was  used  (Abouezzeddine  and  Redfield 

significant  morbidity  and  mortality  for  patients 

2011).  Males  are  more  susceptible  to  develop 

with  advanced  heart  failure  (Kapur  et  al. 2017). 

AHF  compared  to  females,  although  the  differ-

Traditional  RV assist  devices  (RVAD)  use  extracor-

ence  is  small  (Subramaniam  et  al. 2022; Zannad 

poreal  centrifugal-flow  pumps  to  provide  up  to 

et  al. 1999). In  the  ADHERE  heart  failure  registry, 

4.5  L  flow  support  (i.e.,  Protek  Duo® ).  More 

about  5%  of  total  heart  failure  patients  are  AHF, 

recently,  Impella  RP®  has  been  developed  as  a 

and  females  represent  35%  of  total  AHF  popula-

smaller  axial  RV  support  device  that  can  provide 

tion  (Costanzo  et  al. 2008). Females  with  heart 

up  to  4  L  flow.  RV  support  has  unique  implications 

failure  are  more  likely  to  be  nonischemic  than 

for  women  who  have  undergone  left  ventricular 

males,  driven  by  gender-specific  risk  factors 

assist  device  placement,  as  earlier  studies  have 

such  as  pregnancy,  chemotherapy,  and  Takotsubo 

shown  that  women  have  higher  risk  for  RV  failure 

cardiomyopathy  (Lam  et  al. 2019). Previous  stud-

after  the  LVAD  implantation  (Blumer  et al. 2018; 

ies  have  suggested  that  women  with  AHF  have 

Magnussen  et  al. 2018).  Bleeding,  stroke,  and  renal 

better  prognosis  compared  to  men  and  the  differ-

failure  are  among  the  most  frequent  complications 

ences  appears  to  be  confined  to  nonischemic  eti-

from  RV  support  device  (Abdelshafy  et  al. 2022). 

ology  only  (Simon  et  al. 2001; Ghali  et  al. 2003). 

The  data  regarding  the  gender  differences  of  RVAD 

On  the  other  hand,  females  tend  to  present  with 

outcome  has  not  been  well  described  (Table  2). 

more  advanced  symptoms  such  as  orthopnea  and 

paroxysmal  nocturnal  dyspnea  compared  to  males 

(Stolfo  et  al. 2019). Analysis  from  EUROMACS 

Advanced  Heart  Failure  in  Women 

suggested  that  at  the  time  of  VAD  implantation, 

females  were  more  likely  to  be  a  higher 

According  to  an  update  from  the  European  Soci-

INTERMACS  profile  compared  to  males  (Blumer 

ety  of  Cardiology  in  2018,  AHF  (stage  D  heart 

et  al. 2018).  Further,  data  from  United  Network 

failure)  is  defined  as  severe  and  persistent 

for  Organ  Sharing  (UNOS)  showed  that  females
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Table  2  Gender  outcome  differences  in  temporary  mechanical  circulatory  support  from  major  clinical  trials  or  registries Number 

of 

Percentage 

Study

Year 

Study  type 

subjects 

of  women

Outcomes  difference  women  vs  man 

IABP 

Shock  II

2012 

RCT

600

31.2%

No  difference  in  outcome  between  male  and 

female  (Thiele  et  al. 2012) 

Impella® 

Protect  II

2012 

RCT

448

19.8%

No  difference  in  outcome  between  male  and 

female  (Kovacic  et  al. 2015) 

ISAR-

2008 

RCT

26

26.3%

No  gender  difference  outcome  reported 

SHOCK 

TandemHeart® 

Burkhoff  et  al. 

2006 

RCT

42

22.1%

No  gender  difference  outcome  reported 

Thiele  et  al. 

2005 

RCT

41

25.3%

No  gender  difference  outcome  reported 

VA-ECMO 

Fausto  et  al. 

2018 

Meta-analysis 

2986

30.9%

Female  patients  demonstrated  higher  hospital 

mortality  than  men.  Morbidity  and  late 

mortality  were  similar  between  the  two  groups 

(Biancari  et  al. 2018) 

Impella  RP® 

RECOVER 

2015 

RTC

30

23.0%

No  gender  difference  outcome  reported 

RIGHT 

Proteck  Duo® 

Ravichandran 

2018 

Retrospective 

17

24.0%

No  gender  difference  outcome  reported 

et  al. 

have  a  higher  mortality  rate  while  waiting  for 

(Rose  et  al. 2001). This  issue  has  been  addressed 

heart  transplant  with  high  priority  status  (Stolfo 

by  newer  generation  LVADs,  especially  the  con-

et  al. 2019). 

tinuous  flow  (CF)  LVADs,  which  are  much 

smaller  in  size  and  therefore  can  be  accommo-

dated  in  most  female  patients. 

Durable  VAD  in  Women 

The  gender  differences  in  outcomes  of  LVAD 

in  women  has  been  noted  since  the  early  LVAD 

Durable  ventricular  assist  device,  most  commonly 

studies  (Table  3). In  a  study  of  HeartMate  II 

left  ventricular  assist  device  (LVAD),  is  a  well-

LVAD  from  1990  to  2002,  females  were  found 

recognized  option  therapy  for  advance  heart  fail-

to  have  worse  survival  while  on  LVAD  and  lower 

ure,  with  implant  numbers  growing  substantially 

success  bridging  to  transplant,  although  the  dif-

in  recent  years  (Sanaiha  et  al. 2021). However, 

ference  diminished  after  multivariate  analysis 

LVAD  implantation  in  women  remains  signifi-

accounting  for  comorbidities  and  heart  failure 

cantly  lower  than  men.  In  a  recent  analysis  of 

severity  (Morgan  et  al. 2004). From  studies  of 

2004–2016  national  inpatient  sample  database 

HeartMate  II,  women  were  noted  to  have  higher 

from  the  United  States,  women  consistently  con-

chance  of  pump  thrombosis  (Klodell  et  al. 2015). 

stitute  only  about  a  quarter  of  the  total  implanta-

There  are  also  possible  differences  in  neurological 

tions  (Joshi  et  al. 2019). Similarly,  analysis  from 

outcomes.  In  an  analysis  from  INTERMACS  reg-

INTERMACS  registry  showed  that  only  one  in 

istry  from  2006  to  2010  with  a  mean  follow-up 

five  LVADs  were  implanted  in  women  (Fluschnik  duration  of  7  months,  women  were  found  to  have 

et  al. 2021). Historically,  due  to  the  large  size 

shorter  duration  to  first  neurological  event  com-

pump  design  of  the  first-generation  pulsatile 

pared  to  men,  but  there  was  no  difference  in  sur-

flow  (PF)  device,  women  are  less  likely  to  be  vival  (Hsich  et  al. 2012).  This  is  consistent  with included  in  the  study  due  to  anatomic  reasons 

another  meta-analysis  of  10  clinical  trials  of  CF-
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Table  3  Gender  outcome  differences  in  durable  mechanical  circulatory  support 

Number 

of 

Percentage 

Outcomes  difference 

Study

Year

Data  source

Device 

subjects 

of  women 

women  vs  man 

Momentum  3

2018

RCT

HeartMate  3  and 

289

20.5%

No  difference  in  survival 

or  stroke  or  RV  failure 

(Goldstein  et  al. 2018) 

DeFilippis  et  al. 

2020

Single-center 

HeartMate  3  and 

173

16.0%

No  gender  differences  in 

retrospective 

early  morbidity  or 

mortality  (DeFilippis  et  al. 

2020) 

DeFilippis  et  al. 

2008–2018  UNOS

CF-LVAD

13,305 

20.8%

Women  have  higher  risk 

of  mortality  (DeFilippis 

et  al. 2019) 

Gruen  et  al. 

2008– 

INTERMACS  PF-LVAD  and 

18,868 

21.2%

Women  have  higher  risk 

2017 

CF-LVAD 

of  mortality  and  adverse 

events 

Magnussen  et  al.  2011–2014  EUROMACS  PF-LVAD  and 

996

15.6%

Women  have  higher 

CF-LVAD 

mortality  post  VAD  and 

higher  chance  of  RV 

failure  (Magnussen  et  al. 

2018) 

Blumer  et  al. 

2008–2017  Meta  analysis  Continuous-flow  4493

23.5%

Women  have  higher  risk 

of  ten  clinical 

LVAD 

for  ischemic  and 

studies 

hemorrhagic  stroke  and 


higher  chance  of  RV 

failure  (Blumer  et  al. 

2018) 

Hsich  et  al. 

2006–2010  INTERMACS  PF-LVAD  and 

1936

20.7%

Women  were  found  to 

CF-LVAD 

have  shorter  duration  from 

first  neurological  events 

compared  to  men  (Hsich 

et  al. 2012) 

Klodell  et  al. 

2011–2013  Multicenter 

PF-LVAD  and 

666

19.1%

Pump  thrombosis  were 

retrospective 

CF-LVAD 

more  likely  developed 

among  females  than  males 

(31.6%  vs  18.3%) 

(Klodell  et  al. 2015) 

Morgan  et  al. 

1990–2002  Single-center 

PF-LVAD  and 

236

19.1%

Male  patients 

retrospective 

CF-LVAD 

demonstrated  superior 

survival  while  receiving 

mechanical  assistance,  a 

higher  rate  of  successful 

bridging  to 

transplantation,  and 

improved  survival  after 

transplantation  (Morgan 

et  al. 2004) 

Stewart  et  al. 

2015–2016  Multicenter 

PF-LVAD  and 

400

24.8%

Women  have  more 

retrospective 

CF-LVAD 

impaired  quality  of  life 

and  higher  risk  of 

depression  (Stewart  et  al. 

2019)

LVADs  from  2007  to  2018  that  suggested  females 

failure  is  another  important  perioperative  compli-

have  a  higher  chance  of  both  ischemic  stroke  and 

cation  of  LVAD.  An  analysis  from  EUROMACS 

hemorrhagic  stroke  (Blumer  et  al. 2018).  RV 

and  a  meta-analysis  of  clinical  trials  both  showed
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a  higher  chance  of  RV  failure  post  LVAD  implan-

general  adult  population  when  MCS  was  placed 

tation  in  females  compared  to  males,  possibly 

within  6  days  of  admission  (Cotter  et  al. 2020). 

explained  by  a  higher  percentage  of  nonischemic 

Currently,  guidelines  recommend  MCS  should  be 

cardiomyopathy  and  more  advanced  presentation 

considered  in  severe  PPCM  with  persistent 

(Blumer  et  al. 2018;  Magnussen  et  al. 2018).  Data 

hemodynamical  instability,  and  in  such  cases,  the 

on  long-term  survival  has  been  mixed.  Three 

implantation of  MCS  should  be  considered  early  in 

recent 

large 

retrospective 

analysis 

from 

the  acute  phase  (Bauersachs  et  al. 2016). Durable 

EUROMACS,  INTERMACS,  and  UNOS  have 

LVAD  has  been  increasingly  considered for  women 

shown  that  women  have  higher  mortality  com-

with  PPCM  both  as  bridge  to  transplant  and  desti-

pared  to  males  (Magnussen  et  al. 2018; Fluschnik 

nation  therapy.  In  an  analysis  of  INTERMACS 

et  al. 2021;  DeFilippis  et  al. 2019). In  contrast,  a 

from  2006  to  2012,  women  (n  =  99)  who  were 

subgroup  analysis  of  MOMENTEM  3  trial 

diagnosed  with  PPCM  and  underwent  durable 

(HeartMate  3  LVAD)  revealed  no  survival  differ-

LVAD  had  better  survival  than  women  without 

ence  in  women  compared  to  men.  Notably,  there 

PPCM.  At  36  months  of  follow-up  of  the  same 

were  also  no  differences  in  stroke,  RV  failure,  and 

study,  48%  of  the  patients  received  heart  transplant 

postoperative  arrhythmia  (Goldstein  et  al. 2018). 

(Loyaga-Rendon  et  al. 2014).  Similarly,  analysis  of 

Another 

single-center 

study 

of 

HeartMate 

EUROMACS  from  2011  to  2018  showed  women 

3  LVAD  (n  =  175,  28  are  women)  also  did  not 

with  a  diagnosis  of  PPCM  who  underwent  LVAD 

find  any  difference  in  early  morbidity  and  mortal- (n  =  16)  had  considerably  low  mortality  rate  of  6% 

ity  between  women  and  men  (DeFilippis  et al. 

and  40%  of  them  eventually  underwent  heart  trans-

2020).  The  newest  generation  LVAD  technology, 

plantation (Djordjevic et  al. 2021). For women with 

such  as  HeartMate  3,  use  magnetically  levitated 

durable  LVAD  who  are  of  childbearing  age,  preg-

centrifugal  pump  that  in  theory  will  reduce  the 

nancy  is  not  recommended,  and  contraceptive  mea-

chance  of  thrombosis  formation  and  improve 

sures  are  advised  (Feldman  et  al. 2013).  In  the  case 

hemodynamics  (Mehra  et  al. 2018).  Whether 

of  unplanned  pregnancy  in  LVAD-supported 

these  advances  in  technology  will  translate  into 

women,  successful  delivery  has  been  reported 

improvements  in  gender  outcome  difference  for 

(Sims  et  al. 2011),  but  it’s  often  a  very  challenging 

LVAD  remains  to  be  seen. 

situation,  and  a  multidisciplinary  approach  is  often 

necessary  recommended  (Potapov  et  al. 2019). 

Pregnancy  and  Mechanical  Circulatory 

Support 

Challenge  in  MCS  for  Women 

As  stated  earlier,  women  in  pregnancy  represent  a 

Despite  increased  utilization  of  MCS  in  cardiogenic 

unique  population  for  mechanical  circulatory  sup-

shock  and  advanced  heart  failure,  MCS  remains 

port  with  their  distinct  pathophysiology  and  hemo-

underutilized  in  women.  In  an  analysis  of  cardio-

dynamic  profile.  Temporary  MCS  has  been 

genic  shock  patients  in  a  national  inpatient  sample 

increasingly  utilized  in  PPCM  with  cardiogenic 

database  from  2004  to  2014,  females  were  less 

shock.  An  analysis  from  the  National  Inpatient 

likely  to  receive  MCS  compared  to  males  (MCS 

Sample  Database  from  2002  to  2014  found  that 

vs  non-MCS:  33.41%  vs  43.02%),  and  there  was  a 

peripartum  use  of  temporary  MCS  has  grown  sub-

trend  toward  decreasing  use  of  MCS  in  female 

stantially  from  8.7  devices  to  30.2  device  per  mil-

relative  to  male  over  time  (Strom  et  al. 2018). Sim-

lion  peripartum  hospitalization  in  parallel  to  the 

ilarly,  a  study  from  UNOS  found  that  there  were 

general  population  (Cotter  et  al. 2020).  IABP 

significant  sex  disparities  in  CF-LVAD  use  in  listed 

account  for  57.2%  of  total  temporal  MCS  used, 

patient  (29.9%  men  vs  18.9%  women  in  2017) 

while  ECMO  accounts  for  16.7%  and  VAD 

waiting  for  heart  transplant  (DeFilippis  et  al. 

accounts  for  4.6%.  Notably,  in  this  study  mortality 

2019). Many  reasons  likely  contribute  to  the  gender 

of  PPCM  who  underwent  MCS  is  lower  than 

disparity  in  MCS  utilization.  First,  women  are
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underrepresented  in  major  trials  in  MCS.  For  exam-

Abdelshafy  M,  Caliskan  K,  Guven  G,  et  al.  Temporary 

ple,  women  only  accounted  for  18%  CF  LVAD 

right-ventricular  assist  devices:  a  systematic  review. 

J  Clin  Med.  2022;11(3):613. 

recipients  in  INTERMACS,  15%  in  EUROMACS, 

Abouezzeddine  OF,  Redfield  MM.  Who  has  advanced 

and 20% in the MOMENTUM-3 study, respectively 

heart  failure?  Definition  and  epidemiology.  Congest 

(Magnussen  et  al. 2018;  Fluschnik  et  al. 2021; 

Heart  Fail.  2011;17(4):160–8. 

Goldstein  et  al. 2018).  Secondly,  psychosocial  bar-

Akhter  N,  Milford-Beland  S,  Roe  MT,  Piana  RN,  Kao  J, 

Shroff A. Gender differences among patients  with  acute 

riers  also  likely  play  a  role.  Post  LVAD  implanta-

coronary  syndromes  undergoing  percutaneous  coro-

tion,  women  are  found  to  have  more  impaired 

nary  intervention  in  the  American  College  of 

quality  of  life  and  higher  risk  of  depression, 

Cardiology-National  Cardiovascular  Data  Registry 

highlighting  the  need  for  psychosoc ial support

(ACC-NCDR).  Am  Heart  J.  2009;157(1):141–8. 

Ali  JM,  Abu-Omar  Y.  Complications  associated  with 

(Stewart et al. 2019).  Lastly,  women,  particularly  

mechanical  circulatory  support.  Ann  Transl  Med. 

black  women,  are  less  likely  to  receive  optimal 

2020;8(13):835. 

GDMT  and  appropriate  device  therapies  and  to  be 

Atluri  P,  Ullery  BW,  MacArthur  JW,  et  al.  Rapid  onset  of 

referred  for  advanced  HF  therapies  in  general 

fulminant  myocarditis  portends  a  favourable  prognosis 

and  the  ability  to  bridge  mechanical  circulatory  support 

(Crousillat  and  Ibrah im 2018). These  gaps  in  care 

to recovery. Eur J Cardiothorac Surg. 2013;43(2):379–82. 

for  women  with  CS  and  AHF  call  for  future  inclu-

Bauersachs  J,  Arrigo  M,  Hilfiker-Kleiner  D,  et  al.  Current 

sive  studies,  as  well  as  resource  allocation  and  pol-

management  of  patients  with  severe  acute  peripartum 

icy  initiatives  to  address  the  gender  disparity  in 

cardiomyopathy:  practical  guidance  from  the  Heart 

Failure  Association  of  the  European  Society  of  Cardi-

MCS. 

ology  Study Group  on  peripartum  cardiomyopathy.  Eur 

J  Heart  Fail.  2016;18(9):1096–105. 

Bhimaraj  A,  Agrawal  T,  Duran  A,  et  al.  Percutaneous  left 

Conclusion 

axillary  artery  placement  of  intra-aortic  balloon  pump 

in  advanced  heart  failure  patients.  JACC  Heart  Fail. 

2020;8(4):313–23. 

In  conclusion,  women  distinguish  themselves 

Biancari  F,  Perrotti  A,  Dalén  M,  et  al.  Meta-analysis  of  the 

from  men  in  terms  of  etiology,  presentation,  and 

outcome  after  postcardiotomy  venoarterial  extracorpo-

prognosis  of  cardiogenic  shock  and  advanced 

real 

membrane 

oxygenation 

in 

adult 

patients. 

J  Cardiothorac  Vasc  Anesth.  2018;32(3):1175–82. 

heart  failure.  There  are  significant  gender  differ-

Blumer  V,  Mendirichaga  R,  Hernandez  GA,  Zablah  G, 

ences  in  utilization,  complication,  and  survival  of 

Chaparro  SV.  Sex-specific  outcome  disparities  in 

both  temporary  and  durable  mechanical  circula-

patients  receiving  continuous-flow  left  ventricular 

tory  support.  While  there  clearly  has  been  an 

assist  devices:  a  systematic  review  and  meta-analysis. 

ASAIO  J.  2018;64(4):440–9. 

increasing  demand  for  MCS  in  women,  such 

Brar  SS,  Khan  SS,  Sandhu  GK,  et  al.  Incidence,  mortality, 

need  has  not  been  well  met  by  current  clinical 

and  racial  differences  in  peripartum  cardiomyopathy. 

practice.  Knowledge  gaps  exist  in  many  areas  of 

Am  J  Cardiol.  2007;100(2):302–4. 

MCS  in  women,  and  future  studies  are  needed  to 

Bravo-Jaimes  K,  Mejia  MO,  Abelhad  NI,  et  al.  Gender 

differences  in  the  outcomes  of  cardiogenic  shock 

address  the  gender  disparities  in  MCS  and  to 

requiring  percutaneous  mechanical  circulatory  support. 

improve  the  outcome  of  MCS  in  women. 

Am  J  Cardiol.  2022;174:20–6. 
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Abstract 

Introduction 

Mechanical  circulatory  support  (MCS)  has 

become  a  fundamental  therapy  in  the  manage-

Mechanical 

circulatory 

support 

(MCS) 

has 

ment  of  patients  with  severe  cardiac  disease  or 

become  a  fundamental  therapy  in  managing 

respiratory  failure.  In  children,  the  two  forms 

patients  with  severe  cardiac  disease  or  respiratory 

of  MCS  employed  in  the  pediatric  population 

failure  (Barbaro  et  al. 2017). In  children,  the  two 

are  extracorporeal  membrane  oxygenation 

forms  of  MCS  employed  in  the  pediatric  popula-

(ECMO) 

and 

ventricular 

assist 

device 

tion  are  extracorporeal  membrane  oxygenation 

(VAD).  These  modalities  have  overlapping 

(ECMO)  and  ventricular  assist  device  (VAD). 

but  distinct  roles  in  the  management  of  pedi-

These  modalities  have  overlapping  but  distinct 

atric  patients  with  severe  and  refractory  car-

roles  in  managing  pediatric  patients  with  severe 

diopulmonary  compromise.  In  the  last  10 

and  refractory  cardiopulmonary  compromise.  The 

years,  the  number  of  centers  with  the  capabil-

most  recent  Pedimacs  data  as  of  December 

ity  of  supporting  a  child  with  ECMO  has 

31,  2019,  demonstrated  44  hospitals  implanted 

nearly  doubled,  and  the  number  of  children 

1031  ventricular  assist  devices  in  856  patients 

supported  for  cardiac,  pulmonary,  and  extra-

under  19  years  of  age.  Despite  increasing  experi-

corporeal  cardiopulmonary  resuscitation  indi-

ence,  adverse  events  remain  a  significant  concern 

cations  has  exceeded  70,000.  Additionally, 

for  children  undergoing  VAD  support,  with  over 

the  most  recent  Pedimacs  data  demonstrated 

56%  of  patients  on  VAD  support  suffering  from  at 

44  hospitals  implanted  1031  ventricular  assist 

least  a  major  bleed,  infection,  device  malfunction, 

devices  in  856  patients  under  19  years  of  age. 

or  neurological  event,  and  even  higher  in  children 

Despite  increasing  experience,  adverse  events 

on  ECMO  (Morales  et  al. 2020;  ECLS  Registry 

remain  a  significant  concern  for  children 

2021). Herein,  we  describe  MCS  in  pediatrics 

undergoing  both  ECMO  and  VAD  support, 

with  regard  to  patient  selection,  device  options, 

with  over  56%  of  patients  on  VAD  support 

management  considerations,  and  outcomes. 

suffering  from  at  least  a  major  bleed,  infec-

tion,  device  malfunction,  or  neurological 

event,  and  even  higher  in  children  on 

ECMO  in  Pediatrics 

ECMO.  Herein  we  describe  MCS  in  pediat-

rics  with  regard  to  patient  selection,  device 

In  critically  ill  children,  ECMO  is  increasingly 

options,  management  considerations,  and 

utilized  for  mechanical  circulatory  support.  In 

outcomes. 

the  last  10  years,  the  number  of  centers  capable 

of  supporting  a  child  with  ECMO  has  nearly  dou-

bled,  and  the  number  of  children  supported  for 

Keywords 

cardiac,  pulmonary,  and  extracorporeal  cardiopul-

Pediatric  mechanical  circulatory  support  · 

monary  resuscitation  indications  has  exceeded 

Ventricular  assist  device  ·  Extracorporeal 

70,000  (Barbaro  et  al. 2017; ECLS  Registry 

membrane  oxygenation  ·  Congenital  heart 

2021). While  there  are  various  forms  available 

disease 

for  infants  and  children  with  severe  cardiac
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dysfunction  or  failure,  venoarterial  (VA)  is  the 

Patient  Selection  for  VADs 

most  common.  In  children  with  congenital  heart 

disease,  ECMO  can  be  used  to  support  patients 

Timing  of  Initiation 

with  preoperative  hemodynamic  instability,  post-

operative  low  cardiac  output  syndrome,  or  the 

The  optimal  timing  of  a  VAD  implant  depends  on 

inability  to  wean  from  cardiopulmonary  bypass. 

the  risk-benefit  profile  of  the  patient’s  clinical 

VA  ECMO  can  be  rapidly  deployed  and  supports 

status  and  factors  that  contribute  to  adverse  out-

the  lungs  and  heart,  making  it  appealing  to  patients 

comes  in  those  with  VAD  support.  This  varies 

with acute decompensation or multi-organ involve-

widely  depending  on  the  patient’s  age/size,  anat-

ment (Alghanem et al. 2019). In the last decade, the 

omy,  device  options,  and  developmental  hemo-

rapid  implementation  of  VA  ECMO  during  cardio-

static  profile  (Conway  et  al. 2015;  Miera  et  al. 

pulmonary  resuscitation  in  extracorporeal  cardio-

2019; Peng  et  al. 2019;  Attard  et  al. 2013). Eval-

pulmonary  resuscitation  or  “ECPR”  has  improved 

uation  of  the  patient’s  illness  severity,  as  well  as 

survival,  especially  in  pediatric  patients. 

the  projected  course,  is  also  vital.  Patients  have 

Though  there  are  many  benefits  to  the  use  of 

better  outcomes  if  they  are  implanted  before  they 

ECMO,  it  should  be  utilized  as  temporary  support 

become  severely  ill.  However,  the  most  recent 

rather  than  long-term,  given  its  persistently  high 

Pedimacs  report  reveals  that  30%  of  patients  are 

mortality  rate  of  39–41%  (Barbaro  et  al. 2017). 

still  Intermacs  profile  1  at  the  time  of  implant 

The  adverse  events  associated  with  ECMO  are 

(Morales  et  al. 2020).  Intermacs  profile  strongly 

numerous,  including  thromboembolic  events, 

correlates  with  age,  with  younger  patients  having 

bleeding,  immobilization/inability  to  rehabilitate, 

a  higher  severity  of  illness  at  the  time  of  implant 

neurologic  dysfunction,  and  renal  impairment 

and  more  likely  to  have  a  paracorporeal  device 

(Jeewa  et  al. 2010). Neurologic  complications 

over  an  intracorporeal  device  due  to  device  avail-

are  common,  particularly  in  those  who  have 

ability  (Morales  et  al. 2020). It  is  difficult  to 

undergone  ECPR,  with  over  40%  of  pediatric 

ascertain  which  of  these  factors  drives  inferior 

patients  who  underwent  ECPR  from  2015  to 

outcomes,  but  it  should  be  considered  when  initi-

2020  having  some  degree  of  neurologic  compli-

ating  support.  Lastly,  though  patients  have  better 

cation,  including  seizures,  stroke  (ischemic  or 

outcomes  if  implanted  before  they  become  too  ill, 

hemorrhagic),  or  brain  death  (ECLS  Registry 

some  children  present  in  cardiogenic  shock  with 

2021).  However,  it  is  worth  noting  that  most 

end-organ  injury.  In  these  cases,  attempting  to 

patients  would  not  have  been  discharged  alive 

reverse  the  shock  process  with  ECMO  or  tempo-

without  the  initiation  of  ECMO  support. 

rary  paracorporeal  VADs  may  be  beneficial  before 

ECMO  can  be  utilized  as  a  bridge  to  recovery,  a 

placing  a  durable  device  (Adachi  et  al. 2015; 

bridge  to  VAD  support,  a  bridge  to  transplant,  or  a 

Friedland-Little  et  al. 2018). 

bridge  to  further  decision-making.  It  has  been 

Indications  include  failure  of  medical  manage-

shown  that  the  use  of  ECMO  as  a  bridge  to  trans-

ment,  inability  to  wean  from  cardiopulmonary 

plant  has  poorer  outcomes  than  the  use  of  VAD  to 

bypass,  and,  rarely,  uncontrolled  arrhythmias. 

transplant (Jeewa et al. 2010). Specifically, Edelson 

When  implanted  due  to  failure  of  medical  man-

et  al.  demonstrated  that  posttransplant  survival  in 

agement,  consideration  for  VAD  support  should 

children  with  congenital  heart  disease  (CHD)  and 

occur  before  end-organ  dysfunction  as  a  result  of 

dilated  cardiomyopathy  is  similar  in  patients  with 

inadequate 

cardiac 

output. 

Postcardiotomy 

no  MCS  or  VAD  before  transplant  at  1  and  5  years, 

patients  unable  to  wean  from  cardiopulmonary 

while  pretransplant  ECMO  use  is  strongly  associ-

bypass  (CPB)  are  more  likely  to  be  converted  to 

ated  with  mortality  after  transplant,  particularly  in 

ECMO  or  a  temporary  paracorporeal  device  until 

children  with  CHD  (Edelson  et  al. 2021; Davies 

either  recovery  or  conversion  to  a  durable  device 

et al. 2008). Thus, the  decision to transition early  to 

(Lorts  et  al. 2021).  Failure  to  wean  from  CPB  as 

VAD support in a patient who may not successfully 

an  indication  of  a  Berlin  EXCOR  is  a  significant 

recover  from  decannulation  is  imperative. 

risk  factor  for  mortality  (Morales  et  al. 2017). 
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Pre-implant  Assessment 

provide  patient-specific  information  based  on 

size  and  anatomy  to  improve  device  position  and 

Several  factors  should  be  considered  when  deter-

“fit”  into  smaller  patients,  particularly  when  it 

mining a plan for a VAD implant. First  is the intent 

comes  to  durable  devices  that  are  designed  for 

for  VAD  support.  Bridge  to  transplant,  bridge  to 

adults  (Szugye  et  al. 2021). 

recovery,  destination  therapy,  or  bridge  to  deci-

Lastly,  a  thorough  pre-implant  psychosocial 

sion should all  be considered.  Destination therapy, 

assessment  of  both  patient  and  family  is  essential 

while  previously  rarely  described  in  pediatrics, 

when  possible.  Research  has  shown  a  clear  rela-

has  become  more  common  in  children’s  hospitals, 

tionship  between  psychosocial  factors  and  post-

particularly  in  patients  with  muscular  dystrophy 

transplant  outcomes.  This  should  be  done  for 

and  congenital  heart  disease  (Perry  et  al. 2021; 

VAD  support  with  the  same  rigor  as  organ  trans-

Villa  et  al. 2022). 

plant,  using  a  multidisciplinary  approach  to  iden-

Preoperative  end-organ  assessment,  particularly 

tify  patient  and  family  strengths,  weaknesses,  and 

with  regard  to  renal,  hepatic,  respiratory,  and  nutri-

needs,  particularly  as  they  relate  to  VAD  care 

tional  failure,  can  inform  outcomes.  Definitions  of 

(Lorts  et  al. 2021). 

renal  failure  vary  in  the  literature.  Still,  the  most 

recent  Pedimacs  report  found  that  24%  of  patients 

had  renal  insufficiency  (eGFR  <60  mL/min/ 

Device  Selection 

1.73  m2 )  and  4%  had  an  eGFR  less  than 

30  mL/min/1.73  m2  or  required  dialysis  (Morales 

Devices for children can be classified by duration of 

et  al. 2020).  Mortality  is  higher  in  patients  with 

therapy  (temporary  versus  durable),  function  (pul-

elevated  bilirubin  levels  (>1.2  mg/dL)  secondary 

satile  versus  continuous  flow),  site  of  implantation 

to  congestive  hepatopathy  and  heart  failure  and  is 

(paracorporeal,  extracorporeal,  intracorporeal,  or 

exceptionally  high  for  patients  weighing  less  than 

intravascular),  or  form  of  support  they  provide 

10  kg  (Conway  et  al. 2015; Almond  et  al. 2013). 

(left  ventricle,  right  ventricle,  single  ventricle, 

Frailty  has  been  associated  with  an  increased  risk 

biventricular,  or  total  heart  replacement).  Device 

of  death,  particularly  when  a  durable  VAD  is 

options  based  on  age  are  represented  in  Fig. 1. 

implanted  for  destination  therapy,  and  should  be 

assessed.  Nutritional  status,  if  able,  should  be  opti-

mized.  Sixty-seven  percent  of  patients  received 

Temporary  VADs 

total  parenteral  nutrition  or  tube  feeding,  according 

to  the  most  recent  Pedimacs  report,  at  the  time  of 

There  are  several  benefits  of  temporary  VAD  sup-

implant  (Morales  et  al. 2020). 

port  over  ECMO.  Temporary  VAD  support  can 

In  patients  with  biventricular  anatomy,  right 

provide  more  significant  left  heart  decompression 

heart  assessment,  though  difficult  to  quantify, 

based  on  cannulation  strategy,  mainly  when 

can  help  predict  right  heart  failure  or  the  need 

ECMO  is  initiated  via  peripheral  cannulation. 

for  BiVAD  (biventricular  assist  device)  support. 

Additionally,  the  oxygenator  in  ECMO  circuits 

Although  right  ventricular  dysfunction  is  com-

can  provoke  a  heightened  inflammatory  response, 

mon,  this  can  typically  be  managed  medically,  as 

leading  to  the  need  for  higher  anticoagulation 

BiVAD  support  is  relatively  uncommon  in  the 

parameters  compared  to  temporary  VADs.  The 

pediatric  population  (13.4%)  (Morales  et  al. 

benefit  of  a  temporary  VAD  in  a  patient  who  is 

2020).  Once  the  support  type  (LVAD  (left  ventric-

critically  ill  or  has  multi-organ  involvement  is  the 

ular  assist  device),  BiVAD,  SVAD  (single  ventric-

ability  to  add  a  membrane  for  oxygenation  or 

ular  assist  device),  or  RVAD  (right  ventricular 

connectors  for  continuous  renal  replacement  ther-

assist  device))  is  determined,  the  device  “fit”  eval-

apy  if  necessary  (Kirklin  2017). Stabilization  and 

uation  must  next  occur.  In  some  cases,  three-

bridge  to  a  more  durable  VAD  is  reasonable,  par-

dimensional  reconstruction  of  CT  scans  can 

ticularly  in  patients  who  are  critically  ill. 
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Pediatric Subpopulation  Approximate Age Range

VAD Support Options 

Newborn/Infant

Birth to 1 month of age 

Berlin Heart EXCOR® 

1 month to 2 years of age 

CentriMag™/PediMag™/RotaFlow™ 

Child

2 to 12 years of age

Berlin Heart EXCOR®, 

HeartMate 3™ LVAD, 

CentriMag™/PediMag™/RotaFlow™ 

Adolescent

13 to 21 years of age

HeartMate 3™ LVAD, SynCardia Total 

Artificial Heart (TAH-t), 

CentriMag™/PediMag™/RotaFlow™ 

Young Adult

22+ years of age

HeartMate 3™ LVAD, SynCardia Total 

Artificial Heart (TAH-t), 

CentriMag™/PediMag™/RotaFlow™ 

 The FDA, for the purposes of medical devices, classifies anyone through the age of 21 as pediatric due to 

 biologic factors (under 22 years old). 

Fig.  1  Patient  selection:  pediatric  VAD  support  options  by  age 

The  most  commonly  used  pumps  for  temporary 

Pittsburgh,  PA)  is  connected  to  a  centrifugal 

VAD  support  are  the  RotaFlow™  (Maquet  Cardio-

pump  that  can  be  placed  intravenously  to  support 

vascular,  Wayne,  NJ)  centrifugal  pump  and  the 

the  right  ventricle  (or  the  left  ventricle  through  a 

Centrimag/Pedimag™ (Abbott Corporation, Abbott 

transseptal  approach).  There  is  some  experience 

Park,  IL)  magnetically  levitated  devices  (Lorts  et  al. 

using  it  in  pediatrics  as  an  extracorporeal  device 

2021;  Kirklin  2017). These  pumps  can  be  used  in 

for  left  ventricle  or  single  ventricle  support 

children  of  all  sizes  via  central  cannulation  with 

(Yarlagadda  et  al. 2017;  Ricci  et  al. 2008). The 

either  temporary  cannulas  (off  cardiopulmonary 

Impella™  (Abiomed,  Danvers,  MA)  is  also  a 

bypass)  or  Berlin  EXCOR  cannulas  for  long-term 

device  placed  intravascularly  via  the  femoral  or 

stability.  For  left-sided  support,  the  cannulas  are 

axillary  artery  depending  on  size.  It  is  available  in 

typically  placed  in  the  left  atrium  or  left  ventricle, 

multiple  sizes  and  is  an  axial  pump  placed  across 

with  the  outflow  cannula  positioned  in  the  ascend-

the  aortic  valve  and  into  the  left  ventricle  to  allow 

ing  aorta  (Kirklin  2017). An  exception  might  be  a 

short-term  emergent  ventricular  support  (Dimas 

neonate  with  single  ventricle  physiology  secondary 

et  al. 2017). The  Impella™  can  also  be  used  for 

to  hypoplastic  left  heart  syndrome  with  a  patent 

right  ventricular  support  with  the  Impella  RP™, 

ductus  arteriosus  (via  prostaglandin  infusion  or 

though  there  is  limited  experience  in  pediatrics. 

stent  placement)  and  pulmonary  artery  bands,  who 

may  have  the  outflow  cannula  positioned  in  the 

main pulmonary artery. The typical cannula position 

Durable  Devices  (Pulsatile  Flow) 

for right-sided support is in the right atrium, with the 

outflow  in  the  main  pulmonary  artery.  These 

The  Berlin  Heart  EXCOR  Pediatric  (Berlin,  Ger-

devices  can  also  be  used  for  BiVAD  support. 

many)  was  approved  in  North  America  in  2011, 

While intended for temporary support, these devices 

initially  approved  under  Humanitarian  Device 

have  been  used  longer  term  as a  bridge  to  transplant 

Exemption 

status. 

It 

received 

post-market 

or  recovery,  particularly  in  smaller  patients  with 

approval  in  2017  from  the  Food  and  Drug  Admin-

complex  anatomy  who  otherwise  have  limited 

istration  (FDA)  (Zafar  et  al. 2021).  It  is  a  pneu-

VAD  support  options  (Lorts  et  al. 2018a). 

matically  driven  paracorporeal  VAD,  which  has 

Other  temporary  VAD  support  options  via  per-

been  the  mainstay  of  support  for  children  through-

cutaneous  approach  are  largely intended  for  adults 

out  the  world.  Until  December  2021,  when  the 

but  have  been  utilized  in  children  more  recently. 

FDA  approved  the  HeartMate  3  for  children  (to  be 

The 

TandemHeart™  (Cardiac  Assist,  Inc., 

discussed  in  the  durable  devices-continuous  flow

[image: Image 90]

390

T. Perry and A. Lorts

section),  it  had  been  the  only  FDA-approved VAD 

ventricle  physiology  on  an  SVAD,  as  they  have 

for  children  for  nearly  two  decades  (Zafar  et  al. 

been  shown  to  require  higher  cardiac  output  for 

2021;  Phend  2020).  The  EXCOR  pump  comes  in 

adequate  ventricular  decompression  compared  to 

a number of sizes allowing support of children  and 

their  biventricular  counterparts.  Unfortunately, 

adults  across  a  broad  size  range  and  has  been  used 

the  EXCOR  can  only  be  used  for  inpatients  in 

for  children  as  small  as  3  kg  (Morales  et  al. 2019). 

the  United  States  and  is  thus  most  often  used  as 

The EXCOR pump can be used for LVAD, RVAD, 

a  bridge  to  transplant.  Other  countries  allow 

SVAD,  or  BiVAD  (Fig. 2).  The  cannulae  place-

patient  discharge  on  a  mobile  driver,  and  a  clinical 

ment  varies  based  on  a  patient’s  physiology  and  if 

trial  is  underway  to  evaluate  its  use  in  children  in 

one  or  both  ventricles  require  mechanical  support. 

the  United  States. 

With  an  LVAD,  the  inflow  cannula  is  placed  in  the 

The  Syncardia  temporary  total  artificial  heart, 

left  ventricle,  and  the  outflow  cannula  is  placed  in 

TAH-t  (Syncardia,  Tucson,  Arizona),  is  a  pneu-

the  aorta.  With  an  RVAD,  blood  is  drawn  out  of 

matic,  pulsatile,  complete  biventricular  replace-

the  right  ventricle  and  returned  via  the  pulmonary 

ment  system  surgically  implanted  following  a 

artery’s  outflow  cannula.  If  both  an  RVAD  and 

cardiectomy  (Lorts  et  al. 2021).  In  the  pediatric 

LVAD  are  placed, that  is referred  to  as a  BiVAD.  If 

and  congenital  heart  disease  (CHD)  population,  it 

a  patient  with  single  ventricle  physiology  requires 

has  been  successfully  utilized  in  graft  failure  post-

support,  it  is  called  an  SVAD. 

transplant  (as  it  has  the  benefit  of  stopping  immu-

Determining  the  appropriate  size  EXCOR  for 

nosuppression  after  implantation)  and  supports 

each  patient  is  imperative,  given  poorer  outcomes 

complex  CHD,  including  the  Fontan  circulation 

with  patient-device  size  mismatch.  The  size  of  the 

(Rossano  et  al. 2014;  Villa  et  al. 2020; 

blood  pump  needed  depends  on  the  cardiac  output 

Thangappan  et  al. 2020).  There  are  two  sizes 

required  for  the  patient.  Assuming  complete  fill-

available:  the  70-mL  device  and  subsequently 

ing  and  complete  ejection,  the  cardiac  index  is 

the  50-mL  device  became  available,  both 

equal  to  (pump  size  x  heart  rate)/body  surface 

FDA-approved.  The  50-mL  device  can  be  used 

area  (BSA).  The  size  of  the  blood  pump/cannulae 

in  patients  with  a  body  surface  area  (BSA) <1.5  m 

and  the  maximum  pump  rate  depends  on  the  car-

(Blume  et  al. 2016).  Patients  may  be  able  to  be 

diac  output  required  for  the  patient.  Some  centers 

discharged  home  on  the  Freedom  Driver™, 

utilize  larger  pump  sizes  for  patients  with  single 

improving  quality  of  life. 

Fig.  2  The  cannulae  placement  based  on  a  patient’s  phys-

right  ventricular  assist  device.  BiVAD,  biventricular  assist 

iology  and  if  one  or  both  ventricles  require  mechanical 

device.  SVAD,  single  ventricular  assist  device 

support.  LVAD,  left  ventricular  assist  device.  RVAD, 
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Durable  Devices  (Continuous  Flow) 

multifactorial.  Shunt-dependent  single  ventricle 

circulation  is  tenuous  at  baseline,  and  progression 

The  HeartMate  3™  VAD  (Abbott  Corporation, 

to  the  need  for  MCS  may  be  secondary  to  the 

Abbott  Park,  IL)  is  a  centrifugal,  continuous 

development  of  systolic  or  diastolic  dysfunction, 

flow  device  initially  designed  and  labeled  for  an  imbalance  between  systemic  and  pulmonary 

adults  but  is  now  used  in  pediatrics  and  CHD 

circulations,  anatomic obstruction  or stenosis, val-

patients.  Due  to  the  collaboration  of  the  Advanced 

vular  disease,  and  arrhythmia.  Overall,  options  for 

Cardiac  Therapies  Improving  Outcomes  Network 

support  after  stage  I  palliation  are  limited,  and 

(ACTION)  and  industry  partners,  the  FDA 

outcomes  are  poor.  The  successful  use  of  tempo-

expanded  the  label  for  pediatric  patients  with 

rary  paracorporeal  continuous  flow  (Pedimag/ 

BSA  as  low  as  1.0  m2 .  Early  experiences  are 

Centrimag)  or  pulsatile  flow  devices  (Berlin 

promising,  with  low  mortality  and  adverse  events. 

Heart  EXCOR)  has  been  described,  with  increas-

Patients  as  small  as  19  kg  (BSA  0.78  m2 )  were 

ing  use  of  the  paracorporeal  continuous  flow 

successfully  implanted  and  supported  (O’Connor 

devices  with  more  durable  cannulas,  given  the 

et  al. 2020). The  collaboration,  as  well  as  the 

long  waitlist  times  for  heart  transplant  (Philip 

advancement  of  “fit”  studies  for  optimal  place-

et  al. 2018; Gazit  et  al. 2017; Peng  et  al. 2018; 

ment  in  the  setting  of  smaller  patients  or  atypical 

Maeda  et  al. 2018;  Lorts  et  al. 2016). It  is  impor-

anatomy,  may  lead  to  further  use  of  this  device  in 

tant  to  note  that  a  higher-than-expected  cardiac 

smaller  and  younger  patients. 

index  is  often  required  to  maintain  parallel  sys-

The  HVAD  System  (Medtronic,  Minneapolis, 

temic  and  pulmonary  circulations  (Philip  et  al. 

Minnesota)  is  another  continuous  flow  VAD  that 

2018; Gazit  et  al. 2017). 

could  be  implanted  into  smaller  patients  (Auer-

Stage  II  palliation:  Failed  stage  II  palliation 

bach  and  Simpson  2021). However,  as  of  June 

(cavopulmonary  anastomosis  or  Glenn  shunt) 

2021,  Medtronic  has  stopped  the  sale  and  distri-

may  require  MCS  for  heart  failure  due  to  poor 

bution  of  the  HVAD  system  due  to  an  increased 

ventricular  function,  either  systolic,  diastolic,  or 

risk  of  neurologic  events  and  mortality  associated 

both,  or  severe  valvular  regurgitation.  Successful 

with  the  internal  pump  and  a  potential  for  the 

use  of  pulsatile  flow  and  continuous  flow  VADs 

internal  pump  to  stop,  with  delay  or  failure  in 

(both  implantable  and  paracorporeal)  have  been 

restarting  (United  States  Food  and  Drug  Admin-

described  for  this  circulation  (Adachi  et  al. 2016a; 

istration  2021). Therefore,  with  the  removal  of  the 

Lal  et  al. 2014;  Weinstein  et  al. 2014;  Irving  et  al. 

availability  of  the  HVAD  system,  children  too 

2009). The  inflow  cannula  is  placed  in  the  sys-

small  for  the  HeatMate  3  are  now  subjected  to 

temic  ventricle  or  common  atrium,  and  the  out-

paracorporeal-only  options  and  are  unable  to  be 

flow  cannula  is  placed  in  the  ascending  aorta. 

discharged  from  the  hospital  while  they  await 

Cyanosis  is  a  specific  challenge  to  these  patients, 

transplant.  Lastly,  the  Jarvik™  (Jarvik  Heart 

which  can  persist  or  worsen  after  VAD  implant 

Inc.,  New  York  City,  New  York,  USA)  is  a  mini-

from  either  veno-venous  collaterals  or  from  right 

ature  continuous  flow  axial  pump  and  is  currently 

to  left  shunting  from  the  inferior  vena  cava  when 

under  study  through  an  industry  collaboration 

there  is  atrial  cannulation.  To  improve  pulmonary 

with  the  NIH  (PumpKIN  trial)  (Adachi  2018). 

blood  flow,  some  have  reverted  to  Stage  I  circula-

tion  or  converted  to  Fontan  completion  at  VAD 

implantation  (Lal  et  al. 2014; Adachi  et  al. 

Special  Populations 

2016b).  In  either  situation,  higher-than-expected 

VAD  flows  are  often  required  if  there  is  systemic-

Single  Ventricle  Considerations 

to-pulmonary  blood  flow. 

Stage  III  palliation:  The  third  stage  of  pallia-

Stage  I  palliation:  There  are  many  potential  etiol-

tion  in  single  ventricle  patients  is  the  Fontan  oper-

ogies  for  heart  failure  in  single  ventricle  patients 

ation 

or 

total 

cavopulmonary 

connection 

after  stage  I  palliation,  and  they  are  often 

(d’Udekem  et  al. 2014). Fontan  failure  can  be
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secondary  to  systolic  dysfunction,  diastolic  dys-

Adult  Congenital  Heart  Disease 

function,  elevated  pulmonary  vascular  resistance, 

or  associated  lymphatic  abnormalities  (plastic 

Heart  failure  is  currently  the  leading  cause  of 

bronchitis  or  protein-losing  enteropathy)  (Schmitt 

death  in  patients  with  adult  congenital  heart  dis-

et  al. 2010).  An  SVAD  may  be  indicated  in  the 

ease  (ACHD)  (Cedars  et  al. 2019).  Though  heart 

scenario  of  poor  ventricular  systolic  or  diastolic 

transplant  is  a  mainstay  of  therapy  for  ACHD 

function  but  is  unlikely  to  be  useful  in  the  case  of 

patients  with  end-stage  heart  failure,  this  patient 

Fontan  failure  due  to  lymphatic  abnormalities 

population  has  increased  mortality  while  awaiting 

with  preserved  ventricular  function.  Durable  con-

transplant  compared  to  their  non-ACHD  counter-

tinuous  flow,  pulsatile  flow,  and  continuous  flow 

parts.  Additionally,  some  ACHD  patients  may  not 

devices  have  been  described  in  patients  with 

be  candidates  for  heart  transplants  for  a  multitude 

Fontan  circulation  (Weinstein  et  al. 2014;  Adachi 

of  reasons,  such  as  delayed  referral,  allo-

et  al. 2016b; Imielski  et  al. 2017; Ovroutski  et  al. 

sensitization,  anatomic  complexity,  and  patient 

2017;  Nandi  et  al. 2018; Chen  et  al. 2019; Lorts 

preference  (Lorts  et  al. 2021; Cedars  et  al. 2019). 

et  al. 2018b; Arnaoutakis  et  al. 2017;  Chau  et  al. 

However,  the  most  important  limitation  is  organ 

2019;  Valeske  et  al. 2014; Hoganson  et  al. 2015; 

availability,  with  waitlist  numbers  far  exceeding 

Halaweish  et  al. 2015;  Deshpande  et  al. 2016). 

organ  availability  (Kirklin  2017). There  is  no  dif-

There  has  been  increasing  use  of  durable  contin-

ference 

in 

posttransplant 

outcome 

between 

uous  flow  devices,  including  the  HeartMate 

VAD-supported  ACHD  patients  and  non-VAD-

3  (Lorts  et  al. 2018b;  Wells  et  al. 2021). Optimal 

supported  ACHD  patients,  and  VAD-supported 

device  positioning  and  assuring  fit  with  the 

patients  may  have  an  increased  quality  of  life 

HeartMate  3  in  patients  who  are  small  or  have 

(Perry  et  al. 2021;  Cedars  et  al. 2019). 

anatomical  limitations  is  possible  with  three-

Anatomical  issues  may  limit  the  placement  and 

dimensional  reconstruction  of  CT  scans  or  “fit” 

type  of  device  utilized  in  patients  with  ACHD. 

studies  (Szugye  et  al. 2021). For  those  unable  to 

Residual  underlying  lesions  should  be  corrected 

have  a  durable  device  placed,  usually  due  to  size 

during  VAD  implant  to  optimize  VAD  function 

limitations,  a  pulsatile  flow  device  (EXCOR)  can 

and  implant  success.  These  include  but  are  not 

be  considered.  Biventricular  support  using  the 

limited  to  shunts,  systemic  AV  valve  stenosis  and 

total  artificial  heart  has  also  been  reported,  which 

regurgitation,  and  regurgitation  of  the  aortic  valve 

can  be  successful  in  cases  of  the  failing  Fontan 

(Lorts  et  al. 2021). In  the  patient  with  a  morpho-

circulation  due  to  inadequate  preload  and  elevated 

logic  systemic  left  ventricle,  the  approach  is  gener-

systemic  venous  pressure  rather  than  isolated  ven-

ally  similar  to  those  of  non-ACHD  patients, 

tricular  dysfunction  (Rossano  et  al. 2014;  Perry 

with  special  consideration  taken  for  residual 

et  al. 2022). 

lesions  and  the  important  history  of  multiple  prior 

In  patients  with  Fontan  circulation,  VAD  sup-

sternotomies.  Those  with  native  anatomy  of 

port  can  be  utilized  as  a  bridge  to  transplant, 

D-transposition of the great arteries who underwent 

bridge  to  recovery,  bridge  to  decision,  or  destina-

an  atrial  switch  procedure  or  those  with  congeni-

tion  therapy,  depending  on  the  goals  of  care  and 

tally  corrected  transposition  of  the  great  arteries 

type  of  device.  There  has  also  been  a  report  of 

may  have  a  failure  of  a  morphologic  systemic 

successful  VAD  support  in  a  Fontan  patient  as  a 

right  ventricle.  In  these  cases,  the  right  ventricular 

bridge  to  a  heart-liver  transplant  (Villa  et  al. 

anatomy  may  pose  a  challenge  due  to  increased 

2021).  Regarding  pump  management,  higher 

trabeculations  and  ventricular  morphology.  Thus, 

flows  may  be  necessary  than  patients  with  modifications  of the  inflow cannula and  excision of 

biventricular  physiology,  owing  to  the  burden  of 

muscular  trabeculae  may  be  necessary  at  the  time 

aortopulmonary  collaterals  that  these  patients 

of  implant  (Stokes  et al. 2016). Lastly,  the  potential 

acquire.  Cardiac  catheterization  before  implant 

need for biventricular support should be considered 

may  be  considered  to  eliminate  some  of  the 

and  available  at  the  time  of  the  implant,  including 

aortopulmonary  collateral  burden. 

the  use  of  the  total  artificial  heart. 
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Cannulation  Strategies  for  Pediatrics 

artery  (Philip  et  al. 2018;  Maeda  et  al. 2018).  In  a 

patient  with  pulmonary  atresia  and  intact  ventric-

Pediatric  patients  present  unique  challenges  with 

ular  septum,  the  outflow  cannula  can  be  placed  in 

surgical  techniques  for  ventricular  assist  device 

the  aorta  with  either  a  patent  ductus  arteriosus  or 

placement.  To  optimize  outcomes,  pre-implant 

modified  BT  shunt  to  provide  pulmonary  blood 

planning  with  cannula  type  and  size  is  crucial. 

flow  (Gazit  et  al. 2017). 

Anatomic  variability  and  pathophysiology  must 

Stage  II  palliation:  As  previously  mentioned, 

be  reviewed 

to  determine  the  cannulation 

the  inflow  cannula  in  patients  with  superior 

approach.  Regarding  the  Berlin  EXCOR,  if  the 

cavopulmonary  anastomosis  can  be  placed  in 

dysfunctional  systemic  ventricle  is  dilated,  the 

either  the  systemic  ventricle  or  common  atrium, 

ventricle  typically allows for  apical  cannula place-

and  the  outflow  cannula  is  placed  in  the  ascending 

ment  for  adequate  ventricular  decompression. 

aorta. Oxygen  desaturation remains  a  unique  chal-

However,  atrial  cannulation  may  be  considered 

lenge  in  this  group  of  patients  after  VAD  implant 

in  the  scenario  of  hypertrophic  cardiomyopathy 

due to veno-venous collaterals  but also right  to left 

or  restrictive  cardiomyopathy.  In  those  with  con-

shunting  from  the  inferior  vena  cava.  Depending 

genital  heart  disease,  attention  to  atypical  anat-

on  patient  size,  to  ensure  adequate  mixing,  some 

omy  and,  in  the  case  of  single  ventricles, 

centers 

recommend 

Glenn 

takedown 

and 

adequate  mixing  is  crucial.  With  regard  to  the 

reverting  to  stage  I  circulation  while  on  VAD 

placement  of  the  outflow  cannula,  it  should  be 

support,  or  if  the  patient  size  allows,  converting 

placed  as  proximal  as  possible  on  the  aorta  with-

to  Fontan  completion  at  the  time  of  VAD  implan-

out  impinging  on  other  structures  to  prepare  for  a 

tation  (Lal  et  al. 2014; Adachi  et  al. 2016b). 

possible  future  heart  transplant.  For  RVAD  place-

Stage  III  palliation:  In  Fontan  patients,  the 

ment,  the  inflow  cannula  is  typically  placed  in  the 

inflow  cannula  is  placed  in  either  the  common 

right  atrium  or  the  free  wall  of  the  right  ventricle, 

atrium  or  systemic  ventricle  and  outflow  into  the 

and  the  outflow  cannula  is  anastomosed  to  the 

aorta  (or  neoaorta)  (Adachi  et  al. 2016b;  Nandi  

pulmonary  artery,  with  or  without  graft  extension. 

et  al. 2018;  Chen  et  al.  2019).  In  a  morphologic 

Driveline  and  cannula  exit  sites  should  be  planned 

right  ventricle,  resection  of  trabeculations  to  allow 

before  excision.  Berlin  EXCOR  cannulas  should 

the  inflow  cannula  to  remain  patent  is  common 

have  at  least  1  cm  of  the  Dacron  cuff  on  each 

(Adachi  et  al. 2016b). The  aortic valve  may  require 

cannula  extending  beyond  the  skin  to  allow  for 

partial  closure  if  significant  aortic  regurgitation  is 

tissue 

ingrowth. 

As 

previously 

mentioned, 

present,  as  circular  shunt  and  thus  ineffective  car-

pre-implant  “fit”  studies  are  useful  in  determining 

diac  output  could  occur.  Complete  closure  is  not 

the  optimal  inflow  cannula  position  to  avoid 

recommended  since  if  pump  failure  were  to  occur, 

obstruction  while  adequately  decompressing  the 

the  patient  would  have  no  ability  to  eject  either 

failing  ventricle  for  intracorporeal  devices  in 

from  native  function,  contributing  to  cardiac  out-

children. 

put,  or  in  the  setting  of  cardiopulmonary  resuscita-

tion.  Lastly,  closure  of  the  Fontan  fenestration  is 

recommended  by  some  centers  to  decrease  throm-

Single  Ventricle  Patients 

boembolic  risk.  However,  others  recommend  leav-

ing  the  fenestration  patent  or  creating  one  to 

Stage  I  palliation:  For  infants  after  the  Norwood 

improve  decompression  of  the  systemic  venous 

procedure,  the  inflow  cannula  is  placed  in  the 

system,  thereby  decreasing  central  venous  pressure 

common  atrium  (after  atrial  septectomy),  and  the 

and  improving  end-organ  recovery.  This  may  be 

outflow  cannula  is  placed  into  the  ascending  neo-

particularly  beneficial  in  the  setting  of  elevated 

aorta  (Philip  et  al. 2018;  Gazit  et  al. 2017). Fol-

pulmonary  vascular  resistance  (Imielski  et  al. 

lowing  a  hybrid  procedure  (pulmonary  artery 

2017;  Lorts  et  al. 2018b;  Hoganson  et  al. 2015). 

bands  and  stent  in  the  patent  ductus  arteriosus), 

Desaturation  typically  does  not  occur  with  fenes-

the  outflow  cannula  is  placed  in  the  pulmonary 

tration  creation  because  there  is  a  decrease  of

394

T. Perry and A. Lorts

central  venous  pressure,  an  increase  in  cardiac  out-

increasing  the  risk  of  thrombus  formation.  Lastly, 

put,  and  less  flow  through  the  veno-venous  collat-

it  has  been  shown  that  systemic  hypertension  is  an 

erals  following  implant  (Perry  et  al. 2021). 

independent  risk  factor  for  both  stroke  and  aortic 

regurgitation  (Kirklin  2017).  Communication 

with  the  care  team  regarding  specific  goals  for 

Postoperative  Hemodynamics 

systolic  blood  pressure  in  pulsatile  flow  devices 

and  Management  Considerations 

or  mean  arterial  pressure  in  those  with  continuous 

flow  devices,  with  contingency  plans  in  place 

Postoperative  Hemodynamics 

should  the  patient  become  hypertensive,  can  help 

prevent  time  spent  outside  of  the  appropriate 

Hemodynamic  changes  from  left  ventricular 

age-specific  goals. 

unloading  occur  in  children  immediately  follow-

ing  LVAD  implantation  due  to  reduced  left  ven-

tricular 

end-diastolic 

volume 

and 

pressure. 

Postoperative  Bleeding 

Subsequently,  a  reduction  in  left  atrial  pressure, 

pulmonary  capillary  wedge  pressure,  and  pulmo-

Once  in  the  intensive  care  unit,  postoperative 

nary  artery  pressure  follow.  Ideally,  these  changes 

bleeding  should  be  monitored  closely  as  it  is  one 

decrease  wall  stress  of  the  left  ventricle  and  thus 

of  the  most  common  complications  requiring  sur-

lower  metabolic  demand,  as  well  as  a  decrease  in 

gical  re-exploration,  affecting  around  30%  of 

right  ventricular  afterload  and  thus  metabolic 

pediatric  patients  (Blume  et  al. 2016;  Rosenthal 

demand  by  the  right  ventricle.  This  augmentation 

et  al. 2016).  The  increased  risk  in  these  children  is 

of  cardiac  output  accordingly  leads  to  improved 

secondary  to  coagulopathy  from  developmental 

end-organ  function. 

hemostasis  as  well  as  end-organ  dysfunction 

Device  settings  should  be  optimized  in  the 

from  long-standing  heart  failure  leading  to  factor 

operating  room  with  hemodynamic  monitoring 

deficiency  and  platelet  dysfunction.  Poor  nutrition 

and 

transesophageal 

echocardiogram 

before 

and  surgical  dissection  in  children  with  re-do 

chest  closure.  The  most  important  point  in  post-

sternotomies  also  contribute.  Chest  tube  output 

operative  management  is  never  leaving  the  oper-

should  be  monitored  for  both  volume  and  charac-

ating  room  without  adequate  cardiac  output. 

ter  of  output,  and  anticoagulation  should  only  be 

Evaluation  of  the  device  for  both  adequate  filling 

considered  once  postoperative  hemostasis  has 

and  ejection  is  imperative.  Should  the  right  heart 

been  achieved. 

be  unable  to  recover  enough  to  fill  the  LVAD 

despite  medical  optimization,  placement  of  an 

RVAD  should  be  considered.  If  the  device  is 

Anticoagulation 

unable  to  eject  despite  normal  blood  pressure, 

obstruction  from  the  device  or  cannula  position 

Antithrombotic  management  is  one  of  the  main 

should  be  evaluated. 

obstacles  to  the  safe  and  effective  management  of 

mechanical  circulatory  support  in  children.  Partic-

ularly  in  children,  anticoagulation  poses  a  great 

Systemic  Hypertension 

challenge  due  to  variations  in  developmental 

hemostasis.  Stroke,  both  hemorrhagic  and  ische-

For  several  reasons,  close  blood  pressure  moni-

mic, is  one  of  the  most  devastating  and  challenging 

toring  and  age-appropriate  parameters  are  imper-

adverse  events  in  these  patients  because,  despite 

ative  in  the  postoperative  period.  Continuous  flow 

meticulous anticoagulation  management,  they con-

devices are very sensitive to preload and  afterload. 

tinue  to  occur.  Historically,  unfractionated  heparin 

In  pulsatile  devices,  hypertension  may  inhibit 

and  warfarin  have  been  the  standard  for  anti-

complete  emptying  of  the  pump,  leading  to  inad-

coagulation  management  in  children  on  VADs 

equate  cardiac  output  and  blood  stasis,  thereby 

(Fraser  Jr  et  al. 2012; Steiner  et  al. 2016;  Huang
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et al. 2018). However,  there  has  been a  shift  toward 

inflammation and  mitigate  the  systemic  inflamma-

increased  use  of  direct  thrombin  inhibitors,  specif-

tory  response  syndrome  without  increasing  infec-

ically  bivalirudin  (VanderPluym  et  al. 2020;  Bates   tions  or  hyperglycemia  and  may  reduce  the et  al . 2020;  Medar  et  al. 2020).  The  addition  of 

incidence  of  stroke  in  patients  on  EXCOR  support 

aspirin  for  antiplatelet  therapy  via  weight-based 

(Byrnes  et  al. 2015;  Byrnes  et  al. 2013). 

dosing  is  associated  with  a  lower  stroke  rate 

(Rosenthal  et  al. 2017). 

Monitoring  of  both  anticoagulation  and  anti-

Outcomes 

platelet  therapy  continues  to  be  a  challenge,  both 

with  the  consistency  of  lab  draws  and  the  avail-

Major  Adverse  Events 

ability  and  consistency  of  optimal  lab  testing. 

Traditionally,  unfractionated  heparin  is  titrated 

Given  the  development  of  the  Pedimacs  registry, 

using  either  activated  prothrombin  time  (aPTT) 

definitions  of  device-related  adverse  events  in 

or  anti-Xa  level,  and  warfarin  is  monitored  via 

children  have  been  generally  uniform.  They  are 

the  international  normalized  ratio  (INR)  (Huang 

derived  by  expert  consensus  and  based  largely  on 

et  al. 2018). Bivalirudin  can  be  monitored 

prior 

definitions  already  employed  in  the 

using  aPTT  and  dilute  thrombin  time  (dTT) 

Intermacs  registry  (Rosenthal  et  al. 2016). 

(Buck  2015). The  use  of  thromboelastometry 

Neurologic  dysfunction:  Neurologic  complica-

(ROTEM)  has  also  been  shown  to  be  useful  in 

tions  are  one  of  the  most  challenging  adverse 

the  monitoring  of  bivalirudin  (Teruya  et  al. 2020). 

events  for  clinicians.  The  incidence  varies  based 

It  is  important  to  remember  through  the  postoper-

on  patient  factors,  device  type,  and  timing  post-

ative  period  that  many  medications,  such  as 

implant  and  center-specific  anticoagulation  man-

milrinone, 

nitroprusside, 

and 

inhaled 

nitric 

agement,  making  it  challenging  to  identify  patients 

oxide,  inhibit  platelet  function  and  should  be  con-

at  the  highest  risk  definitively.  Overall,  24%  of 

sidered  when  balancing  antithrombotic  therapy 

patients  with  paracorporeal  continuous  flow 

and  bleeding  risk  (Wesley  et  al. 2009;  Harris 

devices  had  stroke,  versus  21%  among  pulsatile 

et  al. 1995;  Aoki  et  al. 1997). The  ACTION  Net-

flow  devices,  and  much  less  reported  with 

work  has  developed  harmonization  tools  and  edu-

intracorporeal  continuous  flow  devices,  with  10% 

cational  materials  to  help  guide  anticoagulation 

in  the  Heartware  group  and  approaching  0%  with 

strategies  based  on  data  and  expert  consensus, 

the  HM3  (Lorts  et  al. 2018a;  O’Connor  et  al . 2020; 

which  have  significantly  improved  outcomes,  par-

Morales  et  al. 2019; VanderPluym  et  al. 2019). 

ticularly  stroke,  in  children  on  VADs  (Zafar  et  al. 

VAD-related  stroke  management  has  chal-

2021;  Niebler  et  al. 2021). 

lenges  in  pediatrics  due  to  a  lack  of  standardized 

Inflammation  causes  significant  derangement 

protocols.  The  ACTION  Network,  through  col-

of  the  coagulation  system  and  so  should  be  con-

laboration  and  quality  improvement  initiatives, 

sidered  in  the  setting  of  deviation  from  expected 

has  developed  a  stroke  management  bundle, 

coagulation  monitoring  parameters.  Markers  of 

which  emphasizes  early  recognition  and  imaging 

infection  and  inflammation,  such  as  white  blood 

with  non-contrast  head  CT,  with  consideration  of 

cell  count,  C-reactive  protein,  procalcitonin, 

CT  angiogram  should  symptoms  persist  despite 

platelet  count,  and  fibrinogen,  could  be  monitored 

negative  initial  imaging  and  subsequent  initiation 

to  help  aid  in  detection.  Center-specific  antibiotic 

of  neuroprotective  measures  with  consideration  of 

choices  based  on  local  sensitivities  with  the  con-

thrombectomy  and/or  tPA  in  the  setting  of  large 

sideration  of  corticosteroids  could  help  mitigate 

territory  ischemic  stroke  (Lorts  et  al. 2021).  There 

the  impact  of  inflammation  on  the  coagulation 

are  no  clear  guidelines  regarding  anticoagulation 

cascade  in  children.  While  the  data  are  limited 

management  in  the  postischemic  stroke  time 

regarding  the  efficacy  of  corticosteroid  use  in 

period.  However,  a  recent  study  discussing  hem-

this  scenario,  there  are  single-center  studies  that 

orrhagic  transformation  following  childhood 

suggest  this  therapy  does  decrease  markers  of 

embolic  stroke  was  shown  not  to  be  increased  in
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anticoagulated  patients,  so  continuing  anti-

Cardiac  Transplant 

coagulation  and  repeating  head  imaging  should 

be  considered  (Ko  et  al. 2022). Lastly,  pump 

Preparation  for  cardiac  transplant  occurs  before 

exchange  for  patients  with  paracorporeal  VAD 

VAD  implantation  when  discussing  potential 

should  be  regarded  as  if  there  is  evidence  of  a  clot. 

adverse  events  and  risk  of  VAD  support  along 

Infection:  Infection  remains  a  significant  com-

with  medical  and  social  criteria  for  transplant 

plication  following  the  implantation  of  VADs. 

eligibility.  Nutritional  support  and  rehabilitation, 

Infections  account  for  about  17%  of  all  adverse 

end-organ  recovery,  psychosocial  support  while 

events,  are  most  frequent  after  3  months  post-

on  VAD  for  both  the  patient  and  family,  and 

implant,  and  account  for  about  a  third  of 

monitoring  for  sensitization  in  order  to  optimize 

readmissions  (Auerbach  et  al. 2018;  de  By  et  al. 

clinical  status  are  all  essential  to  the  success  of 

2018;  Hollander  et  al. 2017). Based  on  recent 

transplantation.  If  a  patient  meets  the  appropriate 

Pedimacs  data,  infection  accounted  for  17%  of 

criteria  and  a  donor  heart  is  accepted,  preparation 

the  reported  adverse  events.  A  non-device  infec-

of  the  transplant  team  with  regard  to  device 

tion  was  most  common  (51%),  followed  by  sepsis 

explant  is  essential,  particularly  with  regard  to 

(24%),  external  pump  component  infection 

anticoagulation,  perfusion  requirements,  and 

(20%),  and  internal  pump  component  infection 

potential  complications  related  to  device  removal. 

(5%).  Most  infections  were  bacterial  (73%)  and 

The  timing  of  activation  on  the  transplant 

required  intravenous  therapy  without  surgical 

waitlist  is  center-dependent.  However,  most 

intervention  (77%).  Survival  was  lower  after 

adverse  events  occur  in  the  first  30  days  post-

infection  only  in  the  continuous  flow  device 

implant,  and  renal  function  declines,  with 

patient  cohort  (Auerbach  et  al. 2018). Prevention 

improvement  not  typically  seen  until  30  days 

is  based  on  standard  infection  control  principles. 

post-implant  (Rosenthal  et  al. 2016; May  et  al. 

Right 

heart 

failure: 

Patients 

with 

a 

2016). Additionally,  nutritional  status  and  rehabil-

biventricular  heart  and  LVAD  support  are  at  risk 

itation  must  be  taken into  account on an  individual 

for  right  heart  failure,  which  is  defined  as  ele-

basis. There is no consensus on the optimal time to 

vated  central  venous  pressure  along  with  clinical 

activate  a  patient  on  the  transplant  waitlist.  How-

sequelae  of  elevated  central  venous  pressure, 

ever,  over  30  days  is  reasonable  and  common 

including  peripheral  edema,  ascites,  hepatomeg-

practice  to  enable  end-organ  recovery.  Once  an 

aly,  and  hepatic  or  renal  dysfunction.  The  opti-

organ  is  accepted,  anticoagulation  management 

mal  timing  of  device  implantation  is  to  precede 

may  be  changed  to  prevent  acute  thrombotic  com-

or  prevent  right  heart  failure,  though  this  remains 

plications  and  major  bleeding  at  the  time  of  oper-

a  challenge.  Echocardiography  alone  is  often 

ation.  Reversal  of  warfarin  with  vitamin  K  (which 

unhelpful  in  predicting  the  need  for  RVAD  sup-

will  take  several  hours  and  might  time  well  with 

port  (Kirklin  2017).  It  is  important  to  maintain 

surgery)  or  fresh  frozen  plasma  can  be  used  for 

adequate  right  ventricular  support  for  patients 

faster  reversal.  Antiplatelet  agents  are  irreversible, 

following  LVAD  placement,  including  diuresis, 

though  they  can  be  stopped,  and  patient  support 

pulmonary  vasodilators,  and  inotropic  agents. 

with  platelet  transfusions  is  appropriate.  A  hepa-

Persistent  kidney  or  liver  dysfunction,  decreased 

rin  bridge  for  longer  wait  times  can  also  be  used  if 

LVAD  flow,  or  suction  events  with  decreased 

other  anticoagulants  are  discontinued  and  the  sur-

cardiac  output  likely  indicate  inadequate  right 

gery  is  delayed.  Bivalirudin  is  typically  stopped 

ventricular  support.  Short-term  RVAD  support 

around  30  min  before  procedures. 

with  a  paracorporeal  continuous  flow  VAD,  or 

There  are  specific  surgical  considerations  for 

longer-term  support  with  a  continuous  flow 

patients  undergoing  VAD  explants  at  the  time  of 

intracorporeal  device,  pulsatile  flow  paracorpo-

heart  transplant.  Adhesions  should  be  anticipated 

real  device,  or  the  total  artificial  heart  may  be 

due  to  re-do  sternotomy  at  the  time  of  transplant. 

indicated  if  medical  management  is  insufficient 

There  may  be  multiple  prior  sternotomies,  partic-

(Lorts  et  al. 2021). 

ularly  in  the  setting  of  congenital  heart  disease, 
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and  appropriate  precautions  should  be  taken.  Sur-

the  subjective  balancing  of  the  risks  and  benefits 

geons  may  prepare  for  this  with  mitigation  strate-

of  each  decision  and  candidacy  for  transplant.  The 

gies  at  the  time  of  VAD  implant  with  the  use  of 

benefit  of  destination  therapy  in  adults  has  been 

materials  such  as  polytetrafluoroethylene  (PTFE) 

well  delineated,  but  this  is  a  newer  concept  for 

placed  strategically  behind  the  sternum  or  around 

pediatric  patients  (Perry  et  al. 2021).  As  destina-

the  VAD  in  the  case  of  a  durable  intracorporeal 

tion  therapy  programs  for  pediatric  patients 

device  for  safer  entry  upon  subsequent  operation 

develop,  particular  attention  to  multidisciplinary 

(Leprince  et  al. 2001).  In  patients  with  a  Berlin 

involvement  is  imperative,  including  psychology, 

EXCOR,  at  the  time  of  implant,  the  surgeon  may 

social work, nutrition, and  palliative  care. The first 

place  a  PTFE  tube  graft  to  the  innominate,  closed 

reported  use  was  in  2012  in  a  patient  with  cardio-

off but left  in place  at the  time  of sternal closure, to 

myopathy  secondary  Duchenne  muscular  dystro-

facilitate 

cannulation 

onto 

cardiopulmonary 

phy.  Still,  it  has  since  been  expanded  to 

bypass  at  the  time  of  transplant  (Nguyen  2011). 

chemotherapy-related  heart  failure  with  ongoing 

Lastly,  VAD  explant  itself  at  the  time  of  transplant 

malignancy,  severe  ventricular  dysfunction  in  the 

may  lead  to  an  increase  in  donor  ischemic  time, 

setting  of  complex  congenital  heart  disease  with 

postoperative  bleeding,  and  thus  blood  product 

multiple  comorbidities,  severe  transplant  graft 

requirement. 

failure  with  contraindications  to  re-transplant 

Survival  posttransplant  is  similar  in  those 

such  as  noncompliance,  and  heart  failure  in  the 

supported  on  a  VAD  compared  to  those  not 

setting  of  other  neurodevelopmental  disorders 

supported  with  mechanical  circulatory  support. 

(Kirklin  2017; Amodeo  and  Adorisio  2012). As 

This  is  contrary  to  children  supported  by  ECMO, 

devices  improve  with  the  ability  to  place  durable 

who  have  lower  posttransplant  survival  when 

devices  that  allow  discharge  home  into  smaller 

compared  to  those  with  VAD  support  (Jeewa 

patients,  chronic  VAD  therapy  in  pediatrics  will 

et  al. 2010). Children  supported  with  a  Berlin 

likely  expand. 

EXCOR  have  similar  survival,  infection,  and 

Recovery:  VAD  explant  after  recovery  of  myo-

rejection  rates  compared  to  those  who  do  not 

cardial  function  is  rare  in  children  on  ventricular 

require  mechanical  circulatory  support  before 

assist  devices.  The  most  common  diagnosis  for 

transplant  (Jeewa  et  al. 2019).  Additionally,  link-

bridge  to  recovery  is  myocarditis,  followed  by 

age  analysis  of  patients  enrolled  in  both  the 

dilated  cardiomyopathy,  and  lastly,  congenital 

Pedimacs  registry  and  the  Pediatric  Heart  Trans-

heart  disease.  Younger  age  (less  than  2  years 

plant  Society  demonstrated  similar  posttransplant 

old)  is  also  a  positive  predictor  of  recovery 

survival,  infection  rates,  and  freedom  from  rejec-

(Miera  et  al. 2018). There  are  very  few  published 

tion  between  heart  transplant  recipients  supported 

weaning  protocols  in  pediatrics,  and  no  studies 

with  a  VAD  and  those  not  supported  with  a  VAD 

have  examined  the  best  method  for  assessing 

before  transplant  (Sutcliffe  et  al. 2018). 

recovery.  Echocardiography,  cardiopulmonary 

exercise  testing,  and  right  heart  catheterization 

are  useful  tools  to  assess  recovery,  though  data  is 

Chronic  Therapy 

lacking  to  guide  criteria  for  explant  specifically. 

Harmonization  protocols  based  on  expert  consen-

Destination  therapy:  Patients  may  not  be  candi-

sus  across  multiple  centers,  such  as  those  created 

dates  for  transplant  for  a  multitude  of  reasons, 

by  the  ACTION  Network,  enable  a  systematic 

including  but  not  limited  to  complex  anatomy, 

approach  to  screening  patients  for  evidence  of 

multi-organ  dysfunction,  allosensitization,  pul-

remission  from  heart  failure,  an  approach  to 

monary  hypertension,  malignancy,  obesity,  social 

weaning  and  assessment  of  myocardial  perfor-

contraindications,  or  patient  choice.  The  reasons 

mance  before  explant,  and  provide  objective 

for  choosing  chronic  support  rather  than  a  bridge 

criteria  to  identify  patients  in  whom  a  VAD 

to  transplant  are  complex  and  often  fraught  with 

explant  may  prove  successful. 

[image: Image 91]
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Discharge  from  the  Hospital  After 

as  the  key  point  of  contact  following  discharge  and 

VAD  Placement 

can  also  alert  local  emergency  medical  services, 

fire  departments,  and  utilities  with  updated  infor-

Discharge  planning  of  a  pediatric  patient  with  a 

mation  about  the  patient.  They  can  also  help  tran-

VAD  should  begin  as  early  as  possible,  ideally 

sition patients back to school or work and serve as a 

during  the  initial  evaluation  for  an  implant.  A 

resource.  Once  the  patient  and  caregivers  demon-

multidisciplinary  approach  is  imperative.  Potential 

strate  competencies  and  close  follow-up  and  mon-

barriers,  such  as  resources  and  caregivers,  can  be 

itoring  are  in  place, the  patient  and  family are ready 

identified,  and  expectations  can  be  set.  Education 

to  transition  out  of  the  hospital.  The  ACTION 

and  training  must  be  provided  to  the  caregivers, 

Network  has  developed  patient  journey  maps  to 

including the ability to troubleshoot VAD alarms or 

set  expectations  and  help  the  patients  and  families 

complications.  The  VAD  coordinator  often  serves 

visualize  progress  (Fig. 3). 

Fig.  3  HeartMate  3  LVAD  journey.  Courtesy  of  the  ACTION  Network.  LVAD,  left  ventricular  assist  device
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Conclusions  and  Future  Directions 
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cardiogenic  shock  patients  requiring  transient 

Access  Route 

mechanical  circulatory  support. 

Most  pMCS  devices  require  arterial  access,  but 

Keywords 

only  some  require  venous  catheterization  (ECMO 

and  TandemHeart™).  The  most  common  route  of 

Mechanical  circulatory  support  ·  Intra-aortic 

access  is  the  femoral  vessels,  but recent  advances  in 

balloon  pump  ·  Microaxial  flow  pump  · 

procedural skills and knowledge have facilitated the 

Extracorporeal  membrane  oxygenation  · 

development  of  axillary  and  axillary  approaches. 

Centrifugal  ·  Continuous  flow  pump  · 

Cardiogenic  shock 

Patient  Evaluation  and  Selection 

of  Vascular  Access 

There  should  be  a  careful  evaluation  of  multiple 

Introduction 

factors  before  deciding  the  site  of  insertion  of 

pMCS.  Consider  the  following  factors  when 

Some  indications  for  short-term  mechanical  sup-

assessing  vascular  access  sites: 

port  use  are  treating  cardiogenic  shock  (CS), 

supporting  high-risk  coronary  artery  and  struc-

Arterial  Access

tural  heart  interventions,  and  maintaining  cardio-

• Urgency:  Due  to  vessel  caliber,  femoral  access 

pulmonary  support  during  cardiac  arrest.  This 

is  often  considered  when  emergent  placement 

chapter  will  describe  the  technical  considerations 

is  required,  as  other  insertion  sites  are  often 

of  percutaneous  temporary  circulatory  devices, 

more  challenging  to  access  and  require  more 

including  access  specifications,  technical  features, 

prolonged  procedure  time  and  precision. 

and  risk-benefit  profiles  of  each  device. 

• Body  habitus:  Patients  with  extreme  obesity 

and  large  amounts  of  abdominal  fat  will  pose 

a  challenge  at  the  time  of  accessing  femoral 

Access  to  Vasculature 

vascular  structures. 

• Abdominal  aortic  disease:  Known  abdominal 

A  clear  understanding  of  the  required  amount  of 

aortic  aneurysm  (AAA)  or  suspicion  of  one 

support  and  the  capacity  of  each  percutaneous 

due  to  abdominal  bruit  or  livedo  reticularis 

mechanical  circulatory  support  device  (pMCS)  is 

should  steer  away  from  the  femoral  approach. 

essential  to  make  a  decision  on  device  selection. 

• Patient  position:  Femoral  access  will  require 

Other  chapters  in  this  textbook  comprehensively 

flat  patient  positioning;  therefore,  a  different 

explain  the  robustness  of  support  provided  by 

access  site,  like  the  axillary,  is  recommended 

each  pMCS.  The  Heart  Team  will  also  consider 

for 

patients 

in 

whom 

ambulation 

is 

other  factors  at  the  time  of  decision,  such  as 

recommended  after  placement. 

indication  (axillary  placement  is  often  favored 

• Peripheral  disease:  Known  peripheral  artery 

when  a  long  duration  of  support  is  anticipated), 

disease  in  the  femoral  vessels  should  raise  con-

bleeding  risk,  indication,  and  expertise.  Once  a 

cerns  primarily  due  to  challenges  during  place-

specific  mechanical  support  strategy  has  been 

ment  if  there  are  significant  calcifications  at  the 

chosen,  the  implanting  physician  will  require 

site  of  proposed  arteriotomy  and  issues  during 

careful  consideration  of  the  access  site  based  on 

removal  of  the  device  and  access  closure.  Eval-

multiple  factors. 

uation  of  pulse  strength  at  the  insertion  site  and 

Although  most  pMCS  devices  are  placed  in 

distally  is  equally  important  as  a  reference. 

the  catheterization  laboratory,  an  expected  bene-

fit  is  that  some  can  be  readily  placed  at  the  bed- Venous  Access 

side  in  cases  where  severe  hemodynamic 

Unlike  arterial  access,  there  are  fewer  potential 

compromise  necessitates  emergent  circulatory 

locations  for  venous  cannulation  during  pMCS 

support. 

placement.  The  femoral  vein  continues  to  be  the
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most  widely  used,  followed  by  internal  jugular 

the  results  of  the  FAUST  Trial,  which  demon-

and  subclavian  venous  approaches.  The  following 

strated  that  real-time  ultrasound  guidance 

considerations  before  selection  are  recommended:

reduced  the  number  of  attempts,  the  time 

required  to  gain  femoral  access,  and  the 

• Body  habitus:  Similar  to  arterial  access,  the 

complication  rate. 

femoral  vein  can  be  difficult  to  cannulate  in 

• The  rate  of  vascular  complications  is  reduced 

patients  with  obesity  and  a  large  amount  of 

using  micropuncture  instead  of  the  standard 

abdominal  fat. 

access  hollow  needle  (16  gauge). 

• Prior  thromboembolic  disease:  Many  patients  • Arteriotomy  closure  with  a  vascular  closure 

will  have  a  history  of  venous  thromboembo-

device  (VCD)  is  recommended,  especially  in 

lism  (VTE)  and  present  with  occlusive  clots 

interventions  utilizing  catheters  >8  Fr  in  size. 

either  at  the  access  site  or  proximally,  which 

may  impair  the  placement  and  return  of  blood 

Axillary artery access: Axillary arterial access is 

from  the  pumps. 

often  considered  for  pMCS  in  the  context  of  exten-

• Presence  of  intravascular  devices:  Peripherally  sive  femoral-iliac  atherosclerotic  disease,  morbid 

inserted  central  catheters,  a  pacemaker  or  defi-

obesity,  and  desired  continued  patient  ambulation. 

brillator  leads,  or  inferior  vena  cava  (IVC) 

Trans-axillary  access  has  also  been  helpful  for 

filters may impede or obstruct the advancement  structural  interventions  such  as  TAVR  and  as  an 

of  catheters. 

adjunct  during  complex  endovascular  aortic  repair 

(EVAR).  Surgical  graft  implantation  was  previ-

Arterial  Access  Approaches 

ously  the  gold  standard.  Still,  percutaneous  access 

Femoral  artery  access:  As  discussed  before,  the 

offers  the  ability  to  implant  devices  in  an  urgent 

common  femoral  artery  (CFA)  continues  to  be  the 

matter  without  the  need  for  general  anesthesia  and 

most  used  approach  due  to  its  relatively  superfi-

its  related  complications  or  side  effects  and  may 

cial  location,  ease  of  access,  and  vessel  caliber. 

carry  less  morbidity.  Despite  previous  belief  that 

Ideal  access  can  be  ensured  using  adjunctive 

the  axillary  artery  is  a  non-compressible  structure, 

techniques  such  as  ultrasound,  fluoroscopy,  and 

cadaveric  models  have  shown  that  the  midportion 

micropuncture  needles.  It  is  outside  of  the  scope 

of  the  vessel  can  be  compressed  against  the  second 

of  this  chapter  to  have  a  detailed  explanation  of 

rib  in  case  of  complications,  demonstrating  safe 

vascular  access;  however,  the  most  important 

utility  for  large-bore  access  (Sea  2017). The  most 

aspects  to  consider  when  accessing  the  CFA  are 

important  aspects  when  considering  axillary  access 

as  follows:

are  the  following:

• The  CFA  is  a  continuation  of  the  external  iliac  • Beyond  the  lateral  border  of  the  first  rib,  the 

artery  below  the  inguinal  ligament  (IL)  and 

subclavian  artery  continues  as  the  axillary 

bifurcates  into  the  superficial  femoral  artery 

artery,  which  at  this  point  becomes  an  extra 

(SFA)  and  the  profunda  femoris  (PF)  branch. 

thoracic  structure.  This  distinction  is  important 

In  the  majority  of  cases  (77%)  (Shroff  et  al. 

as  hemo- and  pneumothorax  risks  decrease  at 

2020),  the  bifurcation  is  located  in  the 

this  location. 

inferomedial  quadrant  of  the  femoral  head, 

• The  axillary  artery  typically  measures  6–7  mm  

and  the  access  site  should  be  pursued  proximal 

in diameter, corresponding  to a French (Fr) size 

to  this,  carefully  avoiding  the  arteriotomy  site 

of  15–24. 

above  the  IL  to  prevent  intrapelvic  location,  as 

• The  recent  consensus  statement  from  the  Soci-

this  will  complicate  the  management  of  poten-

ety  for  Cardiac  Angiography  and  Intervention 

tial  access  complications  like  bleeding. 

(SCAI)  recommends  access  to  the  axillary 

• The  use  of  ultrasound  guidance  is  now 

artery  at  its  second  segment  (posterior  to  the 

recommended as the standard of care following 

pectoralis  minor  muscle)  due  to  its  distance
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from  the  chest  cavity  and  because  it  allows  for 

intracardiac 

echocardiography 

(ICE) 

has 

a  more  accessible  surgical  approach  proxi-

become  increasingly  common.  These  tech-

mally  if  necessary.  This  segment  is  also  the 

niques  provide  direct  visualization  of  anatomic 

only  one  with  potential  compressibility  against 

structures  and  help  confirm  the  correct  site  of 

the  chest  wall  (Seto  et  al. 2022). 

TSP  (Bayrak  et  al. 2012). 

• Access  may  be  facilitated  by  angiography,  • Transseptal  sheaths  nowadays  have  steerable 

which  may  be  performed  from  a  secondary  vas-

capabilities  for  improved  access  to  the  left 

cular  access  site  such  as  the  femoral,  ipsilateral 

atrium,  and  the  standard  transseptal  needle 

radial,  or  brachial  arteries.  Placement  of  a  guide 

has 

historically 

been 

the 

stainless-steel 

wire  through  a  diagnostic  catheter  across  the 

Brockenbrough  needle  (Medtronic™)

vessel  may  provide  a  fluoroscopic  or  ultrasound 

• Following  TSP,  a  guidewire  is  inserted  into  the 

target  for  the  needle  insertion  (Seto  et  al. 2022). 

left  atrium,  and  the  interatrial  septum  is  dilated 

• The  optimal  technique  for  removing  any  axil-

using  a  two-stage  dilator  (14  Fr  and  21  Fr). 

lary  device  is  unknown.  However,  the  SCAI 

Proper  cannula  positioning  is  confirmed  with 

consensus  recommends  considering  “dry  clo-

fluoroscopy. 

sure”  by  balloon  tamponade  proximal  to  the 

• The  return  cannula  is  then  inserted  at  the  con-

arteriotomy  site.  VCD  has  been  utilized  for  this 

tralateral  CFA with  the  usual  technique,  and  the 

goal,  but  the  use  is  off-label. 

tip  is  advanced  to  the  level  of  the  aortic 

bifurcation. 

Transseptal 

access: 

The 

pMCS 

devices 

• TSP  is  generally  considered  a  safe  procedure, 

TandemHeart™  and  some  extracorporeal  mem-

but  complications  can  be  life-threatening 

brane  oxygenation  (ECMO)  configurations  can  be 

(including cardiac perforation and  tamponade), 

used  via  a  transseptal  approach.  These  provide  a 

and  operators  should  be  familiar  with  their 

unique design in which a transseptal puncture (TSP) 

management. 

is  performed  with  the  goal  of  placing  a  “venting” 

• The  only  absolute  contraindication  to  TSP  is  a 

cannula  into  the  left  atrium  from  which  blood  is 

thrombus  in  the  interatrial  septum,  and  there  is 

drained  into  the  pMCS  system,  after  which  it  is 

a  relative  contraindication  for  left  atrial  clot. 

returned  into  the  patient’s  body  via  arterial  cannu-

• Periprocedural  anticoagulation  is  mandated 

las.  The  technique  was  first  developed  in  the  1950s, 

given  left  atrial  access  and  the  risk  of  clots 

after  which  its  use  declined  due  to  the  advent  of 

leading  to  systemic  or  cerebrovascular  emboli. 

retrograde  left  ventricle  (LV)  catheterization  and 

This  is  usually  achieved  with  unfractionated 

echocardiography.  However,  its  use  has  increased 

heparin  monitored  with  intra-procedural  active 

again  due  to  the  development  of  new  structural 

clotting  time  (ACT). 

heart  interventions  with  further  modification  in  the 

• Following  the  removal  of  the  TSP  device  and 

technique (Alkhouli et al. 2016a). The following are 

cannulas,  persistent  iatrogenic  atrial  septal 

the  most  important  considerations  about  this 

(iASD)  defects  are  rare  but  not  uncommon 

technique:

(Alkhouli  et  al. 2016a). Current  evidence  is 

inconclusive  regarding  when  iASD  closure  is 

• Following  venous  access  through  one  of  the 

indicated  but  may  be  necessary  in  selected 

femoral  veins,  fluoroscopy  has  traditionally 

patients  (Alkhouli  et  al. 2016b). 

been  the  main  imaging  method  for  localizing 

the  foramen  ovale  (FO),  which  is  the  ideal  site 

Transcaval  access:  Transcaval  access  (TCA) 

for  the  TSP.  In  difficult  cases,  right  atrial  angi-

enables  arterial  access  to  the  aorta  in  patients 

ography  can  help  localize  the  interatrial  septum 

with  severe  femoral-iliac  atherosclerotic  disease. 

(Roelke  et  al. 1994;  Seto  et  a  l. 2010). 

This  technique  involves  access  from  the  femoral 

• Ultrasound-based 

imaging 

with 

trans-

veins  and  crossing  over  into  arterial  circulation  at 

esophageal 

echocardiography 

(TEE) 

and 

the  level  of  the  inferior  vena  cava  (IVC).  This
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approach  has  been  proven  to  be  effective  and  safe 

common  site  for  pMCS  placement.  The  technique 

(Greenbaum  et  al. 2014), mainly  because  arterio-

for  obtaining  access  to  the  CFV  is  similar  to  the 

venous  tracts  with  substantial  flow  are  usually 

one  for  the  CFA;  the  following  are  some  anatomic 

not  life-threatening,  and  severe  retroperitoneal 

considerations  to  keep  in  mind:

(RP)  bleeding  is  uncommon  as  pressure  in  the 

IVC  is  lower  than  in  the  RP  space,  so  bleeding 

• As  the  femoral  vessels  transit  externally  from 

from  the  aorta  will  preferentially  shunt  into  the 

the  pelvic  cavity,  the  vein  and  the  artery  will 

vein.  Once  the  procedure  is  concluded,  the  iatro-

transition  from  an  overlapped  to  a  side-to-side 

genic  arteriovenous  fistula  is  closed  with  a  nitinol 

position as the CFV moves medially to the CFA. 

cardiac  occluder.  Considerations  for  femoral  vein 

• Under  ultrasound  guidance,  the  CFV  can  be 

access  will  be  discussed  later  in  this  chapter. 

recognized  by  its  caliber,  which  is  typically 

TCA  is  planned  using  contrast-enhanced  com-

larger  than  the  CFA,  and  it  will  also  collapse 

puted  tomography  angiography  (CTA)  of  the 

with  pressure  from  the  ultrasound  probe  due  to 

iliofemoral  arteries;  identification  of  anatomic 

its  thin  vessel  wall. 

contraindications,  including  aortic  calcifications 

at  the  level  of  planned  fistula,  should  be  sought. 

Jugular  vein  access:  For  patients  in  whom 

We  will  outline  the  most  important  considerations 

ambulation  is  sought,  the  IJV  is  a  more  ideal 

of  TCA  below:

access  site  than  the  CFV  as  it  does  not  impair 

mobility  as  much.  Under  normal  conditions  (with-

• The  infrarenal  IVC  is  close  to  the  aorta,  typi- out  significant  stenosis,  prior  VTE,  or  hypo-

cally  without  interposed  anatomic  structures. 

volemic  state),  the  IJV  is  a  large-bore  and 

• Access  through  the  right  femoral  vein  is  indi- superficial  vessel  that  can  be  easily  accessed 

cated,  as  it  is  unlikely  that  a  TCA  can  be 

with  ultrasound  guidance  while  the  patient  is 

performed  from  the  left  side. 

lying  flat  or  on  a  slight  incline.  The  following 

• The  coaxial  crossing  system  consists  of  a  technical  considerations  should  be  contemplated. 

0.014″  guidewire  piggybacked  inside  a 

0.035″  wire  converter,  both  of  which  are 

• Ultrasound  guidance  and  micropuncture 

advanced  into  place  by  a  0.035″  microcatheter. 

needles  are  recommended  for  access  due  to 

The  tip  of  the  0.014″  wire  is  attached  to  a 

the  proximity  to  the  carotid  artery  and  the 

unipolar  electrosurgery  pencil  to  energize  it 

lung  apices,  which  are  at  risk  for  puncture 

during  crossing. 

and  the  development  of  pneumothorax. 

• Aortic  calcifications  are  the  most  common  rea- • Placing  the  patient  in  the  Trendelenburg  posi-

son  for  failure  to  cross. 

tion  or  raising  the  legs  with  a  pillow  will 

• To  close  the  aorto-caval  tract,  the  SCAI  recom-

increase  venous  return,  causing  engorgement 

mends  a  nitinol  cardiac  occluder  device 

of  the  IJV  and  facilitating  cannulation,  espe-

(Amplatzer  Duct  Occluder,  Abbott). 

cially  in  difficult  cases. 

Venous  Access  Approaches 

Subclavian  vein  access:  The  SCV  is  a  large-

As  discussed  before,  some  pMCS  will  require 

bore  vessel  that  facilitates  the  placement  of  large 

venous  access  for  either  blood  drainage  from  the 

cannulas  without  the  risk  of  vessel  collapse.  The 

body  (TandemHeart™)  or  the  return  of  blood  back 

physician  choosing  this  access  site  should  con-


into  the  circulation  (ECMO,  TandemHeart™). 

sider  the  following:

Common  sites  for  venous  access  include  the  com-

mon  femoral  vein  (CFV),  internal  jugular  vein 

• The  vessel’s  location  under  the  clavicle  makes 

(IJV),  and  subclavian  vein  (SCV). 

it  difficult  to  compress  in  the  case  of  bleeding, 

Femoral  vein  access:  The  large-bore  caliber  of 

so  ultrasound  guidance  and  micropuncture 

the  CFV  and  the  ease  of  access  make  the  CFV  a 

needles  are  recommended. 
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• The  course  of  the  SCV  is  just  posterior  to  the  these  are  usually  subdivided  into  intraluminal  and 

clavicle,  and  it  is  most  easily  accessed  just 

extraluminal  or  “active  approximation”  (indicating 

under  the  bone  at  the  clavicular  midsegment 

closure  of  the  arteriotomy  site  with  the  VCD)  vs 

between  the  acromial  and  the  sternal  joints. 

“passive  approximation”  (hemostasis  achieved  by 

• A  careful  approach  to  the  vessel  is  tamponading the arterial access site with the VCD). 

recommended. The needle shouldn’t  be inserted   The  former  are  used  exclusively  for  interventions 

any  deeper than 2–3  cm as the  lung parenchyma 

that  are  >8  Fr  in  siz  e. 

is  in  close  proximity,  and  the  risk  of  pneumo-

Seven  types  of  VCD  are  currently  FDA-

thorax  is  high. 

approved  for  use  in  the  United  States.  Table  1 

• Following  pMCS  placement,  a  chest  X-ray  is  offers  a  thorough  summary  of  each  device’s 

recommended  to  rule  out  complications  such 

characteristics. 

as  pneumothorax. 

Small  registries  have  evaluated  the  use  of  VCD 

for  brachial,  axillary,  and  popliteal  access;  how-

Vascular  Closure  Devices 

ever,  strong  data  needs  to  be  included,  and  a  clear 

Following  diagnostic  and/or  therapeutic  interven-

understanding  of  the  safety  and  efficacy  of  use  in 

tions  requiring  arterial  access,  manual  compres-

such  smaller  vessels  is  unknown.  In  addition, 

sion  is  traditionally  the  gold  standard  technique  to 

VCDs  are  currently  approved  for  promoting 

achieve  hemostasis.  However,  this  comes  with 

early  ambulation,  which  is  commonly  not  affected 

various  pitfalls,  including  delayed  time  to  optimal 

in  the  case  of  upper  extremity  arterial  access. 

hemostasis,  delayed  ambulation,  and  higher 

The  standard  of  care  following  removal  of 

bleeding  complication  rates,  especially  in  femoral 

venous  access  has  been  manual  pressure;  however, 

access.  This  is  the  rationale  for  vascular  closure 

due  to  the  increased  use  of  percutaneous  cannulas 

devices  (VCD);  these  were  developed  to  allow  for 

that are as big as 24 Fr, even venous access can carry 

faster  hemostasis,  improve  patient  comfort,  and 

significant  bleeding  risk  with  these  larger  bore  can-

promote  early  ambulation  following  femoral  arte-

nulas. To mitigate these, alternatives to manual com-

rial  access.  They  can  be  placed  extraluminal  or 

pression have  gained popularity. Currently, the  most 

intraluminal  to  the  vessel.  Extraluminal  VCD  usu-

common  modalities  for  achieving  hemostasis  in 

ally 

employs 

pads 

or 

gels 

coated 

in 

venous  sites  are  “Z”  stitches  (also  known  as  “fig-

pro-thrombotic  solutions,  allowing  for  faster 

ure-of-eight”  sutures)  or  closure  with  one  or  more 

hemostasis  at  the  arteriotomy  sites.  Intraluminal 

suture-mediated  VCDs  such  as  Perclose  ProGlide® 

VCDs  are  suture-based  collagen  plugs  or  clips 

(Abbott,  Pleasanton,  California). 

attached  to  the  vessel  wall  on  the  access  site. 

The  safety  and  efficacy  of  these  devices  are 

optimized  when  used  with  a  CFA  access 

Device-Specific  Placement 

(as  opposed  to  superficial  femoral  or  external 

Recommendations 

iliac—high/low  sticks)  and  in  the  absence  of 

severe  access  site  atherosclerotic  disease  or  calci-

Once  an  appropriate  pMCS  with  a  suitable  arterial 

fications.  They  are  currently  recommended  by  the  and/or  venous  access  site  has  been  chosen,  man-

American  College  of  Cardiology  (ACC),  Ameri-

ufacturer-specific  recommendations  for  device 

can  Heart  Association  (AHA),  and  Society  for 

placement  are  given.  We  will  review  some  of  the 

Cardiovascular  Angiography  &  Interventions 

most  important  considerations  for  each  pMCS. 

(SCAI)  societies  to  achieve  faster  hemostasis 

and  promote  earlier  ambulation  times.  However, 

these devices have not been proven to decrease the 

Intra-Aortic  Balloon  Pump:  Femoral 

incidence  of  vascular  complications,  including 

Approach 

bleeding  (Kern  et  al. 2007). 

There  are  various  VCDs,  each  with  a  unique 

The  technique  for  correctly  placing  femoral  IABP 

delivery  system  technique.  As  discussed  before, 

has  been  described  since  the  1980s.  As  discussed, 
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Table  1  FDA-approved  vascular  closure  devices  2017.  (Adapted  from  Kern  et  al. 2007) 

Closure  device

Type

Products

Comments 

Active  approximation  devices 

Angio-seal  (Terumo 

Bioresorbable  intraluminal,  anchor, 

Evolution® 

Automated  compaction 

Interventional  Systems) 

suture,  and  collagen  form 

STS  Plus® 

Self-tightening  suture 

arteriotomy  sandwich 

VIP® 

V-twist  collagen 

Femoral  introducer  sheath  and 

Small  intestinal  mucosa  (SIS)  plug 

CombiClose® 

Combined  working 

hemostasis  (FISH)  (Morris 

pulled  against  vessel  wall  creates 

sheath  and  closure  device

ControlClose® 

Innovative  Inc) 

mechanical  seal 

Perclose  (Abbott)

Suture-based  “surgical”  arterial  wall 

Perclose  A-T® 

Braided  suture  with 

closure 

preformed  knot 

Proglide® 

Monofilament  suture 

with  preformed  knot 

ProStart  XL® 

Two  braided  and  untied 

sutures 

StarClose  SE  (Abbott)

Nitinol  clip  delivered  onto  vessel 

StarClose  SE® 

Two  major  and  four 

creates  “purse  string”  closure 

minor  tissue  tines 

Passive  approximation  devices  (extravascular) 

EXOSEAL  (Cordis)

Extravascular  polyglycolic  acid 

EXOSEAL® 

Accurate  extravascular 

plug 

placement 

MYNX  (Cordis)

Extravascular  sealant

MYNX  ACE® 

Seals  arteriotomy  and 

expands  to fill  tissue  track 

MYNXGRIP® 

Active  tissue  adherence 

of  sealant 

Cardiva  Catalyst  (Cardiva 

Collapsible  disc  with  collagen  patch 

Cardiva 

Collapsible  disc  with 

Medical) 

(Vascade) 

Catalyst  II® 

procoagulant  material 

Cardiva 

Additional  thrombogenic 

Catalyst  III® 

material  for 

anticoagulated  patients 

Vascade® 

Collapsible  disc  with 

extravascular  patch 

ultrasound-guided 

arterial 

access 

should 

be 

guidewire  is  then  removed,  and  the  central  lumen 

secured,  preferably  with  a  micropuncture  needle. 

of  the  balloon  is  flushed  with  heparinized  saline 

Once  arterial  access  has  been  obtained,  the  pro-

and  attached  to  the  pressure  transducer.  The  oper-

ceduralist  must  choose  between  various  IABP 

ator  then  connects  the  balloon  inflation  port  to  the 

sizes.  The  patient’s  height  determines  the  size: 

IABP gas port, and the balloon is filled and emptied 

Patients  taller  than  183  cm  receive  50-ml  balloons, 

with helium gas with each beat. The balloon should 

patients  shorter  than  160  cm  receive  30-ml  bal-

expand fully  with no kinks  or filling defects. Pulses 

loons,  and  all  other  patients  should  get  40-ml 

distal  to  the  arterial  access  site  should  be  assessed 

devices.  The  balloon  diameter,  when  expanded, 

and  marked  for  monitoring,  and  systemic  anti-

should  not  exceed  80–90%  of  the  diameter  of  the 

coagulation should  be  started  (Intra-Aortic  Balloon 

aorta  which  can  be  confirmed  with  fluoroscopy. 

Pump  (IABP)  Placement  Thoracic  Key  –  Fastest 

The  IABP  proprietary  sheath  is  7.5  Fr  in  diameter; 

Thoracic  Insight  Engine  2016). 

once  this  is  inserted,  the  IABP  itself  is  inserted 

through  the  sheath  over  a  J-tip  guidewire  and 

advanced  under  fluoroscopic  guidance  into  the 

Intra-Aortic  Balloon  Pump:  Axillary 

descending  aorta  so  that  the  radiopaque  marker 

Approach 

tip  lies  near  the  level  of  the  carina,  with  the  distal 

end  above  the  renal  arteries  to  prevent  compromise 

The  axillary  IABP  insertion  approach  was  first 

of  renal  circulation  (Kim  et  al. 2007). The 

described  in  2013  by  Estep  et  al.,  typically  chosen
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when  femoral  or  other  access  sites  are  limited  by 

of  the  pigtail,  and  advance  the  guidewire  through 

atherosclerosis,  calcification,  or  tortuosity  or 

the  red  lumen  until  it  exits  the  lumen  near  the  label. 

when  ambulation  with  chronic  device  support  is 

Gently  pulling  the  label  along  the  length  of  the 

important  (Estep  et  al. 2013;  Bhimaraj  et  al. 

catheter, the red EasyGuide lumen is then removed. 

2020).  Axillary  artery  access  is  obtained  as 

The  Impella™  is  advanced  through  the  hemostatic 

described  before.  It  is  essential  to  understand 

valve,  and  fluoroscopic  guidance  is  used  to  ensure 

that  the  axillary  IABP  technique  uses  the  same 

the  crossing  of  the  aortic  valve  (AV).  Confirmation 

device  during  the  femoral  approach,  so  sizing 

of  the  inlet  area  of  the  catheter  positioned  approx-

considerations  are  the  same.  Once  axillary  artery 

imately 3.5 cm below the AVannulus is recommen-

access  is  secured,  a  guidewire  is  directed  from  the 

ded.  An  aortic  waveform  will  then  be  displayed 

subclavian  artery  into  the  descending  aorta.  The 

on  the  Automated  Impella  Controller  (Abiomed 

IABP  is  then  inserted  and  directed  toward  the 

2020). 

descending  aorta  so  that  the  proximal  radiopaque 

marker  is  now  distally  located  and  the  otherwise 

distal  marker  (considered  distal  during  femoral 

Extracorporeal  Membrane 

positioning)  is  now  proximally  located  at  the 

Oxygenation  (ECMO) 

level  of  the  carina.  The  rest  of  the  placement 

confirmation  is  also  done  fluoroscopically  with 

Extracorporeal  life  support  is  an  umbrella  term 

femoral  positioning  (Seto  et  al. 2022). 

that  includes  various  configurations  and  modali-

ties  for  complete  cardiac  and/or  pulmonary  assis-

tance.  The  exact  ECMO  configuration  depends  on 

Impella™  Device  Family 

the  organs  that  need  to  be  supported:  cardiac  (with 

different  settings  tailored  toward  right-sided  sup-

As  discussed  in  previous  chapters,  the  only 

port,  left-sided  support,  or  both),  pulmonary 

Impella™  device  that  requires  surgical  arteriotomy 

(VV-ECMO),  or  complete  cardiopulmonary  sup-

is  the  larger  5.0  and  5.5  devices,  which  require 

port  (VA  ECMO). 

more  than  20-French  caliber  access.  The  Impella 

ECMO  can  also  be  established  with  cannulas 

2.5™  and  Impella  CP™  can  be  placed  percutane-

placed  in  one  of  two  ways:  centrally  (via  direct 

ously  through  the  femoral  artery  (13  and  14  Fr, 

cavity  implantation  into  the  right  atrium  and 

respectively).  Axillary  artery  positioning  is  also 

ascending  aorta  with  a  surgical  cutdown  via 

used,  but  given  the  size  of  the  Impella™  sheath 

sternotomy)  or  percutaneously.  We  will  review 

(14  Fr),  it  is  commonly  reserved  for  placement  in 

some  of  the  most  important  aspects  to  consider 

the  surgical  setting.  This  requires  an  arterial  graft 

while  starting  percutaneous  support  (Pavlushkov 

and  direct  visualization  of  the  vessel. 

et  al. 2017). 

For  CFA  placement,  femoral  access  is  obtained 

as  described  before.  The  Impella™  device  system 

• During  percutaneous  VA-ECMO  support, 

includes  a  14-Fr  peel-away  sheath  that  must  be 

deoxygenated  blood  is  drained  from  the 

placed  before  insertion.  Procedural  anticoagulation 

patient’s  body  through  cannulation  of  a  large-

is  indicated  with  ACT  >250  s  after  this  step.  Once 

bore  vein  such  as  the  CFV or  IJV,  and  oxygen-

the  desired  ACT is achieved,  the  dilator  is  removed 

ated  blood  is  returned  into  the  arterial  circula-

from  the  sheath,  followed  by  inserting  a  diagnostic 

tion  by  cannulating  the  CFA,  axillary  artery,  or 

pigtail  catheter  with  a  standard  0.035″  guidewire 

carotid  artery  (infants). 

that  is  advanced  into  the  left  ventricular  cavity.  The 

• Arterial  cannulation  into  the  axillary  or  CFA 

guidewire  is  removed  and  replaced  with  a  smaller 

can  be  performed  either  with  the  Seldinger 

0.018″  J-tip  guidewire.  The  diagnostic  catheter  is 

technique,  open  cutdown,  open  cutdown 

then  removed.  Insert  the  end  of  the  placement 

Seldinger,  or  open  cutdown  with  end-to-side 

guidewire  into  the  red  EasyGuide  lumen  at  the  tip 

graft  (Dacron)  to  the  artery.  The  arterial  blood
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return  is  directed  into  the  descending  aorta, 

transeptal  cannulas  after  they  are  disconnected 

which  predisposes  patients  to  various  unique 

from  the  pump.  Depending  on  local  expertise, 

hemodynamic  consequences,  which  will  be 

this  may  be  via  stitch  closure  of  the  vein  and 

described  later  in  this  chapter. 

open  repair  of  the  arteriotomy  or  vascular  closure 

• One  of  the  potential  complications  of  retro- devices  percutaneously. 

grade  flow  via  CFA  is  ipsilateral  limb  ische-

mia. 

To 

overcome 

this 

issue, 

a 

distal 

reperfusion  cannula  is  often  placed  to  selec-

Device  Function  Monitoring 

tively  supply  blood  to  the  lower  limb.  Baseline 

pulses  should  be  determined  and  documented 

A  systematic  bedside  assessment  should  be 

to  assess  perfusion  routinely. 

performed  at  least  daily  on  each  device,  ensur-

• Venous drainage is achieved through the CFVor  ing  adequate  system  function  while  ensuring 

IJV,  and  the  draining cannula  tip  is  positioned  at 

proper  amounts  of  hemodynamic  support  are 

the  right  atrium  (Schaheen  et  al. 2015). 

being  delivered.  This  bedside  assessment 

should  include  checking  for  proper  device  posi-

tioning  and  function,  determining  satisfactory 

TandemHeart™ 

hemocompatibility,  and  ruling  out  device-

related  complications. 

The  TandemHeart™  device  family  consists  of  a 

The  scope  of  this  chapter  is  not  to  describe how 

common  centrifugal,  continuous  flow  pump,  and 

to  assess  if  hemodynamic  goals  are  being 

various  configurations  to  provide  multiple  types  of 

achieved  for  each  patient  (including  signs  of  suf-

support,  including  left  atrial-femoral  bypass,  right 

ficient  end-organ perfusion  and  stability)  but  more 

ventricular  bypass,  and  ECMO.  The  scope  of 

so  to  illustrate  how  to  determine  if  each  device  is 

this  chapter  is  to  describe  in  detail  the  Tandem-

working  appropriately  to  deliver  the  amount  of 

HeartLS™,  the  original  configuration  designed  to 

support  it  is  meant  to. 

provide  left  ventricular  assistance  with  a  left  atrial-

By  far,  the  most  common  complications  inher-

femoral  artery  bypass.  Still,  a  brief  description  of 

ent  to  all  pMCS  devices  are  vascular.  Therefore, 

the  rest  of  the  configurations  can  be  found  later  in 

daily  assessments  of  access  site  integrity,  hemo-

this  chapter  in  Table  6.  The  TandemHeartLS™ 

stasis,  and  adequate  distal  perfusion  to  the  extrem-

system  consists  of  a  centrifugal  pump,  a  system 

ity  are  required.  The  incidence  of  vascular 

controller,  and  a  cannula  set.  The  drainage  cannula 

complications  is  reported  to  be  between  2%  and 

is positioned  in the  left atrium  via  TSP  as described 

10%,  depending  on  which  device  is  being  used. 

above,  with  a  Brockenbrough  needle  passed 

The  highest  risk  is  carried  by  pMCS  devices  that 

through  a  transseptal  sheath  such  as  the  classic 

require  large  cannulas  (Subramaniam  et  al. 2019). 

Mullins  sheath  into  the  left  atrium,  a  0.035″  pigtail 

We  will  now  describe  device-specific  monitor-

guidewire  is  introduced  into  the  left  atrium,  and  a 

ing  parameters  to  perform  at  bedside. 

two-stage  dilator  is  used  to expand  the  opening  in 

the  atrial  septum.  The  blood  is  then  translocated 

by  an  extracorporeal  centrifugal  pump  and 

Intra-Aortic  Balloon  Pump 

returned  into  the  peripheral  arterial  circulation 

through  a  15-Fr  or  17-Fr  cannula  in  the  CFA, 

By  far,  the  two  most  important  considerations  to 

with  the  tip  advanced  into  the  aortic  bifurcation. 

keep  in  mind  while  supporting  a  patient  with 

Once  proper  positioning  is  confirmed,  the  can-

IABP  are  daily  monitoring  of  adequate  device 

nulas  are  connected  to  the  pump,  and  the  system 

positioning  and  augmentation. 

is  de-aired.  The  pump  is  turned  on,  and  the 

speed  increases  until  the  desired  flow  rate  is 

Monitoring  for  Adequate  Position 

achieved  (Kar  et  al. 2006). The  TandemHeart™ 

As  discussed  before,  the  IABP  is  meant  to  inflate 

is  explanted  by  removing  the  arterial  and 

and  deflate  with  the  tip  of  the  device  located  at  the

[image: Image 92]
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level  of  the  descending  aorta  near  the  aortic  knob. 

Monitoring  of  Proper  Augmentation 

Careful  monitoring  of  positioning  with  daily 

Careful  evaluation  of  proper  augmentation  is  also 

X-rays  is  recommended.  For  femoral  IABP,  the 

indicated.  Balloon  augmentation  ideally  is  equal 

proximal  radiopaque  marker  should  remain  at  the 

to  or  greater  than  the  patient’s  unassisted  systolic 

level  of  the  carina;  at  this  level,  the  IABP  is  not 

blood  pressure;  if  it  is  less  than  this,  consider  the 

overlying  the  origin  of  the  brachiocephalic  ves-

possibility  of  hypovolemia  or  significant  vasodi-

sels,  potentially  causing  neurologic  and  upper 

lation  (due  to  sepsis  or  vasodilator  use),  low  IABP 

extremity  ischemia.  Similarly,  the  distal  marker 

positioning,  or  low  balloon  volume.  The  timing  of 

should  be  above  the  level  of  the  renal  arteries  as 

the  inflation  is  also  important;  this  can  be  checked 

more  distal  IABP  inflation  may  affect  renal  perfu-

by  setting  the  IABP  frequency  to  every  other  beat 

sion,  keeping  in  mind  that  the  most  common 

(or  2:1)  and  comparing  the  assisted  and  unassisted 

scenario  following  device  migration  is  caudal  dis-

waveforms  (Fig. 1). 

placement.  For  axillary  IABP,  the  proximal  tip 

Some  of  the  most  common  issues  associated 

becomes  the  distal  marker,  and  vice  versa,  as  the 

with  inappropriate  timing  can  be  found  on 

device  is  placed  cephalad-caudal.  The  location  of 

Table  2.  Most  IABP  consoles  now  have  a  feature 

the  balloon  tip  should  be  proximal  to  the  renal 

called  “Auto  mode,”  in  which  the  device  automat-

arteries.  The  now  proximal  marker  (distal  marker 

ically  adjusts  the  timing  of  inflation  and  deflation 

on  femoral  position)  should  lay  at  the  level  of  the 

based  on  internal  algorithms.  This  is  most  com-

carina,  keeping  in  mind  that  patient  movement 

monly  done  by  ECG  tracking,  in  which  the  device 

and  device  motion  will  most  likely  cause  migra-

optimizes  the  timing  with  the  R  wave  as  the  pre-

tion  of  the  IABP  retrograde  into  the  left  subcla-

ferred  trigger  source  for  identifying  the  cardiac 

vian  artery,  making  upper  extremity  and  cerebral 

cycle  (Debra  2017). 

ischemia  the  complications  most  likely  to  arise 

In  addition,  Table  3  offers  a  list  of  common 

first  (as  opposed  to  renal  perfusion  abnormalities  IABP  troubleshooting  scenarios  during  bedside 

seen  initially  with  femoral  positioning). 

rounding. 

Fig.  1  (a)  Normal  IABP  waveforms  and  pressures  at  2:1 

gas  waveform.  1  zero  baseline,  2  fill  pressure,  3  rapid 

timing.  (Courtesy  Getinge,  Fairfield,  NJ).  (b)  Normal 

inflation,  4  peak  inflation  artifact,  5  plateau  pressure, 

IABP  waveforms  and  pressures  at  1:1  timing.  (Courtesy 

6  rapid  deflation,  7  peak  deflation  pressure  and  return  to 

Getinge,  Fairfield,  NJ).  (c)  Normal  balloon-pressure  wave-

fill  pressure 

forms.  (Courtesy  Getinge,  Fairfield,  NJ).  Normal  balloon 
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Table  2  Assessment  of  inflation  and  deflation  for  IABP.  (Courtesy  of  AANC,  Procedure  Manual  for  High  Acuity, Progressive  and  Critical  Care) 

Phase

Steps

Rationale

Special  considerations 

Inflation

Identify  the  dicrotic  notch  of  the 

The  dicrotic  notch  represents 

assisted  systolic  waveform 

closure  of  the  aortic  valve 

Adjust  inflation  later  to  expose 

Identifies  landmark  for 

dicrotic  notch 

accurate  inflation 

Slowly  adjust  inflation  earlier 

Balloon  augmentation  should 

A  sharp  V  wave  may  not  be  seen 

until  dicrotic  notch  disappears 

occur  after  aortic  valve  closes 

in  patients  with  low  systemic 

and  a  sharp.  V  wave  forms 

vascular  tone 

Compare  augmented  pressure 

Balloon  augmentation  ideally 

If  augmentation  is  lower  than 

with  the  patients  unassisted 

is  equal  to  or  greater  than  the 

systolic  blood  pressure  consider: 

systolic  pressure 

patient’s  unassisted  systolic 

Vasodilation,  hypovolemia, 

blood  pressure 

tachycardia,  and  abnormal 

balloon  positioning.  Low  balloon 

volume  due  to  inadequate  fill 

Deflation

Identify  the  assisted  and 

unassisted  aortic  end-diastolic 

pressures 

Set  the  balloon  to  deflate  so  that 

The  assisted  systolic  pressure 

Afterload  reduction  without 

the  assisted  aortic  end-diastolic 

should  be  less  than  unassisted 

diminishment  of  diastolic 

pressure  is  as  low  as  possible 

systolic  pressure  as  a  result  of 

augmentation  is  important  to 

while  still  maintaining  optimal 

decreased  afterload 

achieve 

diastolic  augmentation  and  not 

impeding  next  systole 

Balloon-

Helium  is  shuttled  in  and  out  of 

A  normal  balloon-pressure 

pressure 

the  balloon  catheter 

waveform 

waveform 

representing  inflation  and 

deflation 

Monitoring  for  Complications 

Impella™ 

Lastly,  monitoring  for  vascular  complications  is 

imperative.  Hourly  clinical  and  Doppler  assess-

Monitoring  for  Proper  Function 

ments  of  distal  extremity  pulses  are  recommended. 

The  Automated  Impella  Controller  (AIC)  is  the 

A  large  registry  including  >150,000  patients 

main  control  interface  for  all  Impella™  devices.  It 

treated  with  IABP  reported  an  incidence  of  vascu-

is  accompanied  by  Impella  Connect® ,  a  cloud-

lar  complications  at  around  5%.  Vascular  compli-

based  platform  that  allows  for  remote  monitoring 

cations are the most common kind and include limb 

and  management.  The  Impella  CP™  and  Impella 

ischemia,  vascular  trauma  during  insertion  (dissec-

5.5™  are  provided  with  SmartAssist  technology, 

tion  or  laceration),  hematoma,  or  hemorrhage 

which  offers  caregivers  a  remote  real-time  display 

(Ferguson  et  al. 2001). Nonvascular  complications 

of  the  pump  console  (Zein  et  al. 2022). 

include  thrombocytopenia  and  hemolysis  from 

Once  an  Impella™  device  has  been  implanted 

mechanical  disruption.  Sepsis  may  occur  due  to 

and  connected  to  the  AIC,  the  main  screen  will 

bacteremia  and  is  more  common  in  patients  with 

present  four  main  sections  (Fig. 2):

prolonged  IABP  therapy.  Balloon  rupture  occurs 

uncommonly,  but  it  requires  emergent  removal  of 

• Placement  signal:  Aids  with  an  assessment  of 

the  device,  given  the  risk  of  gas  embolization  (Ali 

the  proper  positioning  of  the  device.  When 

and  Abu-Omar  2020).  The  detection  of  balloon 

properly  placed,  the  microaxial  motor  mea-

rupture  is  described  in  Table  3. 

sures  pressures  at  the  inlet  (which  reflects

[image: Image 93]
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Table  3  IABP  troubleshooting.  (Courtesy  of  AANC,  Procedure  Manual  for  High  Acuity,  Progressive  and  Critical  Care) Category

Problem

Rationale

Special  considerations

Waveform 

Inflation 

Early 

Inflation  occurs  before 

Early  inflation  is  the  most 

timing 

inflation 

closure  of  aortic  valve 

problematic  timing  error, 

causing  increased  left 

reducing  left  ventricular 

ventricular  volume  and 

performance  and  IABP 

decreased  stroke  volume 

efficiency 

Late 

Leads  to  decrease  in  IABP 

inflation 

efficiency  at  increasing 

coronary  blood  flow 

Deflation 

Early 

Deflation  occurs  before 

Note  sharp  diastolic  wave 

timing 

deflation 

aortic  valve  opening 

after  augmentation  and 

leading  to  decreased 

increase  in  assisted  systolic 

augmentation  and 

pressure 

decreased  coronary 

perfusion  due  to  “suction-

like”  effect  causing 

retrograde  coronary  flow 

Late 

Deflation  after  aortic  valve 

Identified  by  diminished 

deflation 

opens  leading  to  increased 

assisted  systolic  pressure, 

afterload  and  increase 

increased  filling  pressures, 

end-diastolic  pressure 

decreased  cardiac  index, 

and  increased  afterload. 

Maintaining  reliable 

trigger  minimizes  risk 

Helium 

Abnormal 

Abnormal  balloon-

Refer  to  specific  manufacturer  instructions  regarding 

inflation 

balloon-

pressure  waveform  may 

troubleshooting  abnormal  balloon-pressure  waveforms 

pressure 

indicate  restriction  of 

waveform 

helium  filling 

Loss  of 

Loose  connection  between 

Check  and  tighten  all  IABP  connections 

vacuum  or 

IABP  and  helium  tank 

Check  compressor  power  source 

IABP 

Manually  reset  IABP  inflation 

failure 

Change  IABP  console 

Refer  to  specific  manufacturer  guidelines  for  manually 

inflating  and  deflating  IABP

(continued)

[image: Image 97]
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Table 3 (continued)

Category

Problem

Rationale

Special  considerations

Waveform 

Balloon 

Suspected 

Blood  seen  in  helium 

Balloon  has  perforated  and  blood  is  entering  gas  tubing. 

integrity 

balloon 

tubing 

IABP  needs  to  be  removed  within  15–30  minutes  and 

perforation 

clamped  to  prevent  blood  from  entering  IABP  console 

A  balloon  rupture  may  be  contained  from  surface  tension 

with  inner  lining  of  the  aorta  and  clot  formation  on  top  of 

leak,  resulting  in  clotted  blood  inside  gas  tubbing 

Loss  of  augmentation

Helium  may  be  leaking  gradually 

Set  augmentation  alarm  to  10  mmHg  below  or  at  systolic 

pressure 

Fig.  2  Automated  Impella  Control  main  screen  under  normal  flow  and  placement  conditions.  (Courtesy  of  Abiomed Heart  Recovery  https://www.heartrecovery.com/education/education-library/sts-impella-55-with-smartassist) 

pressure  inside  the  LV,  white  waveform)  and 

displayed  as  a  bigger  number,  and  the  fraction 

the  outlet  (corresponding to  aortic  pressure,  red 

displays  differences  in  flow  during  systole  and 

waveform)  with  the  help  of  optical  sensors. 

diastole.  Note  that  this  is  not  a  direct  flow 

• Motor  current:  This  displays  changes  in  motor 

measurement  but  an  estimate. 

current,  reflecting  the  amount  of  energy  and 

• Purge  signal:  A  pressure  barrier  is  created  by 

flow  through  the  cannula.  It  also  aids  with 

running a purge solution  through  the  Impella™ 

positioning assessment. When properly placed, 

to  prevent  blood  from  entering  the  device 

the  motor  current  will  be  pulsatile,  with  peaks 

motor.  The  most  used  solution  is  Dextrose 

when  the  AV  is  open,  and  there  is  more  energy 

5%  (D5W),  and  it  must  maintain  a  purge  pres-

and  flow  and  valleys  when  the  valve  is  closed, 

sure  of  around  300  mmHg,  which  is  accom-

and  there  is  less  energy  and  flow  (Abiomed 

plished  by  running  flow  rates  at  an  average  of 

2022).  If  the  Impella™  is  out  of  position,  the 

7–20  ml/h.  The  Purge  signal  displays  both  the 

waveform  will  be  flat  as  the  AV  no  longer 

purge  pressure  and  purge  flow,  which  should 

creates  a  pressure  gradient. 

remain  stable  through  the  duration  of  support, 

• Impella™ flow:  Display the amount of flow the 

and  significant  fluctuations  should  prompt  fur-

patient  is  receiving.  Since  the  native  heart  also 

ther  workup  to  rule  out  device  thrombosis 

provides  some  output,  the  average  flow  is 

(Abiomed  2022). 
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Monitoring  for  Adequate  Position 

ventricular  outflow  tract  (LVOT)  can  be  visual-

Ensuring  proper  Impella™  positioning  is  para-

ized.  The  inflow  port  should  be  3.5  to  4.0  cm  from 

mount,  as  this  enables  adequate  device  support 

the  aortic  annulus.  The  characteristic  color  flow 

and  prevents  possible  complications  such  as  ven-

artifact  should  lie  distal  to  the  annulus.  The  can-

tricular  suction  events.  A  quick  positioning 

nula  has  a  45-degree  angle  to  better  track  the 

assessment  should  be  made  by  ensuring  proper 

normal  LVOT  course,  but  this  can  predispose  to 

placement  signals  on  AIC.  Table  4  summarizes 

entanglement  of  the  distal  pigtail  within  the 

the  main  findings  and  consequences  of  device 

sub-mitral  apparatus  (Fig. 3)  (Stainback  et  al. 

displacement.  Additionally,  Abiomed  recom-

2015). 

mends  routine  surveillance  with  echocardio-

The  following  practices  are  recommended  for 

graphy  and  using  echocardiographic  guidance 

Impella™  repositioning:

anytime 

the 

device 

drifts 

out 

of 

place. 

Repositioning  without  echocardiographic  visuali-

• Use  a  sterile  technique  when  manipulating  the 

zation,  although  generally  not  recommended 

cannula  site  of  entry  to  the  skin. 

except  in  emergencies,  can  be  accomplished  by 

• Reduce  P-level  to  P2. 

retracting  cannula  until  the  AIC  pressures  normal-

• Advance  or  retract  Impella™  cannula. 

izes  (Zein  et  al. 2022). The  American  Society  of 

• With  Echo  guidance,  ensure  the  inlet  is 

Echocardiography  (ASE)  has  a  consensus  docu-

~3.5  cm  from  the  AV  annulus  and  that  the 

ment  on  echocardiographic  management  of 

catheter  is  not  abutting  against  mitral  valve 

patients  with  ventricular  assist  devices  supporting 

leaflets,  apparatus,  or  papillary  muscles. 

echocardiography  for  visualization  of  pMCS  any-

• Confirm  adequate  placement  signals  on  AIC. 

time  device  console  alarms  suggest  catheter 

• Remove  slack  to  prevent  inward  migration. 

migration.  The  left-sided  Impella™  is  imaged  in 

• Lock  down  the  Tuohy-Borst  valve  to  outward 

the  parasternal  long-axis  view,  where  its  relation 

migration. 

to  the  LV  apex,  mitral  valve,  aortic  root,  and  left 

• Resume  prior  P-level  setting. 

Table  4  Impella™  catheter  misplacement  alarms  and  AIC  screens.  (Courtesy  of  Abiomed  Heart  Recovery) 

Problem

Rationale

AIC  screen 

Impella™  too  far  into  the 

Single  ventricular  placement  signal 

ventricle 

waveform 

Dampened  motor  current  waveform 

Impella™  too  far  out  of  the 

Single  aortic  placement  signal 

ventricle 

waveform 

Dampened  motor  current  waveform 

[image: Image 100]
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Fig.  3  Echocardiographic  assessment  of  Impella™  posi-

aortic  annulus  (dashed  line)  in  the  CP  and  2.5  devices, 

tioning.  (Adapted  from  Abiomed  Heart  Recovery).  Correct 

but  5.5  cm  in  the  Impella  5.5™  due  to  lack  of  a  pigtail  at 

position  of  Impella  CP™  and  Impella  2.5™  across  the 

the  tip.  AoV aortic  valve,  LA  left  atrium,  MV  mitral  valve, 

aortic  valve.  The  marker  located  at  the  inlet  of  the  device 

LV  left  ventricle 

should  be  positioned  at  approximately  3.5  cm  from  the 

Monitoring  for  Complications 

Hemolysis is observed in 6–8% of patients due to 

The  type  of  vascular  complications  associated  with 

shear  stress  from  the  axial  pump  and  can  be  associ-

Impella™  use  are  similar  to  those  with  IABP  ther-

ated  with  the  need  for  transfusion  therapy  (Lauten 

apy,  though  some  registries  report  higher  numbers 

et  al. 2013).  Bilirubin-cast  nephropathy  and  renal 

with  Impella™  (0.7–10%)  (Subramaniam  et  al. 

failure  can  also  occur,  so  daily  surveillance  of 

2019). The  reported  incidence  of  significant  bleed-

hemolysis-related  lab  work  (total  and  indirect  bili-

ing can be up to 59% (Thiele et al. 2017), and this is 

rubin,  lactate  dehydrogenase  (LDH),  haptoglobin, 

associated  with  the  requirement  for  therapeutic 

renal  function  panel)  is  recommended.  The  optimal 

anticoagulation  for  the  duration  of  therapy.  The 

way  to  manage  pMCS  device-related  hemolysis  is 

development  of  thrombocytopenia  can  also  aggra-

unknown,  and  device  malposition  should  always  be 

vate  this  due  to  the  destruction  of  thrombocytes, 

ruled  out  as  this  presents  a  significant  risk  factor. 

but  heparin-induced 

thrombocytopenia  (HIT) 

However,  decreasing  flow  rates  should  be  consid-

should  always  remain  in  the  differential  diagnosis. 

ered  as  the  flow  rate  directly  correlates  with  eryth-

As  with  all  other  microaxial  pumps,  motor 

rocyte  damage  (Vandenbriele  et  al. 2022a). 

thrombosis  remains  a  significant  risk  with 

Cerebrovascular  accidents  (CVA),  both  ische-

Impella™  devices.  A  purge  solution  (that  uses 

mic  and  hemorrhagic,  can  occur  at  an  incidence  of 

unfractionated  heparin  diluted  in  a  dextrose-

around  3–6%  (Ali  and  Abu-Omar  2020)  and  are 

containing  solution)  is  run,  while  the  device  is 

associated  with  poor  prognosis.  The  development 

functioning  to  prevent  the  formation  of  a  throm-

of  ischemic  CVA  may  be  further  aggravated  by 

bus  inside  the  rotor  system  by  creating  a  pressure 

hemorrhagic  transformation  due  to  the  need  for 

barrier.  Sudden  increases  in  purge  pressure  with  a 

systemic  anticoagulation. 

concomitant  decrease  in  purge  flow  suggest  this. 

Some  case  reports  describe  the  use  of  thrombo-

lytic  drugs  to  treat  minor  episodes  of  pump  throm-

Extracorporeal  Membrane 

bosis,  but  the  only  definite  treatment  is  device 

Oxygenation  (ECMO) 

exchange.  Systemic  anticoagulation  is  imperative 

for  patients  supported  with  Impella™,  and 

Invasive  (pulmonary  artery  catheter,  arterial 

anticoagulation-specific 

considerations 

are 

line)  and  noninvasive  (echocardiographic)  mon-

discussed  later  in  this  chapter. 

itoring  of  patients  with  ECMO  is  obligatory. 
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Echocardiography  allows  the  determination  of 

flow  (L/min).  The  treatment  team  sets  the  ther-

cannula  positioning,  evaluation  of  cardiac  struc-

apeutic  goal  (flow  rate),  which  is  achieved 

tures  and  function,  and  diagnosis  of  complica-

through  changes  in  the  RPM  while  considering 

tions  (Castro  et  al. 2022).  The  management  of 

other  factors.  The  main  parameters  that  will 

patients  with  ECMO  should  be  done  judiciously 

determine  the  flow  provided  by  the  ECMO 

in  the  ICU,  with  a  recommended  caregiver-

are  the  following: 

patient  ratio  of  1:1.  Each  ECMO  system  is  also 

–  RPM  is  the  number  of  revolutions  the  cen-

monitored  24/7  by  a  specific  ECMO-trained  

trifugal  pump  undergoes  in  a  minute  to  pro-

technician  provided  by  the  pump  company . 

pel  blood. 

While  determining  if  ECMO  is  providing  suf-

–  Preload:  determined  by  volume  status,  posi-

ficient  hemodynamic  support  during  each  patient 

tion,  size,  and  length  of  the  venous  cannula; 

case  is  out  of  the  scope  of  this  chapter,  we  will 

preload  is  directly  proportional  to  flow. 

describe  the  most  common  technical  consider-

–  Afterload:  determined  by  systemic  vascular 

ations  while  taking  care  of  patients  with  ECMO. 

resistance,  position,  size,  and  length  of  the 

We  will  also  discuss  two  potential  complications 

arterial  cannula;  afterload  is  indirectly  pro-

unique  to  VA  ECMO:  LV  distention  and  Harle-

portional  to  flow. 

quin  syndrome. 

• Ensure  meticulous  surveillance  for  detection, 

documentation, and  evolution of clots  and fibrin 

Monitoring  of  the  Circuit 

in  the  system.  The  team  must  differentiate 

We  recommend  a  daily  assessment  of  the  main 

between  normal  clots  and  pathologic  clots.  Nor-

circuit  components  (plugs,  fluid  connectors, 

mal  clots  can  develop  in  the  system  and  are 

alarms,  and  integrity  of  the  whole  system).  Still, 

considered  of no harm;  these  are  usually  formed 

this  surveillance  is  commonly  performed  multiple 

on  the  venous  side  of  the  oxygenator  mem-

times  during  each  shift  (Mossadegh  2016). 

brane,  especially  in  corners  where  blood  stag-

nation is common. Pathologic clots, on the other 

• Ensure  the  ECMO  cart  is  in  the  brake  position 

hand,  can  predispose  to  thrombotic  events  and 

to  prevent  the  system  from  moving,  which  may 

become  obstructive  to  the  flow  of  the  system 

cause  the  migration  of  cannulas. 

and  the  gas  outlet,  creating  changes  in  pressure 

• Check  that  the  ECMO  system  is  always 

through  the  membrane.  Clots  found  on  the  arte-

connected  to  a  secured  power  source,  and 

rial  side  of  the  oxygenator  also  pose  a  risk  for 

make  sure  the  power  supply  alarm  is  switched 

thromboembolism.  If  pathologic  clots  are  found 

on  for  alerts. 

on the  circuit  and  are  jeopardizing the efficiency 

• Check  for  the  absence  of  kinks,  tensions,  or 

of  the  system  (determined  by  inefficient  gas 

twists  in  the  fluid  connections  (air  and  oxygen). 

exchange,  not  the  burden  of  clots  per  se)  or 

• Check  for  the  absence  of  kinks  or  tensions  in 

putting  the  patient  at  risk,  exchanging  the  oxy-

drainage  and  reinfusion  cannulas.  The  entire 

genator  and  some  length  of  tubing  should  be 

circuit  must  be  inspected  with  a  flashlight  to 

considered  (Mossadegh  2016). 

look  for  clots  or  fibrin,  especially  the  connec-

tors,  pigtails,  and  stopcocks.  The  sutures  on  the 

Hemodynamic  Monitoring

cannulas  must  be  in  place  with  good  integrity. 

• ECMO  is  powered  by  a  continuous  flow  pump 

As  ECMO  provides  oxygenation  of  initially 

that  generates  laminar  flow,  and  some  patients 

venous  blood,  a  visible  color  difference  should 

will  have  poor  to  no  intrinsic  native  heart  con-

be  appreciated  between  the  venous  and  arterial 

tractility  following  device  placement.  Arterial 

cannulas. 

line  monitoring  will,  therefore,  show  a  damp-

• Ensure  adequate  circulation  of  flow  in  the  sys-

ened  or  flat  tracing  with  infrequent  pulsatility, 

tem.  The  main  parameters  to  monitor  are  the 

and  the  mean  arterial  pressure  will  be  deter-

revolutions  per  minute  (RPM)  and  the  blood 

mined  by  the  flow  from  the  ECMO.  Return  of
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pulsatility  is  one  of  the  signs  of  myocardial 

increased  risk  of  thrombosis  in  the  ascending 

recovery  as  it  represents  the  opening  and  clo-

aorta,  LV  cavity,  and  pulmonary  veins  with 

sure  of  the  aortic  valve  (AV). 

blood  stasis  (Zhang  2017). 

• Invasive  blood  pressure  measurements  with  an 

The  evaluation  of  myocardial  recovery  is  done 

arterial  line  are  mandatory.  The  line  should  be 

with  various  parameters,  including  ejection  frac-

placed in the right radial artery to detect changes 

tion  (EF),  degree  of  mitral  regurgitation,  and  esti-

in  perfusion  and  oxygenation  that  may  raise 

mations  in  intrinsic  stroke  volume  via  velocity 

suspicion  for  differential  oxygenation,  which 

time  integral  (VTI)  assessment  in  the  left  and 

will  be  discussed  later  in  this  chapter. 

right  ventricular  outflow  tracts.  Further  discussion 

• Cardiac  output  calculations  by  means  of  about  signs  of  myocardial  recovery  and  readiness 

thermodilution  or  Fick  are  often  underestimated 

for  weaning  from  ECLS  will  be  discussed  in  a 

because  most  of  the  blood  that  arrives  to  the 

different  chapter. 

right  atrium  is  captured  by  the  venous  drainage 

cannula, 

leaving 

only 

the 

significantly 

Monitoring  of  Volume  Status 

desaturated  blood  from  the  coronary  sinus.  Fur-

Patients  undergoing  therapy  with  ECMO  require 

thermore,  monitoring  cardiac  output  with  con-

careful  intravascular  volume  management  as 

tinuous  pulse  oximetry  in  the  pulmonary  artery 

inadequate  fluid  status  (hypovolemia)  may  lead 

should  only  be  used  with  regular  pulsatility. 

to  suction  of  ECMO  cannulas  to  the  vessel  wall, 

• Regular  monitoring  of  biventricular  filling  precipitating  low-flow  events  (“chugging”). 

pressures/preload  with  measurement  of  right 

These  sudden  variations  in  flow  also  increase  the 

atrial  pressure  and  pulmonary  capillary  wedge 

risk  of  fibrin  and  clot  formation  on  the  circuit. 

pressure  (PCWP)  is  recommended.  A  steady 

Conversely,  hypervolemia  can  contribute  to  large 

rise  in  PCWP  may  indicate  the  need  for  a  left 

amounts  of  peripheral  tissue  edema  and  high 

ventricular  unloading  strategy. 

intracardiac  pressures,  which  are  known  to  delay 

time  to  myocardial  recovery  by  decreasing  coro-

Echocardiographic  Monitoring 

nary  perfusion  pressure  (Napp  et  al. 2017). 

Transthoracic  echocardiogram  (TTE)  remains  an 

invaluable  tool  for  monitoring  adequate  cannula 

Monitoring  the  Need  for  Left  Ventricular 

position  and  native  heart  function  and  for  early 

Decompression 

diagnosis 

of 

myocardial 

recovery 

while 

As  discussed  before,  LV  distention  can  occur  due 

on  ECMO. 

to  poor  native  heart  contractility  and  high  ECMO 

The  venous  cannula  should  be  located  at  the 

flows,  which  lead  to  increased  afterload.  A  weak 

IVC  to  the  right  atrial  junction  to  prevent  struc-

left ventricle and flow-dependent increases  in after-

tural damage against the IVC wall or predispose  to 

load  precipitate  ineffective  AV opening,  LV  disten-

obstruction  with  thrombus  formation  and  to  pre-

tion,  worsening  mitral  regurgitation,  and  high  left 

vent  migration  into  the  right  atrium  (which  may 

atrial  pressure.  This  often  leads  to  the  development 

lead  to  cardiac  tamponade)  or  perforation  of  the 

of  cardiogenic  pulmonary  edema  and  increases  the 

interatrial  septum  (Kapoor  2017).  The  arterial 

risk  for  cavitary  thrombus.  In  these  cases,  the 

cannula  is  generally  not  seen  by  ultrasound.  The 

implantation  of  a  pMCS  that  can  “unload”  the  LV 

assessment  of  the  AV  is  paramount,  as  there  is 

(such  as  IABP  or  Impella™)  and  decrease  left 

competition  of  blood  flow  between  the  retrograde 

ventricular  end-diastolic  pressure  (LVEDP)  should 

aortic  flow  from  the  ECMO  and  the  stroke  volume 

be  considered  (Spartera  et  al. 2017). 

ejected  by  the  LV  in  peripheral  ECMO;  a  weak 

native  heart  function  (causing  ineffective  opening 

Monitoring  for  Differential  Hypoxemia 

of  the  AV)  is  associated  with  worsening  of  LV 

Harlequin  syndrome  (also  known  as  “North-

systolic  function,  cavitary  dilation,  worsening  of 

South  syndrome”  or  “two  circulation  syndrome”) 

mitral  regurgitation,  elevated  PCWP,  and  devel-

is  a  complication  of  peripheral  VA  ECMO  with 

opment  of  pulmonary  edema.  There  is  also  an 

CFA  cannulation  in  the  context  of  respiratory
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failure,  in  which  the  progressive  recovery  of  LV 

Table  5  Complication  rates  of  ECMO  patients.  (Adapted 

function  leads  to  increased  forward  flow  from  the 

from  Cheng  et  al.) 

patient’s  heart,  which  at  the  time  will  be  pumping 

Incidence 

deoxygenated  blood  that  comes  from  the  lungs;  as 

Complication 

(%) 

this  happens,  there  is  a  mix  of  deoxygenated  blood 

Acute  kidney  injury

55.6 

coming  from  the  heart  and  oxygenated  blood  com-

Renal  replacement  therapy

46 

ing  from  the  ECMO  circuit.  If  the  site  of  mixing 

Re-thoracotomy  for  bleeding  or 

41.9 

tamponade 

occurs  at  any  level  in  the  descending  aorta,  the 

Major  bleeding

40 

upper  extremities  and  brain  will  be  perfused  by 

Infection

30.4 

blood  with  low  oxygen  concentrations  leading  to 

Lower  extremity  ischemia

17 

tissue  hypoxemia;  this  is  the  rationale  behind  right 

Neurological  complications

13.9 

radial  artery  cannulation  for  arterial  line  placement 

Fasciotomy  or  compartment  syndrome

10.3 

during  peripheral  VA  ECMO  support,  as  arterial 

Stroke

5.9 

blood  gas  measurements  at  this  location  will  reflect 

Lower  extremity  amputation

4.7 

the  patients  native  cardiac  output  through  the  right 

and  left  carotid  arteries. 

hemolysis  manifests  with  a  characteristic  dark-

Monitoring  for  Vascular  Complications 

bloody-colored  urine,  which  can  easily  be  seen 

As  with  all  other  pMCS  devices,  a  comprehensive 

in  the  Foley  bag,  and  this  finding  should  prompt 

assessment  of  vascular  complications  should  be 

further  workup  on  this  condition.  Lactate  dehy-

undertaken  every  shift.  This  includes  ruling  out 

drogenase  levels  and  plasma-free  hemoglobin  are 

bleeding  at  the  cannula  insertion  sites  and  the 

also  elevated  in  this  condition.  Table  5  summa-

development  of  hematomas  or other  vascular  inju-

rizes  the  most  common  complications  associated 

ries.  Given  the  size  of  the  arterial  cannulas,  as 

with  ECMO  as  seen  in  a  meta-analysis. 

many  as  10%  of  patients  on  VA  ECMO  develop 

limb  ischemia  and  require  fasciotomy,  with  up  to 

5%  requiring  amputation  (Bisdas  et  al. 2011). As 

TandemHeart™ 

described  before,  using  distal  reperfusion  cannu-

las  decreases  the  risk  of  limb  ischemia. 

As discussed  before, the  TandemHeart™ family is 

comprised  of  four  different  system  configurations 

Monitoring  for  Other  Complications 

that  vary  depending  on  the  type  of  support 

The  morbidity  associated  with  VA  ECMO  is  sig-

needed.  The  following  section  will  focus  on  the 

nificant.  The  most  common  complications  are 

TandemHeartLS™  system,  which  provides  robust 

bleeding  and  thrombosis.  Due  to  the  contact  of 

left  ventricular  assistance,  but  Table  6  provides  a 

blood  with  foreign  material  and  blood  stasis  in 

brief  description  of  the  rest  of  the  configurations. 

cardiac  chambers,  systemic  anticoagulation  is 

All  share  a  common  blood  pump,  and  the  differ-

ideal,  though  not  always  feasible.  In  addition  to 

ences  are  the  cannulas  attached  to  the  pump. 

this  therapy,  the  development  of  thrombocytope-

nia, 

disseminated 

intravascular 

coagulation 

Monitoring  of  the  Circuit 

(DIC),  and  the  need  for  large-bore  access  create 

The  system  comprises  a  transeptal  cannula,  an 

a  scenario  in  which  bleeding  events  present  in  up 

arterial  return  cannula,  a  centrifugal  pump,  and  a 

to  40%  of  patients  (Cheng  et  al. 2014). Other 

bedside  control  console.  The  pump  can  deliver 

complications  include  sepsis,  hemolysis,  acute 

flow  rates  up  to  4.0  L/min  at  a  maximum  speed 

kidney injury, and CVAs. Hemolysis is more prev-

of  7500  rpm.  A  newer  pump  without  a  purge  line 

alent  than  other  pMCS  devices  such  as  Impella™ 

and  higher  flow  potential  (LifeSPARC)  has  been 

or  TandemHeart™  due  to  added  factors  like  shear 

released  and  is  FDA-approved.  The  following 

forces  from  the  oxygenator  membrane,  turbulent 

recommendations  should  be  considered  when 

pump  flows,  and  clotting  in  cannulas.  Clinically, 

monitoring  for  circuit  and  system  integrity:

[image: Image 101]

[image: Image 102]

[image: Image 103]
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Table  6  Overview  of  the  most  common  applications  of  the  TandemLife®  platform.  (Adapted  from  LifeSPARC 

procedure  guide) 

Platform

Configuration

System  illustration 

TandemLife  LS

Veno-arterial  ECMO 

TandemHeartLS™

Left  atrium-femoral  artery  bypass 

ProtekDuo  LS

Right  atrium-pulmonary  artery  bypass

(continued)

[image: Image 104]
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Table 6 (continued)

Platform

Configuration

System  illustration 

TandemLung

Veno-venous  ECLS

• The  controller  powers  the  system,  provides  TSP,  and  monitoring  for  its  adequate  position  is 

diagnostic  alarms  during  operation,  and  con-

of  paramount  importance  as  there  is  a  significant 

trols  flow  measurement. 

risk  of  right-to-left  shunting  in  the  event  of 

• The  controller  incorporates  redundant  primary  displacement  into  the  right  atrium  (blood 

and  backup  control  units  to  ensure  reliable, 

flowing  from  right  atrium  to  femoral  artery). 

uninterrupted  operation. 

Some  studies  report  an  incidence  of  around  8% 

• The  controller  should  always  be  plugged  into  in  early  experience  (Tempelhof  et  al. 2011),  but the  power  to  ensure  the  batteries  remain  fully 

it  is  less  likely  in  current  practice.  Another  spe-

charged.  Internal  batteries  may  provide  up  to 

cific  complication  is  the  risk  for  atrial  perfora-

60  min  of  continuous  operation  during  patient 

tion  that  may  lead  to  cardiac  tamponade,  with  an 

transport  to  a  critical  care  unit.  The  controller’s 

incidence  reported  to  be  less  than  1%  (Kar  et  al. 

touchscreen displays  the remaining battery life. 

2006). The  primary  way  to  monitor  for  adequate 

• The  controller’s  display  serves  as  the  user  transeptal  cannula  (TSC)  positioning  is  via 

interface  to  monitor  and  display  system  setup 

echocardiography.  Even  though  intracardiac 

and  operating  information.  The  control  panel 

and 

transesophageal 

echocardiography 

are 

has  four  major  components  (Fig. 4): 

recommended  during  TSP  cannulation,  TTE  is 

–  The  start/stop  button  activates  and  stops  the  commonly  used  for  bedside  monitoring  due  to 

pump  operation. 

its  wide  accessibility.  The  American  Society  of 

–  The  alarm  mute  button  temporarily  silences  Echocardiography  recommends  the  assessment 

the  audible  portion  of  an  alarm. 

of  cannula  positioning  with  an  apical  four-

–  The  speed  control  knob  adjusts  the  pump  chamber  view,  in  which  both  atria  are  easily 

speed  in  RPM  to  increase  or  decrease  flow 

visualized,  and  the  TSC  position  across  the 

in  liters/minute

interatrial  septum  can  be  appreciated,  and 

• The  front  of  the  console  contains  a  pressure  proper  function  can  be  assessed  with  color 

transducer  receptacle,  flow  sensor  receptacle, 

flow  doppler  (Fig. 5).  In  addition  to  verifying 

and  pump  drive-line  receptacle.  Connections 

the  cannula  position,  the  post-deployment  TTE 

should  be  checked  regularly  to  ensure  that  all 

is  useful  for  assessing  native  heart  response  to 

cables  are  correctly  connected  at  all  times. 

pMCS  and,  like  patients  on  ECMO  support, 

ruling  out  LV  and  aortic  root  thrombus  in  the 

Monitoring  for  Transseptal  Puncture 

absence  of  consistent  aortic  valve  opening 

Integrity 

(Stainback  et  al. 2015)  and  for  evaluation  of 

One  special  issue  inherent  to  TandemHeart™  is 

the  development  of  pericardial  effusions  that 

the  presence  of  a  cannula  in  the  left  atrium  via 

may  raise  suspicion  for  cardiac  tamponade. 

[image: Image 105]

[image: Image 106]
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Fig.  4  TandemHeartLS™ 

main  console.  (Image 

courtesy  of  LifeSPARC 

website) 

Fig.  5  Transthoracic 

echocardiography  apical 

four-chamber view  showing 

TandemHeart™‘s  inflow 

conduit  in  the  left  atrium. 

(Image  courtesy  of 

Livanova, Inc)
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Monitoring  for  Other  Complications 

anticoagulation  for  IABP  therapy,  unless  they 

Caring  for  patients  on  TandemHeart™  support  is 

are  on  an  assist  ratio  of  1:2  to  1:3  for  greater 

like  that  for  other  pMCS.  Vascular  complications 

than  30  min.  A  recent  single-center  retrospective 

related  to  access  are  the  most  common  overall  and 

study  of  185  patients  found  no  significant  differ-

should  be  carefully  observed  for  and  readily  man-

ences  in  bleeding or  thrombotic  events when  com-

aged.  Limb  ischemia  associated  with  the  femoral 

paring  anticoagulation  vs  no  anticoagulation  for 

arterial  cannula  is  reported  to  occur  with  an  inci-

patients  with  IABP  (Kelly  et  al. 2021).  This  is 

dence  between  3%  and  11%  (Kar  et  al. 2006), but 

consistent  with  several  other  minor  registries  in 

there  are  no  reports  of  limb  loss  associated  with 

the  past  (Cooper  et  al. 2008; Jiang  et  al. 2003). 

using  TandemHeart™  to  date.  Bleeding  and 

On the other  hand, microaxial pumps  and ECLS 

thrombosis  are  also  essential  to  consider.  Again, 

devices present with a unique situation in which the 

they  are  due  to  a  delicate  balance  between  the 

blood  is  exposed  to  multiple  foreign  bodies,  and 

need  for  systemic  anticoagulation,  the  increased 

cannulas  undergo  recirculation  with  axial/centrifu-

thrombotic  risk  from  exposure  to  foreign  material 

gal  rotary  pumps  (which  disrupts  the  laminar  flow 

(particularly  in  the  left  atrium),  and  the  presence 

and  predispose  to  lysis  of  red  blood  cells)  or  comes 

of  a  centrifugal  flow  pump.  The  incidence  of 

into  contact  with  oxygenator  membranes  made  of 

bleeding  is  reported  between  53%  and  59%. 

materials  that  increase  clotting  risk.  Unfractionated 

CVA  is  similarly  an  important  complication  with 

heparin  (UFH)  is  the  anticoagulant  of  choice  given 

rates  of  up  to  6%.  Hemolysis  can  also  occur  in 

its  short  half-life,  rapid  onset,  low  cost,  and  ready 

about  5.3%  of  patients  (Ali  and  Abu-Omar  2020). 

availability,  but  recent  trends  are  favoring  the 

Lastly,  a  residual  atrial  septal  defect  can  occur 

increased  use  of  direct  thrombin  inhibitors  (DTI) 

following  device  removal,  leading  to  future  prob-

(e.g.,  bivalirudin  or  argatroban)  because  of  their 

lems  (Saffarzadeh  and  Bonde  2015). 

shorter  half-life  and  safety  in  the  case  of  heparin-

induced  thrombocytopenia  (HIT)  (Fabrizio  et  al. 

2021).  Low-molecular-weight  heparin,  vitamin  K 

Anticoagulant  Management 

antagonists,  or  direct-acting  oral  anticoagulants 

should  be  avoided  due  to  their  long  half-life  and 

Systemic  anticoagulation  is  mandated  for  pMCS 

renal  excretion.  Randomized  trials  of  heparin  ver-

devices  to  prevent  thrombosis,  but  there  is  a  lack 

sus  other  systemic  intravenous  anticoagulants  still 

of  data  addressing  the  optimal  anticoagulation 

need  to  be  included. 

management  strategy.  Current  mechanical  circu-

latory  support  guidelines  make  a  brief,  general 

statement  that  each  institution  should  establish 

Monitoring  of  Anticoagulation 

its  own  protocol  for  anticoagulation  in  patients 

with  pMCS  based  on  patient-specific  factors 

Another  important  aspect  of  systemic  anti-

(Rihal  et  al. 2015). 

coagulation  is  determining  the  right  tool  to  mon-

Firstly, 

recommendations 

regarding 

anti-

itor  the  effectiveness  of  the  therapy.  Activated 

coagulation  for  patients  with  IABP  seem  more 

clotting  time  (ACT)  is  commonly  used  in  the 

lenient  than  those  supported  with  microaxial 

catheterization  laboratory,  but  it  is  far  from  ideal 

pumps 

(Impella™) 

or 

ECLS 

(ECMO, 

due  to  its  high  variability,  the  non-specificity  for 

TandemHeart™).  Heparin  is  often  used  in  patients 

heparin,  and  the  lack  of  widespread  availability 

with  IABP  based  on  early  registry  data  that 

outside  the  catheterization  laboratory  or  operating 

showed  an  increased  risk  of  limb  ischemia  and 

room;  rather,  activated  partial  thromboplastin 

other  thrombotic  events  (Lefemine  et  al. 1977); 

time  (aPTT)  and/or  anti-Xa  assays  are  preferred 

however,  due  to  the  increased  risk  of  bleeding 

(Vandenbriele  et  al. 2022a). 

(from  thrombocytopenia  caused  by  platelet  shear-

UFH  exhibits  marked  variability  in  response 

ing  and  adhesion  to  the  balloon  membrane),  some 

among  individual  patients  due  to  its  highly  nega-

institutions  have  opted  not  to  pursue  systemic 

tive  charge  that  makes  it  prone  to  binding  to
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positively  charged  plasma  proteins,  proteins 

be  considered,  though  there  are  currently  no  trials 

released  from  platelets,  and  endothelial  cell  pro-

evaluating  the  ideal  therapeutic  levels.  Lastly,  the 

teins;  this  causes  critically  ill  patients  (often  pre-

gold-standard  test  for  monitoring  patients  anti-

senting  with  fibrinogen/antithrombin  deficiencies, 

coagulated  with  DTI  remains  aPTT  levels  (target 

von  Willebrand  factor  consumption,  and  factor  XI 

range  40–60  s). 

depletion  due  to  plastic  surface  adherence)  to  show 

Research  is  clearly  needed  to  help  elucidate 

significant variability in aPTT levels despite the use 

standardized  and  individualized  anticoagulation 

of  relatively  standardized  weight-based  doses.  Due 

strategies.  This  will  optimize  the  safety,  outcomes, 

to  this,  an  ideal  test  to  monitor  anticoagulation 

and  efficacy  of  pMCS  devices  while  treating  criti-

levels  should  be  precise,  standardized,  and  inex-

cally  ill  patients  with  cardiogenic  shock. 

pensive  and  have  a  linear  relationship  between 

plasma  levels  and  clinical  outcomes  in  terms  of 

bleeding.  Unfortunately,  aPTT  measurements 

Monitoring  of  Coagulation 

only  have  some  of  these  characteristics  that  anti-

Xa  levels  meet.  Still,  the  lack  of  availability  of  the 

It  is  also  important  to  monitor  coagulation  param-

latter  makes  it  a  challenge  to  accept  its  use  as  the 

eters  daily  to  readily  recognize  states  of  high 

first  choice  broadly.  Table 7  comprehensively  sum- thrombotic  milieu  that  may  predispose  to  clinical marizes  the  main  differences  between  monitoring 

events.  If  available,  anti-Xa  levels  should  be 

anticoagulation with aPTT vs anti-Xa levels. When 

checked  at  least  daily,  along  with  D-dimer,  LDH, 

UFH  and  aPPT  levels  are  being  used,  the  most 

and  prothrombin  time/INR  (especially  in  the  pres-

common  therapeutic  range  to  target  is  40–60  s; 

ence  of  liver  disease). 

however,  the  decision  must  be  individualized 

based  on  other  factors  such  as  bleeding/thrombotic 

risk,  the  presence  of  another  indication  for  anti-

Monitoring  of  Hemolysis 

coagulation  (e.g.,  atrial  fibrillation,  mechanical 

heart  valves),  need  for  dual  antiplatelet  therapy, 

As  discussed  before,  pMCS  patients  are  at  risk  for 

liver  disease,  and  others. 

hemolysis  due  to  the  shear  stress  of  erythrocytes  as 

Target  anti-Xa  levels  while  using  UFH  as  an 

they  come  in  contact  with  the  devices.  Regular 

anticoagulant 

should 

be 

between 

0.3 

and 

inspection  of  the  appearance  of  the  urine  is 

0.5  IU/ml  in  the  absence  of  acute  thrombosis; 

recommended,  as  red  discoloration  is  an  early  clin-

otherwise,  escalation  to  0.5  to  0.7  IU/ml  should 

ical  indicator.  Daily  measurements  of  bilirubin  and

Table  7  aPTT  vs  anti-Xa  levels  for  monitoring  therapy  with  unfractionated  heparin.  (Adapted  from  Vandenbriele  et  al. 

2022a, b) 

aPTT

Heparin  anti-Xa 

Cheap,  broadly  available

Expensive 

Frequent  monitoring  needed  (every  4–6  h)

Less  frequent  monitoring  (as  little  as  once  daily) 

Confounding  factors  (preanalytical  and  analytical)  and 

Not  affected  by  confounding  factors 

reagents  from  different  batches  vary 

Can  be  used  for  monitoring  with  direct  thrombin 

Not  useful  in  the  case  of  direct  thrombin  inhibitors 

inhibitors 

Inflammatory  response  of  the  patient,  coagulation 

Measures  the  amount  of  UFH  available  to  produce 

activation  with  artificial  surfaces,  preexisting 

anticoagulant  effect  with  no  confounding  clinical  factors 

coagulation  factor  deficiency,  presence  of  lupus 

anticoagulant,  liver  failure,  or  nonspecific  inhibitors  can 

affect  aPPT 

May  be  more  useful  in  assessing  the  overall  bleeding 

May  be  more  useful  for  predicting  thrombosis  because  the 

tendency  because  aPPT  is  affected  by  coagulation  factor 

anti-Xa  is  a  marker  of  the  overall  anticoagulant  effect  of 

deficiency 

UFH 
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LDH  are  recommended  (Vandenbriele  et  al. 

performed  by  inexperienced  operators.  Europace. 

2022b).  Even  though  a  universal  definition  for 

2012;14(5):661–5. 

Bhimaraj  A,  Agrawal  T,  Duran  A,  Tamimi  O,  Amione-

hemolysis  is  not  available  for  pMCS  patients,  a 

Guerra  J,  Trachtenberg  B,  et  al.  Percutaneous  left  axil-

recent  consensus  document  providing  definitions 

lary  artery  placement  of  intra-aortic  balloon  pump  in 

for  adverse  events  in  patients  with  pMCS  defines 

advanced  heart  failure  patients.  JACC:  Heart  Failure. 

it  as  a  plasma-free  hemoglobin  concentration 

2020;8(4):313–23. 

> 

Bisdas  T,  Beutel  G,  Warnecke  G,  Hoeper  MM,  Kuehn  C, 

20  mg/dl  or  a  serum  LDH  level  >2.5×  upper 

Haverich  A,  et  al.  Vascular  complications  in  patients 

limit  of  normal;  this  can  usually  be  supported  by 

undergoing  femoral  cannulation  for  extracorporeal 

dropping levels in hemoglobin and  development  of 

membrane  oxygenation  support.  Ann  Thorac  Surg. 

indirect  hyperbilirubinemia  (Kormos  et  al. 2020). 

2011;92(2):626–31. 

Castro  DM,  Morris  I,  Teijeiro-Paradis  R,  Fan  E.  Monitor-

The  optimal  way  of  managing  ventricular 

ing  during  extracorporeal  membrane  oxygenation.  Curr 

assist  device-related  hemolysis  is  not  clear,  but 

Opin  Crit  Care.  2022;28(3) 

some  reports  consider  suboptimal  device  posi-

Cheng  R,  Hachamovitch  R,  Kittleson  M,  Patel  J,  Arabia  F, 

tioning  and  high  flow  rates  as  closely  correlated 

Moriguchi  J,  et  al.  Complications  of  extracorporeal 

membrane  oxygenation  for  treatment  of  cardiogenic 

(Nakamura  et  al. 2020). 

shock  and  cardiac  arrest:  a  meta-analysis  of  1,866 

adult  patients.  Ann  Thorac  Surg.  2014;97(2):610–6. 

Cooper  HA,  Thompson  E,  Panza  JA.  The  role  of  heparin 

Conclusion 

anticoagulation

during

intra-aortic

balloon 

counterpulsation  in  the  coronary  care  unit.  Acute  Card 

Care.  2008;10(4):214–20. 

Percutaneous  circulatory  support  devices  continue 

Debra  W.  AACN  procedure  manual  for  high  acuity,  pro-

to  evolve  as  the  need  continues  to  expand.  The 

gressive  and  critical  care.  7th  ed.  Elsevier;  2017. 

ideas  described  in  this  chapter  are  meant  to  be 

Estep 

JD, 

Cordero-Reyes 

AM, 

Bhimaraj 

A, 

Trachtenberg  B, Khalil  N,  Loebe  M,  et  al.  Percutaneous 

useful even in future years as devices are enhanced, 

placement  of  an  intra-aortic  balloon  pump  in  the  left 

some  retired  and  newer  designs  emerge.  Vascular 

axillary/subclavian  position  provides  safe,  ambulatory 

access,  indications  for  support,  and  complications 

long-term  support  as  bridge  to  heart  transplantation. 

as  well  as  their  management,  remain  germane 

JACC  Heart  Fail.  2013;1(5):382–8. 

Fabrizio  C,  Levito  MN,  Rivosecchi  R,  Bashline  M, 

regardless  of  the  specifics  of  particular  pumps. 

Slocum  B,  Kilic  A,  et  al.  Outcomes  of  systemic  anti-

coagulation  with  bivalirudin  for  Impella  5.0.  The.  Int 

J  Artif  Organs.  2021;44(10):681–6. 
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Abstract 

minimally  invasive  cardiac  surgery  and  the  devel-

Left  ventricular  assist  devices  (LVADs)  have 

opment  of  smaller  devices,  we  are  now  able  to 

become  a  cornerstone  in  the  treatment  of 

apply  less  invasive  techniques  to  LVAD  implanta-

advanced  heart  failure.  Recent  outcomes  dem-

tion, 

including 

small 

thoracotomies, 

partial 

onstrate  survival  rates  comparable  to  heart 

sternotomy,  and  endoscopic  procedures  (Rojas 

transplantation,  enabling  the  synergistic  use 

et  al. 2018; Gosev  et  al. 2020). This  chapter  will 

of  both  therapies  to  achieve  significant  life 

discuss  the  different  surgical  approaches  for 

prolongation  for  patients. 

intracorporeal  LVAD  implantation. 

This  chapter  provides  a  comprehensive 

overview  of  LVAD  implantation  techniques, 

Sternotomy  Approach 

including  methods  for  performing  concomitant 

procedures  and  pump  exchanges  in  cases  of 

malfunction.  Particular  attention  is  given  to 

Full  median  sternotomy  utilizing  cardiopulmonary 

the  differences  between  traditional  and  thora-

bypass  (CPB)  has  been  the  standard  of  care  for 

cotomy  approaches,  highlighting  the  potential 

decades  and  is  still  the  most  common  implantation 

benefits  of  the  latter. 

technique.  All  currently  available  LVADs  obtained 

The  thoracotomy  technique  has  been  asso-

their  initial  FDA  approval  using  this  technique 

ciated  with  reduced  blood  transfusion  require-

(Mehra  et  al. 2019;  Starling  et  al . 2011).  Specific 

ments,  a  lower  incidence  of  right  heart  failure, 

operative  steps  can  be  different  between  the  pumps 

and  improved  heart  transplantation  outcomes 

and may relate to pump size, outflow graft location, 

following  LVAD  support.  Furthermore,  evi-

driveline  exit  site,  and  device  positioning. 

dence  suggests  that  patients 

with  prior 

The  patient  is  escorted  to  the  operating  room  and 

sternotomies,  obesity,  or  those  on  mechanical 

placed  in  the  supine  position.  General  anesthesia  is 

circulatory  support  (MCS)  achieve  better  out-

initiated. Monitoring lines, if not already existent, are 

comes  with  the  thoracotomy  approach. 

placed  at  that  time.  If  there  is  a  history  of  previous 

cardiac  surgery,  additional  vascular  access  is 

established  given  the  associated  risks  of  injury  dur-

Keywords 

ing  sternal  re-entry;  this  may  include  percutaneous 

LIS  LVAD  ·  Thoracotomy  approach  · 

access  to  the  femoral  vessels  or  surgical  exposure  of 

Sternotomy  approach  ·  Sternal  sparing  ·  LVAD 

the  femoral  or  axillary  artery  to  facilitate  emergent 

exchange 

initiation  of  cardiopulmonary  bypass  (CPB). 

After  the  preoperative  safety  pause  is  completed, 

a  midline  incision  and  a  full  sternotomy  are 

Introduction 

performed.  The  pericardium  is  opened  and  retracted 

in  the  standard  fashion.  The  heart  and  vessels  are 

The  first  left  ventricular  assist  device  (LVAD)  was 

assessed  for  malformations,  calcifications,  or  other 

implanted  by  DeBakey  in  the  1960s  (Liotta  et  al. 

findings  that  may  alter  the  surgical  plan.  The  cur-

1963). Over  time,  the  initial,  large,  paracorporeal 

rently  approved  axial  flow  LVAD  requires  a  pump 

pulsatile  devices  were  replaced  by  smaller 

pocket  where  the  pump  will  sit  inferior  to  the  heart. 

intracorporeal,  continuous  flow  devices  with  an 

Electrocautery  or  a  linear  stapler  separates  the  dia-

externalized  power  cord  or  driveline  (Goodman 

phragm from the anterior chest wall. A preperitoneal 

et  al. 2022).  The  original  procedure  was  performed 

pocket  is  developed  anterior  to  the  posterior  rectus 

via  full  median  sternotomy.  With  advancements  in 

sheath,  ensuring  the  pocket  is  large  enough  to  allow
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full  sub-diaphragmatic  pump  body  placement  with 

ASD,  or  thrombus  in  the  left  ventricle  or  left  atrial 

the  pump  parallel  to  the  axial  plane  (Maltais  et  al. 

appendage.  The  tissue  quality  of  the  left  ventricle 

2017).  The  currently  approved  fully  magnetically 

and  apex should  be  assessed for  apical  calcifications 

levitated  centrifugal  pump  should  be  positioned  in 

with  consideration  for  alternative  implantation  tech-

the  left  chest.  The  pericardium  can  be  augmented 

niques  in  the  setting  of  a  hostile  apex. 

with  a  thin  PTFE  membrane  to  minimize  adhesions 

between  the  pump  and  left  lung,  decreasing  dissec-

tion  during  pump  exchange  or  heart  transplant.  Due 

Inflow 

to  pump  size,  intrapericardial  placement  is  not 

recommended  as  it  can  distort  right  heart  geometry 

Inflow  ring  placement  can  be  performed  with  or 

and  cause  pump  dysfunction. 

without  CPB,  depending  on  the  hemodynamic 

stability  of  the  patient.  Additional  dissection  is 

performed  to  mobilize  the  apex  and  allow  for 

Driveline 

adequate appropriate exposure.  The heart  is gently 

positioned  using  pericardial  traction  and/or  oper-

The  driveline  can  exit  either  side  of  the  abdomen  in 

ative  sponges/towels.  The  patient’s  apical  anat-

the  mid-clavicular  line,  above  the  waist  or  belt  line. 

omy  of  the  heart  is  examined.  Positioning  of  the 

The ideal exit site should be determined and marked 

sewing  cuff  and  inflow  cannula  is  planned  at  the 

before  the  procedure  when  the  patient  is  sitting  or 

true  apex  or  slightly  anterolateral  to  avoid  ligating 

standing  wearing  regular  clothes.  It  is  essential  to 

the  left  anterior  descending  coronary  artery.  To 

tunnel  the  driveline  before  giving  heparin  to 

appropriately  orient  the  inflow  cannula  toward 

decrease  the  risk  of  bleeding.  A  small  skin  incision 

the  mitral  valve,  the  cuff is  placed  on  the  proposed 

is  made  at  the  pre-marked  exit  site  and  dissected  to 

apical  site,  and  the  TEE  views  are  assessed  for 

the rectus fascia. The driveline is tunneled internally 

appropriate  inflow  alignment  (Imamura  et  al. 

engaging  the  rectus  sheath  within  the  chest, 

2019). Attaching  the  LVAD  sewing  ring  to  the 

maintaining  initial  depth  to  avoid  compression 

apex  of  the  heart  can  be  achieved  in  several 

from  the  costal  margin.  The  driveline  is  ideally 

ways.  The  ring  can  be  secured  before  or  after 

placed  within  the  rectus  sheath  until  immediately 

coring.  Both  techniques  yielded  similar  outcomes 

below  the  exit  incision.  It  exits  the  fascia  perpen-

in  the  Momentum  3  study,  although  the  core-then-

dicular  to  the  skin  incision  at  this  level,  creating 

sew  technique  required  longer  CPB  duration. 

minimal  subcutaneous  distance.  All  velour  should 

The  sew-then-core  technique  can  be  completed 

remain within the fascia with no visible velour at the 

with  anchoring  sutures  followed  by  partial-

skin  surface  to  decrease  the  risk  of  driveline  infec-

thickness  running  sutures  or  a  series  of  pledged, 

tion  (Dean  et  al. 2015).  An  anchoring  suture  is 

partial-thickness  horizontal  mattress  sutures.  Addi-

placed  approximately  5  cm  from  the  exit  site  to 

tional  sealants,  such  as  BioGlue  (Artivion, 

stabilize  the  driveline  in  the  event  of  sudden  drive-

Kennesa,  GA),  are  optional  and  surgeon-specific. 

line  traction. This  suture  will  remain  until  the  drive-

After  securing  the  sewing  ring,  the  ventriculotomy 

line  is  healed. 

is  completed  using  a  coring  tool. 

In  the  core-then-sew  technique,  the  apex  of  the 

left  ventricle  is  cored  first.  The  sewing  ring  is  then 

Cardiopulmonary  Bypass 

secured  by  a  series  of  pledged,  full-thickness  hor-

izontal  mattress  sutures  initiated  on  the  outer  sur-

Cannulation is performed per surgeon preference. In 

face  of  the  left  ventricle.  After  placing  the  sutures 

patients  with  pre-existing  circulatory  support,  utiliz-

through  the  cuff,  the  sutures  are  secured. 

ing  previously  placed  cannulas  and/or  circulatory 

After  coring,  the  left  ventricle  is  inspected  for 

support  can  be  accomplished  in  many  cases.  Before 

thrombus  or  trabeculae  that  could  interfere  with 

initiating  CPB,  the  intraoperative  TEE  findings 

pump  function.  The  LVAD  is  then  inserted,  ori-

should  be  reviewed  for  significant  valvular  lesions, 

ented  in  the  desired  position,  and  secured.  The
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pump  and  the  heart  are  lowered  into  the  left  chest, 

distal  to  the  outflow  graft  anastomosis  or  directly 

and  the  pump  position  is  assessed  for  stability  and 

through  the  hood  of  the  graft  into  the  aortic  root. 

orientation  on  the  TEE.  Adjustments  can  be  made 

Additional  maneuvers  include  using  a  small-bore 

at 

this 

point 

to 

improve 

orientation 

and 

needle  at  the  highest  level  of  the  outflow  graft. 

angulation. 

Ventilation  is  restarted,  and  preparations  are 

made  in  anticipation  of  weaning  from  CPB.  Sepa-

ration  from  CPB  requires  normothermia,  a  stable 

Outflow  Graft 

rhythm  with  appropriate  respiratory  dynamics,  no 

surgical  bleeding,  and  appropriate  blood  pressure. 

The  outflow  graft  length,  positioning,  and  anasto-

TEE  is  used  to  assess  right  ventricular  function, 

mosis can be completed on cardiopulmonary bypass 

residual  air,  a  left  to  right  shunt,  and  new  aortic 

if  the  patient  cannot  tolerate  partial  clamping  of  the 

insufficiency.  Inotropes  and  inhaled  pulmonary 

aorta  or  before  it.  The  outflow  graft  is  measured  to 

vasodilators  are  used  per  institutional  protocols  pri-

allow an intrapericardial path along the acute margin 

marily  to  support  the  right  ventricle.  The  LVAD  is 

of the right  heart, coursing lateral  to the right atrium. 

started  at  a  low  speed  and  ramped  up  while  CPB 

The graft is cut to the appropriate length and beveled 

support  is  decreased.  The  position  of  the  intraven-

at  a  60–75°  angle.  A  partial  occluding  clamp  is 

tricular  septum  and  levels  of  mitral  and  tricuspid 

applied  to  the  lateral  aspect  of  the  ascending  aorta, 

regurgitation  and  aortic  valve  opening  are  closely 

just  distal  to  the  sinotubular  junction  ( Tarzia et al. 

monitored  as  CPB  is  weaned.  After  a  successful 

2021;  Iizuka  et  al  . 2018;  Gasparovic  et  al  . 2017). 

separation  from  CPB,  anticoagulation  is  reversed. 

The  anastomosis  is  performed  using  4–0  or  5–0 

CPB  cannulas  are  removed,  and  the  heart  is  exam-

Polypropylene  sutures  in  the  standard  fashion.  Just 

ined  for  bleeding.  Chest  tubes  are  placed  into  the 

before  securing  the  suture,  the  outflow  graft  is 

mediastinum  and  pleural  spaces.  The  sternum  and 

de-aired  using  the  following  steps.  If  not  previously 

soft  tissue  are  closed  in  the  standard  fashion. 

completed, the outflow graft is attached to the pump. 

The  heart  is  then  allowed  to  fill,  and  ventilation  is 

resumed.  The  graft  is  clamped,  and  the  anastomosis 

Thoracotomy  Approach 

is  secured  by  tying  the  suture.  The  partial  aortic 

cross-clamp  is  removed,  and  the  graft  is  further 

Smaller centrifugal LVADs and a better understand-

desired  using  a  small-bore  needle. 

ing  of  continuous  flow  physiology  have  increased 

the  adaptation  of  less  invasive  surgical  approaches 

for  LVAD  implantation,  demonstrating  improved 

De-airing/Weaning 

perioperative  outcomes  (Gosev  et  al. 2020;  Ribeiro  

et  al . 2022;  Mohite  et  al  . 2018).  Less  invasive 

Multiple  de-airing  strategies  can  be  used  to 

techniques  preserve  the  integrity  of  the  sternum 

decrease  the  risk  of  air  embolism.  Complications 

and  parts  of  the  pericardium.  The  ascending  aorta 

of  embolism  include  stroke,  transient  neurological 

is  accessed  via  anterior  right  thoracotomy  or  partial 

dysfunction,  and  right  ventricular  failure  due  to 

upper  sternotomy,  while  the  left  ventricular  apex  is 

right  coronary  embolism.  Using  carbon  dioxide  to 

accessed  with  a  small  left  anterior  thoracotomy. 

flood  the  surgical  field  decreases  the  air  entrained 

in  the  heart,  as  does  continuing  low  rate  and  low 

tidal  volume  ventilation  throughout  the  procedure. 

Patient  Positioning 

Before  starting  the  outflow  graft  anastomosis,  the 

heart  can  be  delivered  through  the  LVAD  already 

The  patient  is  positioned  in  a  modified  supine 

positioned  in  the  apex.  The  heart  is  filled  with 

position  with  a  slight  bump  or  inflatable  support 

blood, and  deep  breaths  delivered  move air  trapped 

under  the  left  chest  to  enhance  apical  exposure. 

in  the  pulmonary  veins  and  left  atrium  into  the  left 

Defibrillator  pads  are  placed  laterally  to  avoid 

ventricle  and  out.  At  the  end  of  the  procedure,  a 

planned  left-sided incisions  and/or right-sided  peri-

de-airing  vent  can  be  placed  in  the  ascending  aorta 

cardial  sutures.  The  sterile  field  is  extended  to  the

[image: Image 107]
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mid-axillary  line  on  the  left.  This  setup  enhances 

The  pericardium  is  opened  anterior  to  the  phrenic 

the  ability  of  two  surgeons  to  work  in  tandem,  one 

nerve  and  several  stay  sutures  are  placed  to 

performing  the  aortic  exposure  while  the  other  is 

improve  exposure  of  the  left  ventricular  apex 

focused  on  the  left  anterolateral  thoracotomy. 

(Fig. 1). 

The  surgical  approach  to  expose  the  ascending 

aorta  depends  on  surgeon  preference,  prior  cardiac 

Thoracotomy  Access 

surgery,  and  the  position  of  the  aorta  relative  to  the 

sternum  (Fig. 2).  A  right  anterior  thoracotomy  is 

The  location  of  the  left  thoracotomy  is  confirmed 

performed  using  a  4–5  cm  skin  incision  in  the 

with  a  transthoracic  echocardiogram  to  locate  the 

second 

intercostal 

space. 

The 

third 

rib 

is 

left  ventricular  apex.  An  8–10  cm  incision  is  made, 

disarticulated,  and  a  soft  tissue  retractor  is  inserted 

and  the  intercostal  muscles  are  divided  laterally  to 

into  the  wound  (Fig. 3).  An  upper  partial 

the  mid-axillary.  Division of the  internal intercostal 

sternotomy  is  performed  through  a  4–6  cm  upper 

muscles  can  be  extended  posteriorly  if  additional 

midline  incision.  The  sternotomy  is  extended  into 

exposure  is  needed.  The  rib  can  be  shingled  ante-

the right second intercostal space. A retractor is then 

riorly  to  allow  space  to  accommodate  the  device 

placed, and the pericardium  is opened, exposing the 

and  avoid  inadvertent  fracture.  A  soft  tissue  retrac-

ascending  aorta.  Pericardial  retraction  sutures  are 

tor  is  placed,  followed  by  an  intercostal  retractor. 

placed  to  pull  the  aorta  rightward  (Fig. 4). 

Fig.  1  Left  thoracotomy 

Fig.  2  CT  chest 

[image: Image 109]

[image: Image 110]
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Fig.  3  Right  thoracotomy 

Fig.  4  Upper  partial  sternotomy 

The  further  sequence  of  pump  implantation 

stable  and  exposure  is  adequate  using  the  sew-

depends  on  surgeon  preference,  experience,  and 

then-core  technique.  In  the  core-then-sew  tech-

patient  hemodynamic  stability.  The  goal  is  to  min-

nique,  CPB  is  initiated,  the  inflow  cannula  posi-

imize  CPB  time  to  decrease  the  risk  of  vasoplegia 

tion  is  confirmed  using  TEE,  and  a  circular 

and  coagulopathy. 

ventriculotomy  is  performed  using  the  coring 

tool.  Interrupted  pledgeted  sutures  are  placed  as 

previously  described,  and  the  sewing  ring  is 

Cannulation,  Coring,  and  Ring 

secured  with  metal  fasteners  (Fig. 5). 

Placement 

The  patient  is  fully  heparinized,  and  the  aorta  is 

Driveline  and  Outflow  Graft 

cannulated  directly,  while  venous  cannulation  is 

Positioning 

performed  percutaneously  using  the  femoral  vein. 

The  sewing  ring  can  be  secured  to  the  apex  before 

The  LVAD  pump  is  assembled  and  connected  to 

initiating  CPB  if  the  patient  is  hemodynamically 

the  outflow  graft.  The  driveline  is  tunneled  to  the

[image: Image 111]
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Fig.  5  Apex  with  a  ring 

previously  marked  upper  abdominal  exit  site.  If 

Before  thoracotomy  closure,  chest  tubes  are 

no  previous  history  of  cardiac  surgery  and  no 

placed,  one  in  each  pleural  space  and  one  in  the 

significant  pericardial  adhesions,  the  outflow 

pericardium.  The  pericardium  is  closed  around 

graft  is  passed  intrapericardially  to  the  ascending 

the  device,  augmenting  with  a  thin  PTFE-

aorta,  taking  care  to  ensure  the  graft  courses  along 

membrane  to  minimize  adhesions  between  the 

the  acute  margin  of  the  heart  and  lateral  to  the 

pump  body  and  the  lung.  A  small  piece  of 

right  atrium.  In  re-operative  patients,  the  outflow 

PTFE  membrane  is  placed  over  the  ascending 

graft  is  tunneled  extrapericardially.  The  graft 

aorta  and  outflow  graft. 

should  lay  parallel  to  the  diaphragm  anterior  to 

the  acute  margin  of  the  heart,  then  course  into  the 

right  pleural  space  before  directing  superiorly  to 

Concomitant  Procedures 

the  ascending  aorta.  A  small  sub-xiphoid  incision 

can  be  used  to  improve  exposure  if  difficult  dis-

The  surgical  management  of  associated  structural 

section  of  the  extrapericardial  tunnel. 

heart  disease  in  patients  undergoing  LVAD 

implantation  needs  to  be  standardized.  Treatment 

of  coexisting  valvular  pathologies  at  the  time  of 

Pump  Placement  and  Outflow  Graft 

LVAD  implantation  must  be  balanced  with  the 

Anastomosis 

increased  surgical  risk  and  anticipated  duration 

of  LVAD  support.  Consensus  exists  to  support 

The  pump  is  then  inserted  and  secured  to  the 

surgical  intervention  on  the  aortic  valve  at  the 

apical  sewing  ring.  The  graft  is  initially  de-aired 

time  of  LVAD  implantation  if  the  patient  has 

by  allowing  the  outflow  graft  to  fill  before  it  is 

greater-than-mild  aortic  insufficiency  (AI).  How-

clamped. After  confirming the path and length, the 

ever,  the  benefits  of  intervening  on  the  mitral  and 

outflow  graft  is  cut  and  beveled  as  described.  A 

tricuspid  valves  are  less  clear  (Feldman  et  al. 

partial  occlusion  clamp is  applied  to  the  ascending 

2013; Robertson  et  al. 2015). Closure  of  large 

aorta,  and  the  anastomosis  is  performed.  Upon 

atrial  septal  defect  is  recommended  to  prevent 

completion,  the  heart  and  LVAD  are  de-aired  in 

hypoxia  associated  with  significant  right  to  left 

antegrade  and  retrograde  fashion,  and  the  patient 

shunt  after  LVAD  implantation.  However,  smaller 

is  weaned  off  CPB  using  standard  techniques. 

defects  are  typically  well  tolerated.  If  appropriate
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anatomy,  percutaneous  closure  pre- or  post-LVAD 

Tricuspid  Regurgitation 

implantation may also be considered.  There is also 

growing  evidence  that  concomitant  left  atrial 

The  tricuspid  valve  can  also  be  repaired  using 

occlusion  may  decrease  subsequent  thromboem-

bicaval  cannulation  through  both  full  sternotomy 

bolic  events  in  patients  supported  by  LVAD. 

and  less  invasive  approaches.  Tricuspid  regurgi-

tation  is  often  secondary  due  to  left-sided  failure, 

with  a  higher  afterload  in  the  right  ventricle  and 

Aortic  Insufficiency 

subsequent  tricuspid  annular  dilatation.  Repair 

of  tricuspid  regurgitation  can  be  considered  if 

The  aortic  valve  can  be  repaired,  replaced  with  a 

moderate  or  greater  regurgitation  is  present  com-

prosthetic  biological  valve  or  oversewn/occluded. 

bined  with  a  dilated  annulus  (Feldman  et  al. 

A  simple  coaptation  stitch  (Park’s  stitch)  will 

2013).  Outcomes  of  the  repair  remain  controver-

reduce  central  AI  while  allowing  it  to  open  for 

sial,  with  Mullan  et al. (2020)  reporting  no  sur-

ejection  (McKellar  et  al. 2014). A  pledgeted  4–0 

vival  benefit  and  some  decrease  in  quality  of  life. 

or 5–0 Polypropylene suture is placed centrally into 

Repair  is  performed  through  the  right  atrium 

all  three  aortic  cusps  and  secured  to  approximate 

without  aortic  cross-clamping.  The  annuloplasty 

the  fibrous  nodules  of Arantius. This maneuver can 

ring  is  placed  before  LVAD  implantation.  In  less 

be  performed  through  the  aortotomy  for  the  out-

invasive  approaches,  a  right  thoracotomy  can  be 

flow  graft  or  a  separate  aortotomy.  If  the  aortic  performed  through  the  third  interspace  to  allow 

cusps  are  damaged  or  not  coapting,  replacement 

tricuspid  valve  exposure  in  addition  to  the 

with a bio-prosthetic aortic valve or oversewing the 

ascending  aorta.  Newer  transcatheter  interven-

valve  can  be  performed.  These  procedures  require 

tions  are  undergoing  early  clinical  trials  and 

cross-clamping  the  aorta,  but  the  aortic  valve  can 

may  be  available  in  the  future  after  LVAD 

be  addressed  through  full  sternotomy  or  less  inva-

implantation. 

sive  approaches.  TAVR  for  patients  with  moderate 

aortic  insufficiency  and  appropriate  anatomy  of  the 

aortic  root  can  be  less  invasive  alternative  to  surgi-

Left  Atrial  Appendage  Occlusion 

cal  repair  or  replacement  (Zaidi  et  al. 2022;  Fried  

et  al . 2019). 

Occlusion  of  the  left  atrial  appendage  has  been 

suggested  to  decrease  thromboembolic  events  in 

patients  with  and  without  atrial  fibrillation  with 

Mitral  Regurgitation 

LVAD  (Deshmukh  et  al. 2019; Kewcharoen  et  al. 

2022). Before  occlusion,  TEE  with  or  without 

Mitral  valve  repair  for  severe,  functional  mitral 

echo  contrast  is  used  to  exclude  the  presence  of 

regurgitation  is  controversial  (Briasoulis  et  al. 

left  atrial  appendage  thrombus  before  the  proce-

2020;  Noly  et  al. 2020;  Robertson  et  al. 2018). 

dure.  If  no  thrombus  is  detected,  the  left  atrial 

Repair  can  be  performed  through  full  sternotomy 

appendage  is  occluded  using  suture  ligation  or 

or  less  invasive  approaches.  The  valve  is  exposed 

an  occlusion  device.  Multiple  techniques  exist 

through the  interatrial  groove  after  the  sewing  cuff 

and  occlusion  can  be  safely  performed  through 

is  attached  and  coring  has  been  performed.  The 

most  incisions  on  CPB.  In  the  bilateral  thoracot-

patient  is  placed  in  steep  Trendenburg  to  avoid 

omy  approach,  a  clip  is  placed  through  the  left 

entrapping  air.  Aortic  cross-clamping  is  not  nec-

thoracotomy  after  the  heart  is  decompressed.  The 

essary  to  perform  mitral  repair  in  this  setting. 

heart  is  then  pushed  rightwards  using  a  ring 

Alternatively,  an  Alfieri  stitch  can  be  placed 

clamp,  and  the  base  of  the  appendage  is  exposed 

through  the  apex  of  the  left  ventricle  after  coring. 

and  measured.  Clip  is  then  applied  with  gentle 

It  will  effectively  decrease  mitral  regurgitation 

traction  to  the  tip  of  the  appendage.  TEE  is  again 

and  would  be  a  method  of  choice  for  the  bilateral 

used  after  the  occlusion  of  the  appendage  to  con-

thoracotomy  approach. 

firm  closure. 
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Pump  Exchange 

used,  femoral  access  is  the  preferred  cannulation 

site.  After  initiation  of  CPB,  the  bend  relief  is 

As  the  population of  patients implanted with a  dura-

disconnected,  the  outflow  graft  is  clamped,  and 

ble  LVAD  continues  to  grow,  so  does  the  need  to 

then  the  HM  II  pump  is  stopped.  The  body  of  the 

better  understand  the  risks  and  benefits  of  LVAD 

pump  is  disconnected  from  the  inflow  and  outflow 

pump exchange. The pathophysiology of pump fail-

cannula,  and  the  new  pump  is  placed.  If  CPB  is  not 

ure  and  the  patient’s  overall  condition  will  dictate 

used,  the  inflow  may  be  clamped  or  occluded  with 

the  type  of  exchange.  Due  to  a  high  rate  of  pump 

a  balloon  catheter.  It  is  important  to  maintain  LV 

complications,  the  HVAD  was  withdrawn  from  the 

filling  to  prevent  air  entrapment.  Carbon  dioxide  is 

market  in  June  2021.  This  has  further  increased  the 

used  to  flood  the  field.  De-airing  is  performed  with 

need  to  better  define  the  pump  exchange  process. 

a  small-bore  needle.  A  complete  exchange  of  the 

Exchange  is  recommended  in  cases  of  pump  failure 

HeartMate  II  pump  to  the  new  HeartMate  II  is  not 

only  (Salerno  et  a  l. 2022). 

commonly  performed  now  that  the  HeartMate  3  is 

All  pump  exchanges,  HM  2 to  HM  3,  HVAD  to 

available. This procedure would only be performed 

HM  3,  and  HM  3  to  HM  3,  can  be  performed 

if  the  whole  pump,  including  inflow  and  outflow 

through  full  sternotomy  or  using  less  invasive 

graft,  needs  to  be  exchanged,  such  as  in  infection. 

approaches.  The  type  of  exchange  will  depend 

This  procedure  would  be  performed  via  full 

on  the  patient’s  clinical  condition,  indication  for 

sternotomy  and  requires  extensive  dissection.  Cen-

exchange,  and  surgeon  experience  (Hanke  et  al. 

tral  cannulation  for  cardiopulmonary  bypass  is 

2017). 

recommended  in  this  situation. 

HeartMate  II  to  HeartMate  3  pump  exchange  is 

performed  through  a  subcostal  and  small  left  tho-

HeartMate  II 

racotomy  incision  (Fig. 6). Femoral  cannulation  is 

the  preferred  site  for  CPB.  The  HeartMate  II 

The  HeartMate  II  pump  can  be  exchanged  for 

pump,  outflow  graft  elbow,  and  bend  relief  are 

HeartMate  II  or  HeartMate  3.  If  the  indication 

dissected  through  the  subcostal  incision,  exposing 

for  pump  exchange  is  a  mechanical  failure  of  the 

the  proximal  outflow  graft.  The  apex  of  the  heart 

driveline,  the  HeartMate  II  can  be  exchanged  for 

and  inflow  elbow  are  accessed  through  the  small 

the  same  device  on  or  off cardiopulmonary  bypass 

left  thoracotomy.  The  new  driveline  is  tunneled  to 

through  a  left  subcostal  incision.  If  device  failure 

the  opposite  side  of  the  old  driveline  before  sys-

is  due  to  thrombosis  or  the  patient  insists  on  an 

temic  heparinization.  The  authors  recommend 

HM  3  upgrade,  an  HM2  to  HM  3  exchange  can  be 

completely  exchanging  the  HeartMate  II  apical 

done.  It  is  important  to  note  that  this  is  a  much 

cuff  for  the  HeartMate  3  sewing  ring.  This 

more  extensive  procedure  that  requires  a  robust 

requires  extensive  dissection  of  the  apex  but 

patient  with  significant  physiologic  reserve. 

allows 

for 

appropriate 

positioning 

of 

the 

HeartMate  II  to  HeartMate  II  exchange  can  be 

HeartMate  3  inflow  cannula.  Alternatively,  the 

performed  through  either  sternotomy  or  subcostal 

HeartMate  II  cuff  can  be  trimmed  to  12–15  mm 

access  using  CPB.  In  select  cases,  this  procedure 

and  the  HeartMate  3  inflow  cannula  inserted  into 

can  be  performed  completely  off-pump  if  there  is 

the  apical  cuff, secured  with  zip-ties.  This  requires 

no  need  to  revise  the  outflow  graft.  For  pump  body 

less  dissection  but  increases  the  risk  of  inflow 

exchange,  a  10–12  cm  left  subcostal  incision  is 

cannula 

malposition. 

After 

the 

HeartMate 

carried  down  to  the  pump.  The  inflow,  outflow 

3  pump  placement,  the  outflow  graft  would  be 

elbow,  and  proximal  outflow  graft  are  exposed. 

tunneled  to  the  subcostal  incision.  HeartMate  II 

The  driveline  is  dissected  from  the  surrounding 

bend  relief  and  outflow  graft  would  be  trimmed, 

tissues.  The  new  pump  driveline  should  be 

and  a  graft-to-graft  anastomosis  would  be 

tunneled before heparin administration to minimize 

performed.  It  is  important  to  ensure  the  appropri-

bleeding.  Typically,  the  new  driveline  is  tunneled 

ate  length  and  prevent  sharp  angulation  at  the 

to  the  opposite  side  of  the  old  driveline.  If  CPB  is 

level  of  anastomosis.  If  the  surgeon’s  preference, 

[image: Image 112]
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Fig.  6  Subcostal  and  left 

thoracotomy  incisions 

a  full  sternotomy  can  be  performed  with  central 

complete  exchange  of  the  outflow  graft  if  it  is  toler-

cannulation  for  cardiopulmonary  bypass.  The 

ated  by  the  patient  as  downsizing  of  the  outflow 

pump  and  outflow  graft  are  dissected  free  and 

graft  from  14  to  10  mm  increases  HM3  afterload 

the  pump  exchange  with  graft-to-graft  anastomo-

and  carries  an  unknown  long-term  risk.  The  HVAD 

sis  is  performed  as  outlined  above. 

apical  cuff  should  be  replaced  with  a  HeartMate3 

sewing  ring.  As  previously  described,  this  requires 

more  extensive  dissection  but  prevents  malposition 

HVAD 

of  the  HeartMate  3  inflow  cannula.  This  also 

reduces  the  risk  of  bleeding  around  the  inflow  can-

With  HVAD  withdrawal  from  the  market  and 

nula. If the HVAD apical cuff is left in place, a sterile 

phase  out  of  the  HeartMate  II  in  favor  of  the 

rubber  seal  can  be  placed  around  the  HeartMate 

more  hemocompatible  HeartMate  3  pump,  most 

3  inflow  cannula  to  compensate  for  the  size  differ-

HVADs  will  be  exchanged  for  a  HeartMate 

ence  and  decrease  the  risk  of  bleeding.  Complete  or 

3.  Requirements  for  complete  pump  exchange 

partial  exchange  with  a  graft-to-graft  anastomosis 

and  surgeon  experience  will  define  if  the  proce-

will  depend  on  the  patient’s  preoperative  condition 

dure  will  be  performed  through  sternotomy  or 

and  surgeon’s  experience.  Complete  exchange  can 

bilateral  thoracotomy.  Mortality  of  the  procedure 

be  performed  through  a  bilateral  thoracotomy 

depends  on  the  type  of  pump  exchange  and  the 

approach with the new HM  3  outflow  graft  tunneled 

clinical  condition  of  the  patient.  Mortality  can 

to  the  right  chest  in  patients  with  difficulty . 

reach  10%  at  30  days  (Salerno  et  al. 2022). 

In  anatomy,  a  small  1-inch  subxiphoid  incision 

HVAD  to  HeartMate  3  exchange  can  be  com-

can  facilitate  safe  tunneling  of  the  outflow  graft 

pleted 

through 

sternotomy 

or 

thoracotomy 

from  the  left  to  the  right  chest. 

approach.  The  size  difference  between  the  devices 

creates  unique  challenges  during  the  exchange  pro-

cess.  The  HVAD  inflow  cannula  is  21 mm  wide  and 

HeartMate3 

25  mm  long,  while  the  HeartMate  3  is  21  mm  wide 

and  22  mm  long.  The  HVAD  outflow  graft  is 

In  the  Momentum  3  trial,  the  rate  of  HM  3  failure 

10  mm,  and  the  HeartMate  3  is  14  mm  in  diameter 

requiring  exchange  within  the  first  24  months  was 

(Fig. 7). Expert  consensus  recommends  the 

only  2.3%  (Mehra  et  al. 2019).  Depending  on  the

[image: Image 113]
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Fig.  7  HM3  and  HVAD 

indication  and  the  extent  of  the  exchange,  the  pro-

of  the  old  bend  relief.  The  bend  relief  is  used  as  a 

cedure  can  be  performed  through  sternotomy  or 

tunnel  for  the  new  outflow  graft,  allowing  the 

thoracotomy.  Sternotomy  exchange  requires  exten-

preoperative  procedure  to  be  completed  using  a 

sive  dissection  within  the  chest  but  offers  optimal 

sternal-sparing  approach.  The  sternal-sparing 

exposure  of  the  whole  outflow  graft  and  central 

technique  requires  less  dissection,  resulting  in 

cannulation.  Partial  exchange  with  preservation  of 

fewer  blood  product  transfusions.  Additionally, 

the  distal  outflow  graft  via  thoracotomy  approach 

there  is  less  manipulation  of  the  right  ventricle, 

was  first  described  by  Schmitto  et  al. (2018). A 

which  potentially  decreases  the  incidence  of 

10  cm  thoracotomy  is  performed  over  the 

severe  right  ventricular  failure. 

HeartMate  3  and  outflow  graft,  typically  in  the 

fifth  intercostal  space.  The  sixth  rib  can  be  shingled 

or  resected  to  improve  exposure.  After the new  HM 

Sternotomy  Versus  Thoracotomy 

3  driveline  is  tunneled,  the  patient  is  fully  heparin-

ized, and femoral  vessels  are cannulated for CPB. If 

Sternotomy  has  been  the  standard  of  care  for 

the  outflow  graft  is  patent,  the  bend  relief  is  opened 

accessing  the  heart  and  great  vessels  since  the 

longitudinally,  and  the  graft  is  clamped.  The  old 

beginning  of  open-heart  surgery.  Sternotomy  pro-

pump  is  removed,  and  the  left  ventricle  is  inspected 

vides  excellent  exposure  of  the  aorta  for  cannula-

for  thrombus  and  trabeculations.  The  HeartMate 

tion  and  venting,  the  pulmonary  artery  if  RVAD 

3  apical  ring  will  often  need  to  be  reinforced  with 

support  is  needed,  the  left  ventricular  apex,  and 

running  or  interrupted  sutures  to  reduce  the  risk  of 

access  to  all  the  heart  valves.  Sternotomy  also 

bleeding  after  the  new  pump  is  placed.  The  latest 

provides  good  visualization  of  any  excess  bleed-

outflow  graft  is  trimmed  to  the  appropriate  length, 

ing  or  distension  of  the  left  or  right  ventricle.  The 

and  a  graft-to-graft  anastomosis  is  performed.  The 

primary  surgeon  and  assistant  work  across  from 

graft  is  de-aired  using  standard  techniques.  Sup-

each  other  within  the  same  line  of  sight,  facilitat-

pose  a  complete  exchange  is  required  due  to 

ing  assisting  and  expediting  the  procedure. 

complete  thrombosis  or  infection.  In  that  case, 

The  first  ventricular  assist  devices  were  bulky 

three  incisions  are  needed:  a  left  anterolateral 

and  required  significant  dissection  to  allow  appro-

thoracotomy  to  expose  the  pump,  a  right  anterior 

priate  positioning  within  the  chest.  Initial  implants 

thoracotomy  to  expose  the  aorta  and  a  2–3  cm   were  typically  salvage  procedures  and  burdened 

inch  subxiphoid  incision  to  help  with  tunneling 

with  significant  coagulopathies  that  required  max-

the  new  outflow  graft.  This  procedure  was 

imum exposure to control the bleeding. In the event 

described  by  Louis  et  al.  (2020)  and  includes 

of  right  ventricular  failure,  placement  of  the  right 

central  cannulation  of  the  aorta  with  preservation 

ventricular assist device was completed with access
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to  the  right  atrium  and  pulmonary  artery,  which 

Eventual 

FDA 

approval 

of 

the 

HeartMate 

required  exposure  to  the  whole  heart. 

3  LVAD  in  late  2017  allowed  surgeons  to  explore 

Significant 

complications 

of 

sternotomy 

less  invasive  approaches.  Initial  reports  were 

include  postoperative  infection,  bleeding,  and 

focused  on  the  safety  and  feasibility  of  less  inva-

sternal  non-union.  Additionally,  patients  have 

sive  implantation  of  the  HeartMate  3  LVAD  as  it 

mobility  restrictions  to  protect  the  sternum  as  it 

was larger than HVAD. Wood et al. (2019) reported  

heals,  which  can  delay  full  recovery  and  return  to 

the  first  series  of  10  consecutive  patients  implanted 

normal  activities.  These  factors  prompted  sur-

via  a  less  invasive  approach  and  reported  no  right 

geons  to  look  for  alternative  access.  Cohn  and 

heart  failure  with  a  short  length  of  stay.  That  was 

Cosgrove  introduced  minimally  invasive  aortic 

followed  by  a  larger  cohort  of  41  patients 

valve  replacement  via  partial  upper  hemi-

implanted  with  the  same  technique  and  compared 

sternotomy  in  1996/7  (Cosgrove  3rd  and  Sabik 

with  full  sternotomy  patients  (Gosev  et  al. 2020). 

1996;  Cohn  et  al. 1997).  The  minimally  invasive 

The  authors  concluded  that  this  approach  was  safe 

cardiac  surgery  field  has  continued  to  grow  since 

and  effective,  with  potential  benefits  compared  to  a 

then,  now  with  many  alternative  access  sites  and 

full  sternotomy,  which  included  decreased  bleed-

specialized  instruments.  With  the  development  of 

ing,  decreased  length  of  stay,  and  lower  incidence 

smaller  ventricular  assist  devices,  less  invasive 

of  severe  right  heart  failure. 

surgical  approaches  also  became  possible  for 

In  the  retrospective  multicenter  study,  Saeed 

LVADs.  The  HVAD,  a  small,  partially  magneti-

et  al. (2021)  propensity-matched  122  LIS  LVADs 

cally  levitated  LVAD,  was  designed  with  the  idea 

and found  significantly less right heart  failure; how-

of  less  invasive  implantation.  This  experience  was 

ever,  there  was  no  difference  in  one-year  survival. 

followed  by  less  invasive  implantation  of 

In  their  meta-analysis,  Worku  et  al.  (2021)  included 

HeartMate  II  and,  finally,  HeartMate  3  LVAD.  In 

1000  patients  undergoing  LVAD  implantation.  The 

initial  experiences,  the  technical  goals  of  less 

thoracotomy  approach  was  associated  with  a 

invasive  LVAD  implantation  were  to  preserve 

decreased  incidence  of  right  ventricular  failure, 

the  integrity  of  the  sternum  and  minimize  dissec-

decreased  bleeding,  shorter  length  of  stay,  and 

tion  of  the  surrounding  tissues,  including  the  peri-

reduced  mortality.  There  was  no  difference  in 

cardium.  It  was  postulated  that  this  would 

stroke.  The  authors  concluded  that  the  thoracotomy 

minimize  bleeding,  decrease  scar  formation,  and 

approach was not only feasible but potentially supe-

decrease  distension  of  the  right  heart.  Known 

rior  in  outcomes  to  the  full  sternotomy  approach. 

benefits  of  less  invasive  cardiac  surgery,  including 

Outcomes  for  obese  patients  after  LVAD 

decreased 

bleeding, 

decreased 

transfusion 

implantation  have  been  burdened  with  decreased 

requirements,  decreased  length  of  hospital  stay, 

survival,  increased  risk  for  infections  as  well  as 

and  improved  mobility,  have  also  been  demon-

driveline  infections  (Angleitner  et  al. 2022).  His-

strated  in  the  LVAD  population.  Additional  bene-

torically,  surgeons  have  been  discouraged  from 

fits,  such  as  the  incidence  of  severe  right  heart  utilizing  less  invasive  techniques  in  obese  patients 

failure,  have  been  further  investigated. 

due  to concern for  inadequate exposure and  risk  of 

The  Lateral  Trial  was  the  first  major  study  to 


complications.  Bjelic  et  al. (2021)  demonstrated 

compare  HVAD  patients  implanted  via  less  inva-

that  obese  patients  can  be  implanted  with  a  bilat-

sive  technique  with  historical  controls  implanted 

eral  thoracotomy  approach  and  see  similar  bene-

through  full  sternotomy  (McGee  Jr  et  al. 2019). 

fits,  including  decreased  bleeding  with  fewer 

The  primary  endpoint  was  6  months  of  survival 

transfusions,  shorter  duration  of  inotropic  sup-

on  the  original  device  without  disabling  stroke.  A 

port,  and  decreased  incidence  of  severe  right  fail-

total  of  144  patients  were  enrolled,  with  88.1% 

ure  (11.1%  vs.  30.8%)  compared 

to  full 

achieving  the  primary  endpoint.  Less  invasive 

sternotomy  patients.  This  group  of  patients, 

patients  had  a  significantly  shorter  length  of  stay. 

although  technically  challenging,  is  one  of  the 

These  outcomes  further  boosted  the  exploration  of 

groups  that  will  benefit  the  most  from  a  less  inva-

less  invasive  implantation  of  other  pumps. 

sive  implantation  technique. 
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Less  invasive  techniques  can  also  be  used  in 

(2020)  analyzed  LATERAL  trial  data  using  a 

reoperative  cardiac  surgery.  In  a  group  of  patients 

Markov  model  and  concluded  that  thoracotomy 

with  a  history  of  prior  sternotomy,  Ayers  et  al. 

implantation  of  LVAD  is  a  cost-effective  strat-

(2020)  demonstrated  93%  survival  to  discharge  in 

egy  with  a  decrease  in  cost  per  quality-adjusted 

the  bilateral  thoracotomy  patients  compared  to  71% 

life  year. 

for  the  full  sternotomy  group.  The  thoracotomy 

Currently,  only  15–25%  of  all  LVADs  are 

cohort  also  demonstrated  a  decreased  incidence  of 

implanted  using  a  less  invasive  approach.  Struc-

severe  right  ventricular  failure,  decreased  blood 

tured  education of  young  surgeons in  less  invasive 

product  utilization,  and  shorter  overall  hospital 

techniques  and  further  randomized  studies  that 

length  of  stay. 

define  the  benefits  of  thoracotomy  versus 

In  a  different  cohort,  Ayers  et  al. (2021)  dem-

sternotomy  technique  are  needed  in  order  to 

onstrated 

that 

a 

complete 

sternal–sparing 

boost  the  popularity  of  this  life-saving  therapy. 

approach  offers  improved  postoperative  mobility 

and  physical  independence  compared  to  a  full 

sternotomy.  The  bilateral  thoracotomy  approach 

Conclusion 

demonstrated  improved  mobility  at  day  3  based 

on  Activity  Measure  for  Post-Acute  Care  Scores. 

Both  sternotomy  and  thoracotomy  are  effective 

They  also showed  78%  independence  in  the sit-to-

surgical  techniques  for  left  ventricular  assist 

stand  metric  at  day  15  compared  to  only  21%  in 

device  implantation.  The  thoracotomy  approach 

the  full  sternotomy  patients.  This  data  suggests  a 

offers  several  advantages,  including  reduced 

significant  benefit  of  less  invasive  techniques  on 

blood  transfusion  requirements,  a  lower  incidence 

postoperative  rehabilitation  in  LVAD  patients. 

of  right  heart  failure,  and  faster  recovery.  Addi-

Heart  transplantation  after  LVAD  carries  a 

tionally,  it  may  result  in  less  blood  sensitization 

known  increased  risk  of  mortality  and  morbidity 

and  facilitates  easier  heart  transplantation.  Patient 

(Badiwala  et  al. 2022). Preservation  of  the  sternum 

populations  that  benefit  most  from  the  thoracot-

and  the  underlying  pericardium,  as  well  as  addi-

omy  technique  include  those  with  a  history  of 

tional  barriers  between  the  LVAD  and  the  surround-

sternotomy,  obese  patients,  and  individuals  on 

ing  tissues,  decreases  the  risk  of  injury  during 

temporary 

mechanical 

circulatory 

support 

resternotomy,  decreases  transfusions,  and  eases  the 

(MCS).  However,  the  thoracotomy  approach 

access  to  cannulation  sites.  Riebandt  et  al. (2022) 

requires  specialized  training  and  expertise,  as  its 

reported  the  decreased  formation  of  donor-specific 

exposure  and  surgical  steps  can  differ  signifi-

antibodies  as  well  as  a  decreased  rate  of 

cantly  from  the  sternotomy  approach. 

intraoperative  transfusion  of  packed  red  blood  cells 

in  patients  transplanted  after  less  invasive  LVAD 

implantation.  Blood  products  used  during  heart 
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Abstract 

are  ventricular  assist  devices  (VAD),  the  intra-

As  the  population  ages  and  the  incidence  of 

aortic  balloon  pump  (IABP),  and  extracorpo-

systolic  heart  failure  rises,  mechanical  circula-

real  membrane  oxygenation  (ECMO).  This 

tory  support  devices  (MCS)  are  becoming 

chapter  will  focus  on  the  anesthetic  manage-

more  frequent.  The  three  major  MCS  devices 

ment  of  patients  for  and  with  these  devices. 
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Keywords 

the  perioperative  management  for  VAD  implanta-

tion,  and  the  management  of  these  patients  for 

Ventricular  assist  device  ·  Right  ventricular 

noncardiac  surgery. 

failure  ·  Left  ventricular  failure  ·  Intra-aortic 

balloon  pump  ·  Extracorporeal  membrane 

oxygenation  ·  Perioperative  management 

Preoperative  Assessment 

Since  preoperative  risk  stratification  is  important 

Introduction 

to  guide  perioperative  treatment  strategies,  a 

multidisciplinary  team  consisting  of  heart  failure 

In  this  current  era,  in  the  management  of  heart 

cardiologists,  cardiac  surgeons,  cardiac  anesthesi-

failure,  many  patients  are  bridged  with  mechanical 

ologists,  engineers,  and  perfusionists  will  discuss 

circulatory support (MCS) to allow them to survive 

the  indication,  timing,  and  type  of  VAD  focusing 

long  enough  to  get  a  procedure,  such  as  coronary 

on  the  severity  of  the  heart  failure  and  the  degree 

artery  bypass,  valvular  repairs  or  replacements,  or 

of  end-organ  damage,  predominantly  renal,  pul-

heart  transplantation  or  as  a  definitive  treatment. 

monary,  and  hepatic  dysfunction.  These  are 

The  three  most  common  MCS  devices  in  the  heart 

patients  in  end-stage,  class  D  heart  failure,  defined 

failure  population  are  the  ventricular  assist  device 

by  the  European  Society  of  Cardiology  as  those 

(VAD),  the  intra-aortic  balloon  pump  (IABP),  and 

with  severe  and  persistent  symptoms  of  heart  fail-

veno-arterial  extracorporeal  membrane  oxygena-

ure,  presenting  with  New  York  Heart  Association 

tion  (VA-ECMO).  As  more  patients  are  bridged 

(NYHA)  class  IIIb  or  IV  symptoms,  a  left  ventric-

with  these  devices,  they  will  present  to  the  operat-

ular  ejection  fraction  (LVEF)  ≤ 30%,  an  increase 

ing  room  for  both  cardiac  and  noncardiac  proce-

in  hospitalizations  requiring  diuretics,  inotropic 

dures,  so  an  understanding  of  the  devices  and 

agents,  or  the  treatment  of  malignant  arrhythmias, 

patient  physiology  is  necessary  for  their  optimal 

and  a reduction in functional  capacity (McDonagh 

perioperative  care. 

et  al. 2022). Other  symptoms  of  severe  heart  fail-

ure  are  in  Table  1.  The  2022  American  College  of 

Cardiology/American  Heart  Association/Heart 

Ventricular  Assist  Devices 

Failure  Society  of  America  (ACC/AHA/HFSA) 

recommends  that  VAD  therapy  be  considered  in 

AVAD is a continuous- or pulsatile-flow device that 

selected  patients  with  NYHA  class  IV  symptoms 

draws  in  blood  through  an  inflow  cannula  and, 

who  are  dependent  on  inotropic  therapy  or  tem-

through  the  action  of  a  spinning  impeller,  pumps 

porary  MCS  (Heidenreich  et  al. 2022). According 

this  blood  into  an  outflow  graft,  offloading  the 

to  the  recent  European  Association  of  Cardiotho-

failing  ventricle  and  supporting  cardiac  output.  A 

racic  Surgery  (EACTS)  expert  consensus  state-

left  ventricular  assist  device  (LVAD)  supports  the 

ment,  long-term  MCS  implantation  is  indicated 

left  ventricle  (LV)  with  an  inflow  cannula  in  the  LV 

in  patients  with  NYHA  functional  class  IIIb  and 

and  an  outflow  cannula  in  the  ascending  aorta.  A 

IV  with  an  LVEF  ≤25%  and  at  least  one  of  the 

right  ventricular  assist  device  (RVAD)  supports  the 

following  criteria:  inotropic  support,  temporary 

RV  with  the  inflow  cannula  in  the  right  atrium 

MCS  support,  and  a  peak  oxygen  consumption 

(RA)  or  right  ventricle  (RV)  and  the  outflow  can-

VO <12  mL/kg  min  (Potapov  et  al. 2019)  and 

nula  in  the  pulmonary  artery  (PA).  A  biventricular 

2 

according  to  the  International  Society  for  Heart 

assist  device  (BiVAD)  consists  of  an  LVAD  and  an 

and  Lung  Transplantation  (ISHLT)  guidelines, 

RVAD  in  series,  and  the  total  artificial  heart  (TAH) 

LVADs  are  indicated  in  patients  whose  native  heart 

is  a  pulsatile  device  that  can  support  both  the  car-

cannot  maintain  adequate  cardiac  output  but  who 

diac  output  and  artificial  ventricles.  This  section 

have  recoverable  other  end-organ  damage  despite 

will  discuss  the  indications  for  ventricu lar support, 

optimal  medical  therapy  (Feldman  et  al. 2013). 
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Table  1  Clinical  indicators  of  advanced  heart  failure 

Table  2  Indications  for  durable  mechanical  support 

Repeated  hospitalizations  or  emergency  department 

Indications 

visits  for  heart  failure  in  the  past  12  months 

Frequent  hospitalizations  for  heart  failure  NYHA  class 

Need  for  intravenous  inotropic  therapy 

IIIb  to  IV  symptoms 

Persistent  NYHA  functional  class  III  to  IV  symptoms 

Functional  limitations  despite  maximal  therapy 

despite  therapy 

Intolerance  of  neurohormonal  antagonists 

Severely  reduced  exercise  capacity 

Increasing  diuretic  requirement 

Peak  VO2  <14  ml/kg/min  or  <50%  predicted 

Symptomatic  despite  cardiac  resynchronization 

6-min  walk  distance  <300  m 

therapy 

Inability  to  walk  1  block  on  level  ground  due  to 

Inotrope  dependence 

dyspnea  or  fatigue 

Low  peak  VO2  (<14–16) 

Intolerance  to  renin-angiosin-aldosterone  inhibitors 

End-organ  dysfunction  attributable  to  low  cardiac 

because  of  hypotension  or  worsening  renal  function 

output 

Intolerance  to  beta-blockers  as  a result  of  worsening  heart 

failure  or  hypotension 

Recent  need  to  escalate  diuretics  to  maintain  volume 

Table 

3  Contraindications 

for 

durable 

mechanical 

status;  often  reaching  daily 

support 

Furosemide  equivalent  dose  >160  mg/day  or  use  of 

Absolute 

supplemental  metalazone  therapy 

Irreversible  hepatic  disease 

Refractory  clinical  congestion 

Irreversible  renal  disease 

Progressive  deterioration  in  renal  of  hepatic  function 

Irreversible  neurologic  disease 

Worsening  right  heart  failure  or  secondary  pulmonary 

Severe  neuromuscular  disease 

hypertension 

Severe  lung  disease 

Frequent  systolic  blood  pressure  ≤90  mmHg 

Idiopathic  pulmonary  fibrosis 

Cardiac  cachexia 

Medical  nonadherence 

Persistent  hyponatremia  (serum  sodium  <134  mEq/L) 

High-risk  anatomy  for  surgical  implantation 

Refractory  or  recurrent  ventricular  arrhythmia;  frequent 

Severe  bleeding  diathesis 

ICD  shocks 

Severe  psychosocial  limitations 

Increased  predictive  1-year  mortality  according  to  heart 

Metastatic  cancer 

failure  survival  models 

Relative 

>80-year-old  for  destination  therapy 

Other  indications  are  listed  in  Table  2  (Heidenreich 

Obesity  or  malnutrition 

et  al. 2022).  Contraindications  to  LVAD  implanta-

Musculoskeletal  disease  that  impairs  rehabilitation 

tion  include  irreversible  hepatic,  renal,  or  neuro-

Active  systemic  infection 

logical  disease,  metastatic  cancer,  and  medical 

Prolonged  intubation 

nonadherence.  Other  contraindications  are  listed 

Untreated  malignancy 

in  Table  3. 

Severe  peripheral  vascular  disease 

Once  a  patient  is  deemed  an  appropriate  can-

Active  substance  abuse 

didate  for  an  LVAD,  the  main  treatment  indica-

Impaired  cognitive  function 

Unmanaged  psychiatric  disorder 

tions  are  bridge  to  recovery,  bridge  to  decision, 

Lack  of  social  support

bridge  to  transplant  (BTT),  and  destination  ther-

apy  where  the  patient  is  either  ineligible  for 

heart  transplantation  or  may  become  a  candidate 

into  cardiogenic  shock,  which  is  associated  with 

once  modifiable  factors  are  addressed.  The 

poorer  outcomes.  The  timing  can  be  stratified 

timing  for  LVAD  placement  can  be  challenging. 

by  urgency  using  the  Interagency  Registry  for 

The  optimal  time  for  implantation  allows  for  the 

Mechanically 

Assisted 

Circulatory 

Support 

optimization  of  heart  failure  with  inotropic 

(INTERMACS)  profiles  for  patients  with  advanced 

agents  or  temporary  MCS.  The  goal  is  to 

heart  failure.  Table  4. The  INTERMACS  profiles 

improve  outcomes  while  avoiding  deterioration 

also  stratify  early  risk,  expected  hospital  length  of
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Table  4  INTERMACS  profiles 

(IABP),  or  a  short-term  VAD  such  as  the 

Pro

TandemHeart, 

file 

Profile  description 

Features 

™  Impella,™  or  Centrimag.™

1. 

Cardiogenic 

Life-threatening 

Shock 

hypotension  with 

rapidly  escalating 

Preoperative  Assessment 

inotropic/vasopressor 

support  and  critical 

organ  hypoperfusion 

Cardiac 

with  worsening  acidosis 

and  lactate  levels 

The  cardiac  assessment  includes  the  stage  and 

2. 

Progressive 

Dependent  on  inotropic 

etiology  of  the  heart  failure,  the  ventricles 

decline 

support  with  worsening 

end-organ  dysfunction 

involved,  the  baseline  RV  function,  and  other 

3. 

Stable  but 

Clinically  stable  on 

manifestations  of  heart  failure,  including  arrhyth-

inotrope 

inotropes  but  fails  to 

mias,  valvular  disease,  and  intracardiac  shunts 

dependent 

wean due to symptomatic 

that  will  affect  LVAD  implantation  and  function. 

hypotension,  worsening 

These  patients  will  present  with  stage  D  heart 

symptoms,  and 

progressive  organ 

failure  and  on  maximal  medical  therapy.  The 

dysfunction  (usually 

baseline  RV  function  is  one  of  the  most  important 

renal) 

parts  of  the  preoperative  evaluation.  The  inci-

4. 

Resting 

Symptoms  at  rest  and 

dence  of  postoperative  RV  dysfunction  during 

symptoms  on  oral 

with  limited  activity 

LVAD  implantation  is  approximately  20%  and  is 

therapy  at  home 

such  as  activities  of 

daily  living 

associated  with  increased  morbidity  and  mortality 

5. 

Exertion 

Comfortable  at  rest  but 

in  the  perioperative  period.  These  patients  are  less 

intolerant 

unable  to  engage  in  any 

likely  to  survive  to  heart  transplant,  and  those  who 

activity;  housebound 

survive  will  have  increased  morbidity  and  mortal-

6. 

Exertion  limited

Comfortable  at  rest  and 

ity  during  transplantation  (Konstam  et  al. 2018). 

able  to  do  mild  activity 

Physiologically,  compared  to  the  left  ventricle 

7. 

Advanced  NYHA 

Reasonably  stable  and 

class  III  heart 

able  to  tolerate 

(LV),  the  RV  is  thinner,  has  less  muscle  mass, 

failure 

comfortable  activity 

pumps  against  a  lower  pressure,  and  cannot 

adapt  to  increased  afterload.  In  heart  failure,  the 

elevated  left-sided  pressures  are  transmitted  to  the 

stay,  and  late  survival  (Stevenson  et  al. 2009). 

pulmonary  circulation,  increasing  RV  afterload. 

Patients  with  INTERMACS  profile  1  heart  failure 

Over  time,  these  increased  pressures  lead  to  pul-

arrive  in  cardiogenic  shock  and  require  urgent  or 

monary  vascular  remodeling  and  precapillary  pul-

emergent  LVAD  placement  while  those  with 

monary  hypertension,  further  increasing  RV 

INTERMACS  profile  4  heart  failure  have  time  to 

afterload.  Initially,  the  RV  compensates  with 

be  medically  optimized.  Most  patients  are  listed  in 

hypertrophy  and  then  becomes  dilated,  scarred, 

profile  3  (Heidenreich  et  al. 2022).  Preoperative 

and  noncompliant.  Then,  after  LVAD  placement, 

optimization may increase the likelihood of  survival 

the  RV  cannot  accept  the  increased  preload  and 

since  restoration  of  a  normal  cardiac  output  may 

fails  (Ali  et  al. 2019). 

improve  or  reverse  the  manifestations  of  end-organ 

Clinical  risk  factors  for  RV  failure  after  LVAD 

dysfunction  and  may  reduce  the  incidence  of  peri-

implantation  include  the  etiology  of  the  heart  fail-

operative  vasoplegia.  Patients  who  present  with 

ure,  with  chemotherapy-associated  cardiomyopa-

hemodynamic  instability  can  be  bridged  with  either 

thy  having  the  highest  risk,  followed  by 

venous-arterial  extracorporeal  membrane  oxygena-

nonischemic 

then 

ischemic 

cardiomyopathy, 

tion  (VA-ECMO)  or  a  short-term  mechanical  sup-

female  sex,  preimplantation  inotropic  support, 

port  device  such  as  an  intra-aortic  balloon  pump 

LVAD  as  destination  therapy,  ventilator  support, 
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preoperative  MCS,  and  prior  coronary  artery 

failure  include  angiotensin-converting  enzyme 

bypass  or  valve  surgery  (Ali  et  al. 2019;  Oliveira 

inhibitors 

(ACE-I), 

angiotensin-2 

receptor 

et  al. 2014). Clinical  indicators  include  elevated 

blockers  (ARBs),  angiotensin  receptor-neprilysin 

blood  urea  nitrogen  (BUN),  creatinine,  prothrom-

inhibitors  (ANRI),  β-blockers,  and  diuretics. 

bin  time  (PT),  international  normalized  ratio 

Second-line  agents  include  the  mineralocorticoid 

(INR),  total  bilirubin,  white  blood  cell  count, 

receptor  antagonists,  ivabradine,  and  hydralazine 

and  lower  hemoglobin.  Hemodynamic  indicators 

with  isosorbide.  Patients  with  decompensated 

include  an  elevated  central  venous  pressure,  pul-

heart  failure  may  be  on  an  inotropic  infusion, 

monary  capillary  wedge  pressure  ratio  (CVP: 

most  commonly  milrinone,  a  phosphodiesterase-

PCWP),  right  atrial  pressure  (RAP),  and  reduced 

3  inhibitor  or  dobutamine,  a  β1  agonist  with  some 

pulmonary  artery  pulse  pressure  (Ali  et  al. 2019). 

β2  effects.  The  diuretics  may  produce  electrolyte 

More  recently,  Stricagnoli  et  al.  evaluated  clinical, 

abnormalities,  which  can  lead  to  perioperative 

echocardiographic,  and  hemodynamic  parameters 

arrhythmias,  and  the  ACE-I,  ARBs,  and  ARNIs 

to  predict  RV  failure  after  LVAD  implantation. 

have  been  reported  to  cause  profound  vasoplegia 

They  reported  that  the  most  significant  right 

while 

on 

cardiopulmonary 

bypass 

(CPB) 

heart  catheterization  value  in  predicting  RV  fail-

(Almufleh  et  al. 2018). Interventional  treatments 

ure  was  the  pulmonary  artery  pulsatility  index 

include 

coronary 

stent 

placement, 

cardiac 

(PAPi),  and  the  most  significant  transthoracic 

resynchronization  therapy  (CRT),  and  internal 

echocardiographic  (TTE)  parameter  was  the  RV 

cardiac  defibrillator  (ICD)  insertion.  Patients 

free-wall  longitudinal  strain  (fwRVLS).  The  most 

with coronary stents may be on antiplatelet agents, 

predictive  laboratory  value  was  an  elevated 

and  in  those  with  cardiac  implantable  electronic 

N-terminal 

pro-brain 

natriuretic 

peptide 

devices  (CIED),  the  model,  manufacturer,  and 

(NT-proBNP),  with  RV  free-wall  longitudinal 

type  of  device  should  be  noted,  as  well  as  pace-

strain  being  the  strongest  independent  predictor. 

maker  settings  and  dependence,  and  in  the  case  of 

They  also  found  that  patients  with  RV  failure  had 

an  ICD,  the  incidence,  frequency,  and  last  shock. 

a  30-day  survival  of  25%  compared  to  77%  of 

Surgical  treatments  include  coronary  artery 

those  without  RV  failure  (Stricagnoli  et  al. 2021). 

bypass  grafting,  valvular  repair  or  replacement, 

The  presence  of  arrhythmias  is  also  assessed 

and  the  insertion  of  VA-ECMO,  IABP,  or  short-

during  the  pre-LVAD  evaluation.  Chronic  atrial 

term  VAD.  If  the  patient  has  had  a  previous 

fibrillation  may  increase  the  risk  of  thromboem- sternotomy,  an  X-ray  or  computed  tomography 

bolic  events.  An  electrophysiologic  evaluation 

(CT)  of  the  chest  should  be  obtained  to  determine 

may  be  performed  to  determine  the  need  for 

the  retrosternal  angle  and  the  risk  of  damage  to  the 

preoperative  ablation  or  pharmacologic  treat-

heart  or  great  vessels  upon  resternotomy. 

ment  (Kirklin  et  al. 2020).  In  those  with  atrial 

The  preoperative  cardiac  evaluation  includes 

fibrillation,  left  atrial  appendage  ligation  may  be  an  electrocardiogram  to  detect  arrhythmias,  TTE, 

considered  during  LVAD  insertion.  The  inci-

left  and  right  heart  catheterization,  and  cardiopul-

dence  of  ventricular  arrhythmias  following 

monary  exercise  stress  testing. 

LVAD  implantation  is  up  to  53%  and  one  of 

The  preoperative  TTE  exam  focuses  on  ven-

the  risk  factors  is  preimplant  ventricular  tachy-

tricular  function  and  geometry,  valvular  dysfunc-

cardia. 

Since 

ventricular 

arrhythmias 

can 

tion,  and  any  intracardiac  defects  that  must  be 

precipitate  RV  dysfunction,  the  preoperative 

addressed  during  LVAD  implantation.  The  ven-

management 

of 

patients 

with 

ventricular 

tricular  exam  focuses  on  function  and  geometry, 

arrhythmias  should  include  hemodynamic  opti-

determining  LVAD  placement  suitability.  Marked 

mization,  antiarrhythmic  therapy,  and  ablation 

elevations  or  reductions  of  the  LV  ejection  frac-

(Kirklin  et  al. 2020). 

tion,  a  restrictive  filling  pattern,  and  low  LV 

Many  of  the  medications  used  in  the  treatment 

end-diastolic  diameter  are  associated  with  higher 

of  heart  failure  can  affect  anesthetic  management. 

mortality  postimplantation  (Sciaccaluga  et  al. 

First-line  medications  used  to  treat  systolic  heart 

2021). Other  parameters  associated  with  adverse
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events  are  an  elevated  left  atrial  anteroposterior 

back  into  the  LV  through  the  incompetent  valve, 

diameter  and  LV  end-diastolic  diameter  (Moon 

resulting  in  reduced  forward  flow,  inadequate 

et  al. 1997).  The  evaluation  of  the  LV  includes 

oxygen  delivery,  and  organ  hypoperfusion.  Any 

2D  and  3D  volumetric  analysis  and  strain  imag-

AI  that  is  present  can  worsen  over  time  due  to  the 

ing.  Since  RV  function  post-implant  is  a  signifi-

high  pressure  generated  by  the  LVAD,  and  any  AI 

cant  predictor  of  morbidity  and  mortality, multiple 

greater  than  mild  should  result  in  an  aortic  valve 

risk  scores  have  been  proposed  to  improve  patient 

procedure, 

either 

an 

aortic 

valve 

repair, 

selection  and  outcomes  due  to  RV  failure.  These 

bioprosthetic  valve  replacement,  or  oversewing 

scores  must  be  more  accurate  due  to  differences  in 

of  the  leaflets.  The  presence  of  a  mechanical  aortic 

scoring  systems,  parameters  used,  and  different 

valve  prosthesis  is  a  relative  contraindication  to 

cutoff  values  for  each  variable.  The  echocardio-

LVAD  placement  due  to  its  high  thrombogenicity. 

graphic  parameters  used  to  measure  RV  longitu-

It  would  be  replaced  with  a  bioprosthetic  valve 

dinal  function  preoperatively  include  the  tricuspid 

during  the  procedure. 

annular  plane  systolic  excursion  (TAPSE),  tricus-

The  presence  of  intracardiac  shunts  needs  to  be 

pid  annular  systolic  velocity  by  tissue  Doppler 

recognized  before  LVAD  implantation.  The  reduc-

(S′),  RV  fractional  area  change  (RVFAC),  3D-RV 

tion  in  LV  pressures  generated  by  the  LVAD  leads 

ejection  fraction,  RV  index  of  myocardial  perfor-

to  right-to-left  shunting  and  hypoxia.  The  most 

mance  (RIMP),  RV  free-wall  and  longitudinal 

common  intracardiac  shunt  is  a  patent  foramen 

strain,  and  RV  sphericity  index.  An  elevated 

ovale  (PFO).  PFOs  can  be  imaged  with  color 

RVEDA/LVEDA  ratio,  a  small  LV,  and  tricuspid 

Doppler  imaging  of  the  interatrial  septum  with  a 

regurgitation  (TR),  associated  with  RV  dilation 

Nyquist  limit  of  around  30  m/s.  A  PFO  can  be 

and  fluid  overload,  have  been  associated  with 

masked  in  patients  with  elevated  LAP.  Valsalva 

increased  morbidity  and  mortality  (Hulde  et  al. 

maneuvers  with  agitated  saline  will  increase  RAP 

2020).  TR  can  also  be  used  to  estimate  pulmonary 

to  unmask  a  PFO.  This  maneuver  must  be  done 

artery  systolic  pressures  and  TR  >  moderate 

cautiously  because  it  can  cause  hemodynamic 

requires  an  intraoperative  repair  to  improve  for-

instability  in  fragile  patients.  Other  important 

ward  flow.  In  recent  studies,  the  most  promising 

aspects  of  the  preoperative  evaluation  include  the 

echo  measurement  for  predicting  RV  failure  is  the 

detection  of  intracardiac  clots  and  the  evaluation  of 

free-wall  RV  longitudinal  strain,  which  correlated 

the ascending  aorta. Transesophageal echocardiog-

well  with  the  stroke  work  index  in  heart  failure 

raphy  (TEE)  and  3D  echocardiography  are  pre-

patients 

referred 

for 

transplantation. 

An 

ferred  for  assessing  PFO  and  left  atrial  appendage 

RVFAC  <35%  and  RV  global  strain  < -12.5% 

thrombi,  and  TTE  is  preferred  for  LV  thrombi.  The 

are  the  best  predictors  of  RV  failure  at  72  h  post-

ascending  aorta  is  evaluated  for  aneurysmal  dila-

LVAD  (Sciaccaluga  et  al. 2021). 

tion,  large  plaques,  or  mobile  atheroma. 

The  other  components  of  the  TTE  include  the 

Other  components  of  the  cardiac  evaluation 

detection  of  valvular  abnormalities,  septal defects, 

include  cardiac  magnetic  resonance  imaging 

LA  and  LV  thrombi,  and  evaluating  the  ascending 

(CRMI)  to  quantify  RV  function  and  morphology, 

aorta  at  the  cannula  site.  With  respect  to  valvular 

right  heart  catheterization  to  assess  filling  pres-

disease, mitral  stenosis impedes LVAD filling,  and 

sures, 

pulmonary 

vascular 

resistance, 

trans-

mitral  regurgitation  (MR)  can  be  used  to  monitor 

pulmonary  gradient,  and  cardiac  output,  left  heart 

ventricular  decompression  post-LVAD  implanta-

catheterization to  assess  for  coronary  artery  disease 

tion.  MR  usually  improves  after  LVAD  implanta-

and to rule out reversible causes of LV dysfunction, 

tion  due  to  improvements  in  cardiac  output,  LV 

maximal  oxygen  consumption  during  cardiopul-

decompression,  reduced  LV  size,  and  LV  filling 

monary  exercise  testing,  the  NYHA  functional 

pressures.  Aortic  insufficiency  (AI)  affects  LVAD 

classification,  and  the  use  of  clinical  models  such 

function  by  recirculation,  where  blood  from  the 

as  the  Seattle  Heart  Failure  Model  or  the  Heart 

device  pumped  into  the  ascending  aorta  flows 

Failure  Survival  Score  (Kirklin  et  al. 2020). 
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With  the  cardiopulmonary  exercise  test,  a  peak 

additional  risk,  an  eGFR  between  30  and  60  will 

oxygen  consumption  <14  ml/kg/min  or  <50%  of 

increase  risk,  and  an  eGFR  <30  is  considered 

predicted  (whichever  is  the  lowest)  and/or  a  ven-

high  risk  following  LVAD  implantation  (Kirklin 

tilation/carbon  dioxide  production  slope  >36  is 

et  al. 2020). Modifiable  risk  factors  such  as  dia-

associated  with  marked  impairment  of  cardiac 

betes,  hypertension,  and  the  use  of  nephrotoxic 

reserve  and  a  poor  short- to  intermediate-term 

drugs  should  be  optimized  before  surgery. The use 

prognosis  (Kirklin  et  al. 2020). 

of  diuretics  can  lead  to  electrolyte  imbalances  and 

intraoperative  arrhythmias.  Patients  with  a  history 

of  prostate  radiation  have  a  risk  of  developing 

Respiratory  Function 

postimplant  hemorrhagic  cystitis. 

During  the  airway  examination,  a  history  of  pro-

longed  intubation  or  tracheostomy  should  be 

Hepatic  Function 

elicited  to  assess  the  presence  of  subglottic  steno-

sis.  A  history  of  sleep  apnea,  especially  untreated, 

Hepatic  dysfunction  may  occur  in  patients  with 

is  a  risk  factor  for  pulmonary  hypertension  and 

significant  volume  overload  due  to  RV  failure. 

RV  failure.  Chronic  lung  disease  can  influence 

Because  hepatic  dysfunction  is  associated  with 

postoperative  recovery,  resulting  in  ventilator 

worse  outcomes  following  LVAD  placement,  pre-

dependence,  dyspnea,  impaired  functional  capac-

operative  screening  with  liver  function  tests,  ultra-

ity,  and  increased  morbidity  and  mortality  follow-

sound,  or  biopsy  may  be  required.  There  are  two 

ing  LVAD  implantation.  Pulmonary  function  tests 

subgroups  of  hepatic  dysfunction:  chronic  and 

(PFTs),  imaging  with  CT,  and  preoperative  con-

acute.  In  patients  with  chronic  liver  disease,  total 

sultation  with  a  pulmonary  medicine  specialist 

bilirubin  >3.0  g/dl,  a  chronic  model  for  end-stage 

should  be  obtained  in  patients  with  moderate  to 

liver  disease  score  >17,  or  cirrhosis  should  be 

severe  lung  disease.  A  forced  vital  capacity  (FVC) 

considered  a  contraindication  for  LVAD  implant. 

forced  expiratory  volume  in  1  s  (FEV1),  or  a 

A total bilirubin concentration between 1.0-3.0 g/dl 

diffusing  capacity  for  carbon  dioxide  (DLCO) 

is  an  increased  risk.  Hematologic  studies  include 

<50%  of  predicted  is  a  risk  factor  for  increased  coagulation  parameters  such  as  the  PT,  INR,  par-

morbidity  and  mortality  and  an  FEV < 

1 

40%, 

tial  thromboplastin  time,  and  heparin-induced 

room  air  hypercarbia,  and  idiopathic  pulmonary 

thrombocytopenia  antibodies. 

fibrosis  are  relative  contraindications  for  LVAD 

implantation  due  to  their  effects  on  RV  function 

(Kirklin  et  al. 2020). 

Neurological  Evaluation 

Patients  at  risk  or  with  a  history  of  cerebrovascular 

Renal  Function 

disease  will  require  carotid  artery  duplex  ultraso-

nography  to  rule  out  obstructive  carotid  artery  dis-

Renal  function  is  a  predictor  of  adverse  outcomes 

ease.  Imaging  of  the  ascending  aorta  and  arch  with 

after  LVAD  implantation.  During  the  evaluation, 

CT  can  be  used  to  rule  out  aortic  disease  that  may 

it  is  important  to  determine  whether  the  renal 

cause  cerebral  embolization  during  LVAD  implan-

failure  is  acute,  chronic,  or  acute  on  chronic 

tation.  Since  neurologic  complications  can  occur 

because  they  have  different  clinical  manifesta-

while  on  LVAD  therapy,  a  baseline  head  CT  scan 

tions  and  risks.  The  preoperative  renal  assessment 

may  be  performed  to  set  a  baseline,  especially  in 

includes  clinical  risk  stratification  and  creatinine 

patients with a history of stroke. In the preoperative 

measurement  to  calculate  the  estimated  basal  glo-

holding  area,  a  new  onset  of  mental  status  changes 

merular  filtration  rate  (eGFR).  The  eGFR  is  used 

is  indicative  of  poor  perfusion  and  impending  car-

for  risk  stratification for  renal  failure and mortality 

diac  failure.  These  patients  benefit  from  preopera-

post-LVAD.  An  eGFR  >60  is  not  associated  with 

tive  VA-ECMO  before  induction. 
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Gastrointestinal/Endocrine  System 

difficult.  Identification  of  thoracic  aortic  and 

peripheral  vascular  calcifications  by  CT  scan 

Since  there  are  serious  gastrointestinal  (GI)  com-

impact  cannulation  strategy,  the  use  of  CPB  or 

plications  post-LVAD,  including  arteriovenous 

ECMO,  or  the  need  for  an  off-pump  approach. 

malformation  development  and  increased  bleed-

The  presence  of  hypertension,  its  treatment,  and 

ing,  any  patient  with  a  history  of  microcytic  ane-

the pre-VAD  mean arterial  pressure  (MAP) should 

mia  or  GI  malignancy  should  have  a  screening 

be  obtained. 

colonoscopy.  Since  TEE  is  used  during  the  anes-

thetic  procedure,  the  presence  of  dysphagia  or 

severe  gastroesophageal  reflux  disease  (GERD) 

Surgical  Approach 

should  elicit  an  esophagoscopy  to  evaluate  for 

strictures.  The  presence  of  diabetes  and  thyroid 

Surgical considerations  include the  type of device, 

disease  should  be  elicited  and  optimized  before 

the  surgical  approach,  cannulation  sites,  previous 

VAD  implantation. 

sternotomy,  and  the  need  for  concomitant  cardiac 

surgery.  The  surgical  approaches  include  the  full 

median  sternotomy,  full  thoracotomy,  and  mini-

Nutrition  and  Body  Mass  Index  (BMI) 

mally  invasive  hybrid  approaches,  with  the  most 

common 

approach 

being 

the 

full 

median 

The  preoperative evaluation should include a  nutri-

sternotomy.  The  advantages  of  sternotomy  are 

tion  assessment  and  plan  to  optimize  nutritional 

that  it  is  easier  to  view  the  LVAD  cannulation 

support,  focusing  on  fragility  and  muscle  mass. 

sites,  and  it  provides  easier  access  when  concom-

Cachexia,  defined  as  a  BMI  <20  kg/m2,  or  malnu-

itant  cardiac  procedures,  such  as  thrombus 

trition,  described  as  an  albumin  level  <3  g/ml,   removal  or  valvular  repairs,  are  necessary.  The 

increases  postoperative  morbidity  and  mortality, 

limitations  of  sternotomy  include  a  large  incision 

including  prolonged  mechanical  ventilation,  infec-

with  an  increased  risk  of  postoperative  bleeding, 

tion,  and  delayed  wound  healing.  Suboptimal 

opening  of  the  pericardium  with  an  increased  risk 

nutritional  status  is  defined  as  a  BMI  <20  kg/m2 , 

of  RV  failure,  increased  risk  of  chest  instability, 

albumin  <3.2  md/dl,  prealbumin  <15  mg/dl,  total 

sternal  infections,  and  the  development  of  adhe-

cholesterol  <130  mg/dl,  lymphocyte  count  <100, 

sions  that  can  impair  reentry  during  heart  trans-

and  purified  protein  derivative  skin  test  anergy 

plantation  (Loforte  et  al. 2021). 

(Kirklin  et  al . 2020).  Obesity  also  increases  the 

In  patients  with  a  previous  sternotomy  or  to 

risk  of  postimplantation  morbidity  and  mortality, 

delay  sternotomy  until  heart  transplantation, 

and a BMI >40 kg/m2  is a relative contraindication 

sternotomy-sparing  incisions  can  reduce  the  risk 

for  continuous-flow  devices.  A  BMI  <22  kg/m2 

of  postoperative  bleeding,  infection,  and  impaired 

has  been identified as a risk for perioperative death. 

wound  healing.  These  include  left  lateral  thora-

A prealbumin level greater than 15 mg/dL has been 

cotomy  and  the  minimally  invasive  techniques 

suggested  before  VAD  implantation. 

(MIS)  of  anterolateral  left  thoracotomy  with  an 

upper  J  hemi-sternotomy  or  the  anterolateral  left 

thoracotomy  with  a  right  parasternal  thoracotomy. 

Peripheral  Vascular  Disease 

The  most  common  minimally  invasive  techniques 

are  the  anterolateral  thoracotomy  at  the  5–6th 

The  presence  of  peripheral  vascular  disease 

intercostal  space,  over  the  LV  apex  combined 

should  be  evaluated  by  examining  pulses  in  the 

with  an  upper  J-shaped  mini-sternotomy  or  a 

upper  and  lower  extremities,  with  abdominal 

right  parasternal  thoracotomy  at  the  2nd–3rd 

ultrasonography,  and  with  the  ankle-brachial 

intercostal  space  (Loforte  et  al. 2021). These 

index.  In  patients  with  prior  ECMO  support  or 

approaches  expose  the  ascending  aorta  and 

cannulation,  examination  of  the  femoral  arteries 

epiaortic  vessels  for  cannulation  for  CPB  and  the 

is  required,  and  invasive  line  placement  may  be 

LVAD  outflow  graft.  Although  the  LV  apex  and
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the  ascending  aorta  are  the  usual  inflow  and  out-

function,  pulmonary  artery  pressures  and  their 

flow  graft  sites,  depending  on  the  patient  and  response  to  vasodilators,  a  history  of  malignant 

approach,  alternative  sites  for  the  inflow  graft 

arrhythmias,  and  the  presence  of  CRT  or  an  ICD. 

include  the  LV  diaphragmatic  wall,  and  LA, 

An  ICD  needs  to  be  turned  off  either  by 

while  the  alternative  outflow  sites  include  the 

reprogramming  or  by  using  a  magnet.  If  the  pace-

descending  thoracic  aorta,  supra-celiac  abdominal 

maker  function of the device is used and  the patient 

aorta,  innominate,  or  axillary  artery  (Loforte  et  al. 

is  pacemaker  dependent,  the  device  must  be 

2021).  An  off-pump  approach  can  be  performed 

reprogrammed  because  the  magnet  only  affects 

using  pharmacologically  induced  bradycardia  and 

the  tachyarrhythmia  but  not  the  pacing  function. 

a  rapid  LV  apical  incision;  as  long  as  no  LV 

Any  cardiac  surgical  interventions  should  be  men-

thrombus  is  present,  the  patient  is  hemodynami-

tioned,  including  previous  sternotomy,  ECMO,  or 

cally  stable,  and  there  is  no  need  for  concomitant 

other  MCS.  The  remainder  of  the  preoperative 

cardiac  surgery. 

assessment  is  organ  based  and  includes  an  airway 

exam,  baseline  vital  signs,  including  MAP,  to  help 

determine  the  optimal  MAP  post-LVAD  implant, 

Hemodynamic  Optimization 

NPO  status,  and  any  change  in  lung,  kidney,  liver, 

or  neurologic  function  since  the  last  preoperative 

Patients  who  are  bridged  or  who  are  more  hemo-

evaluation.  Any  change  in  neurologic  status  repre-

dynamically  stable  allow  the  multidisciplinary 

sents  low  cardiac  output,  and  these  patients  need  to 

team  to  optimize  the  patient  before  implanting 

be  taken  to  the  operating  room  quickly  for  MCS. 

the  long-term  device. 

The  medication  list  should  be  reviewed  for  medi-

Hemodynamic  optimization  includes  the  addi-

cations  that  may  affect  the  anesthetic  management. 

tion  of  inotropic  support,  most  commonly  with  a 

The  ACE-Is,  ARBs,  and  ANRIs  can  cause  pro-

milrinone  or  dobutamine,  the  treatment  of  fluid 

found  vasoplegia;  milrinone,  dobutamine,  and 

overload  with  diuretics,  ultrafiltration,  or  dialysis, 

amiodarone  can  cause  hypotension;  diuretics  can 

and  improving  RV  function  by  treating  elevated 

cause hypokalemia, which  can lead to arrhythmias; 

pulmonary  vascular  resistance  (PVR)  with  oral, 

and  anticoagulants  and  antiplatelet  agents  can 

inhaled,  or  intravenous  pulmonary  vasodilators  if 

cause  perioperative  bleeding.  Laboratory  studies 

increased  inotropy  and  diuresis  fail  to  lower  the 

include  electrolytes,  glucose,  especially  if  the 

PVR  and  transpulmonary  gradient. 

patient  has  diabetes  mellitus,  BUN,  and  creatinine 

When  pharmacologic  therapies  fail,  mechani-

to  assess  renal  function,  liver  function  tests  to 

cal  circulatory  support  may  be  necessary  to  bridge 

assess  hepatic  function,  and  baseline  hematology 

permanent  LVAD  placement.  These  include  the 

and  coagulation  studies  to  assess  coagulation  and 

IABP, 

percutaneous 

VADs, 

such 

as 

the 

the  risk  of  perioperative  bleeding.  Persistent  hypo-

TandemHeart™  (TandemLife  Inc.,  Pittsburgh, 

natremia  may  be  a  sign  of  decompensated  heart 

Pennsylvania),  and  the  Impella™  (Abiomed  Inc. 

failure.  An  electrocardiogram  (ECG)  is  performed 

Danver  Massachusetts),  and  when  oxygenation  is 

to  look  for  arrhythmias  and  pacemaker  depen-

required,  either  the  Centrimag™  (Abbott,  North 

dence,  and  TTE  is  performed  to  assess  RV  and 

Chicago, 

Illinois) 

with 

an 

oxygenator 

or 

valvular  function.  In  patients  with  a  previous 

VA-ECMO  can  be  used. 

sternotomy,  the  risk  of  vascular  or  cardiac  injury 

during  resternotomy  should  be  assessed. 

Immediate  Preoperative  Assessment 

Monitoring  and  Induction 

When  the  patient  arrives  at  the  preoperative  hold-

ing  area,  the  cardiac  history  should  include  the 

Besides  the  standard  American  Society  of  Anes-

indication  for  the  LVAD,  the  etiology  and  extent 

thesiologists  (ASA)  monitors  of  an  ECG,  nonin-

of  the  heart  failure,  its  treatment,  the  baseline  RV 

vasive  blood  pressure  cuff,  and  pulse  oximetry, 
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preinduction  monitors  include  defibrillation  pads, 

output. Starting an inotropic agent with chronotropic 

cerebral  oximetry  using  near-infrared  spectros-

effects  is  desirable  to  counteract  the  vagal  effects  of 

copy  to  evaluate  cerebral  oxygenation  on  CPB, 

the  opioids.  These  patients  also  may  have  down-

bispectral  index  analysis  (BIS),  and  invasive  arte-

regulation  of  their  beta  receptors  and  may  require 

rial  monitoring,  to  better  evaluate  hemodynamic 

larger  doses  of  inotropic  agents.  The  anesthetic 

disturbances  that  may  occur  during  induction. 

management  should  focus  on  using  short  to 

Small  doses  of  preanesthetic  medication,  such  as 

median-acting 

anesthetics 

that 

permit 

early 

short-acting  benzodiazepines  and  opioids,  along 

extubation.  Agents  with  minimal  hemodynamic 

with  oxygen,  may  be  administered  to  assist  in  line 

effects  such  as  etomidate,  midazolam,  or  ketamine 

placement.  In  patients  on  VA-ECMO,  the  right 

may  be  used  for  induction  and  a  combination  of 

radial  artery  is  the  preferred  site  for  monitoring 

opioids,  volatile  agents,  ketamine,  and  non-

oxygenation.  If  the  patient  had  a  previous 

depolarizing  muscle  relaxants  may  be  used  for 

sternotomy,  large-bore  intravenous  (IV)  access  is 

maintenance.  Propofol  can  be  used  with  caution 

obtained.  Additional  monitoring  includes  a  right 

due  to  its  negative  inotropic  and  chronotropic 

internal  jugular  venous  introducer  with  a  pulmo-

effects.  An  opioid  sparing  technique  with  the  use 

nary  artery  catheter  with  mixed  venous  monitor-

of  ultrasound-guided  transversus  thoracic  plane 

ing  and  continuous  cardiac  output  capabilities,  as 

blocks with a unilateral left ultrasound-guided rectus 

well  as  TEE.  The  pulmonary  artery  catheter  is  the 

sheath block for the driveline has been reported with 

only  way  to  accurately  measure  the  cardiac  output 

early  extubation  and  acceptable  pain  relief  (Toscano 

after  LVAD  insertion  and  the  more  sophisticated 

et  al. 2022). The  goal  of  induction  is  to  maintain 

pulmonary  artery  catheters  allow  estimation  of 

hemodynamic  stability.  If  hemodynamic  instability 

RV  end-diastolic  and  end-systolic  volumes,  as 

during induction is anticipated, heparin, the surgeon, 

well  as  the  RV  ejection  fraction  (Hulde  et  al. 

and  the  perfusionist  should  be  immediately  avail-

2020).  The  placement  of  all  invasive  monitors 

able  and  prepared  to  perform  sternotomy,  cannula-

must  be  performed  using  sterile  technique  to  pre-

tion,  and  CPB  or  VA-ECMO  urgently. 

vent  infection. 

Patients  with  systolic  heart  failure  are  dependent 

on  their  elevated  circulating  catecholamines  to 

Pre-bypass  Management 

maintain cardiac output. Anesthetic induction blunts 

these  catecholamines  causing  hypotension  and 

The  goals  of  pre-bypass  management  are  to  main-

hemodynamic  instability,  requiring  inotropic  and 

tain  hemodynamic  stability,  maintain  anesthesia, 

vasopressor  medications.  The  low  cardiac  output 

correct  anemia  and  any  electrolyte,  glucose,  acid-

increases  circulation time,  resulting in delayed  anes-

base,  or  coagulation  abnormalities,  as  well  as  to 

thetic effects for intravenous  drugs but decreases  the 

perform a comprehensive TEE exam. These patients 

onset  time  of  inhaled  anesthetics.  RV  dysfunction 

typically  arrive  with  hypokalemia  and  may  require 

may  occur  with  increased  PVR  due  to  hypoxia, 

supplementation  with  both  potassium  and  magne-

hypercarbia,  acidosis,  reduced  systemic  venous 

sium.  Hyperglycemia  impairs  wound  healing  and 

return,  and  a  depressed  myocardium.  Positive  pres-

predisposes to infection and is treated with insulin to 

sure  ventilation  can  also  increase  RV afterload.  Pre-

maintain  glucose  below  180  mg/dl.  Arterial  blood 

induction  optimization  with  inotropic  agents  and 

gases  are  obtained  following  intubation  and 

pulmonary  vasodilators  can  improve  myocardial 

mechanical  ventilation  to  monitor  oxygen  (PaO2) 

contractility  while  reducing  PVR.  Any  preoperative 

and  carbon  dioxide  (PaCO2)  levels  to  avoid 

inotropic  infusion  should  be  continued  until  the 

increases  in  PVR  due  to  hypoxia  and  hypercarbia 

initiation  of  CPB.  If  not,  an  inotropic  infusion  with 

that  may  precipitate  RV  failure.  Intravenous  fluids 

a  catecholamine  such  as  epinephrine,  dobutamine, 

are  limited  to  prevent  RV  dysfunction  post-bypass. 

or  dopamine  can  be  started  prior  to  induction.  Since 

An  activated  clotting  time  (ACT)  and  thromboelas-

these  patients  have  a  reduced  stroke  volume,  they 

tography are performed, and any coagulation abnor-

are  dependent  on  their  heart  rate  to  maintain  cardiac 

malities  are  treated  with  vitamin  K,  fresh  frozen
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plasma,  or  the  use  of  plasma  concentrates,  bearing 

CPB  Management 

in mind that in patients undergoing LVAD as a BTT, 

the  use  of  blood  products  can  sensitize  the  patient 

After  the  pericardium  is  opened  and  purse  strings 

and  make  matching  a  donor  heart  more  difficult. 

are  sutured  into  the  aorta  and  right  atrial  append-

Prophylactic  antibiotics  are  administered  before 

age,  heparin  and  an  antifibrinolytic  are  adminis-

incision.  In  patients  without  a  sternotomy,  2  units 

tered.  The  ACT  should  be  >400  s.  Patients 

of  packed  red  blood  cells  should  be  in  the  room 

previously  exposed  to  heparin  may  require  anti-

prior  to  incision,  and  in  those  with  a  previous 

thrombin III to reverse heparin resistance. After  an 

sternotomy,  there  should  be  at  least  4  units,  and 

adequate  ACT,  cannulation  and  the  initiation  of 

the  cells  should  be  irradiated  and  leukocyte  reduced 

CPB  occur.  Unless  concomitant  cardiac  surgery, 

to  limit  sensitization. 

such  as  aortic  valve  repair  or  removal  of  an  LV 

thrombus,  is  planned,  cardioplegia  is  not  neces-

sary.  Hemofiltration  is  performed  during  CPB  if 

Pre-bypass  TEE 

the  patient  hasn’t  been  adequately  diuresed  pre-

operatively.  Suppose  the  patient  is  not  medically 

The  pre-bypass  TEE  exam  assesses  RV  function 

optimized  or  on  an  ARB,  ACE-1,  or  an  ARNI.  In 

and  diagnoses  any  previously  undetected  valvu-

that  case,  the  patient  may  develop  a  profound 

lar  or  septal  issues.  RV  function  can  be  assessed 

vasoplegia,  requiring  the  use  of  norepinephrine, 

using  the  same  measures  as  for  TTE,  which 

vasopressin,  methylene  blue,  or  cyanocobalamin 

include  the  TAPSE,  S′,  RVFAC,  RV  free-wall 

to  maintain  an  adequate  MAP  on  bypass.  The 

and  longitudinal  strain,  and  RV  sphericity 

inflow  cannula  is  inserted  into  the  LV  apex 

index.  The  tricuspid  valve  is  examined  for  regur-

1–2  cm  lateral  to  the  left  anterior  descending 

gitation,  and  any  TR  greater  than  moderate 

artery,  in  or  near  the  apical  dimple  (Kirklin  et  al. 

should  be  reported  to  the  surgeon  for  repair. 

2020). TEE  images  the  LV  apex  under  digital 

The  mitral  valve  is  assessed  for  stenosis  and 

pressure  or  needle  insertion  to  determine  the  opti-

regurgitation.  The  degree  of  MR  is  noted  when 

mal  location.  The  ideal  final  position  is  aligned 

compared  with  the  MR  post-bypass.  The  aortic 

with  the  mitral  valve  axis  and  parallel  to  the 

valve  is  examined  for  insufficiency.  Inaccurate 

interventricular  septum.  The  outflow  cannula  is 

measurement  of  AI  may  occur  in  patients  with 

anastomosed  to  the  anterolateral  mid-ascending 

low  systemic  blood  pressure  and  elevated  LV 

aorta. Then the heart  is filled, ventilation is started, 

diastolic  pressure.  This  can  be  corrected  by 

and  the  LVAD  starts  at  a  low  speed.  At  this  time, 

augmenting  the  systemic  blood  pressure  with 

the  anesthetic  management  includes  optimizing 

exogenous  catecholamines  or  evaluating  the 

RV  function  by  the  addition  of  inotropic  agents 

valve  shortly  after  CPB,  which  causes  LV 

and  inhaled  pulmonary  vasodilators  such  as  nitric 

decompression  and  increases  the  transaortic  val-

oxide  or  epoprostenol  for  patients  with  reduced 

vular  gradient.  Since  AI  increases  after  LVAD 

RV  function,  optimizing  ventilation  and  oxygen-

insertion  due  to  pressure  overload,  causing 

ation,  and  addressing  hyperglycemia,  electrolyte 

impaired  leaflet  coaptation  and  aortic  root  dila-

abnormalities,  or  hypocalcemia.  Once  these  are 

tion,  AI  greater  than  mild  should  be  reported  to 

addressed,  the  patient  is  weaned  from  CPB.  The 

the  surgeon  for  repair  or  replacement.  The 

post-bypass  TEE  assesses  cannula  position, 

interatrial  septum  is  assessed  to  detect  a  PFO.  If 

deairing,  RV  function,  and  optimal  speed.  The 

a  PFO  is  still  suspected  after  a  negative 

inflow  cannula  should  be  perpendicular  to  the 

pre-bypass  Valsalva  maneuver,  the  maneuver  is 

plane  of  the  mitral  valve  annulus,  aiming  toward 

repeated  after  the  initiation  of  CPB,  when  left-

the  P2  segment  in  both  the  mid-esophageal  and 

sided pressures are  reduced.  The remainder  of  the 

two-chamber  views.  Doppler  can  be  used  to 

exam  is  to  inspect  for  intracardiac  thrombi  and 

assess  flow  abnormalities  to  exclude  signs  of 

aortic  plaques  at  cannulation  sites. 

thrombosis  or  cannula  malposition.  Flow  should
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be  laminar  and  unidirectional  from  the  LV  to  the 

to  malposition  of  the  LV  cannula,  which  may  be 

inflow  cannula  with  variable  systolic  augmenta-

encroaching  on  the  mitral  subvalvular  apparatus. 

tion  and  velocities  <1.5  m/s.  Velocities  >1.5  m/s 

should  warrant  evaluation  of  the  cannula  site  for 

obstruction  by  thrombus  or  tissue  (Sciaccaluga 

Post-Bypass  Management 

et  al. 2021). The  outflow  cannula  can  be  visual-

ized  and  interrogated  in  the  upper  esophageal 

Post-bypass  management  includes  reversing  hep-

great  vessel  view.  Color  Doppler  interrogation  of 

arin,  treating  coagulopathy,  and  maintaining  RV 

the  outflow  cannula  flow  can  be  visualized  near 

function  and  hemodynamic  stability.  The  two 

the  level  of  the  right  main  pulmonary  artery.  The 

major  complications  post-bypass  are  RV  dysfunc-

flow  should  be  laminar  and  unidirectional  with  tion  and  coagulopathy.  The  LVAD  increases 

variable  systolic  augmentation.  The  pulse  wave 

venous  return.  In  a  patient  with  a  normal  RV,  this 

Doppler  sample  volume  should  be  positioned 

increase  in  venous  return  will  increase  cardiac 

1  cm  proximal  to  the  aortic  anastomosis.  The 

output  via  the  Starling  mechanism.  But  in  a  dys-

normal  peak  velocity  ranges  from  1  to  3  m/s 

functional  RV,  this  increase  in  preload  overloads 

with  unidirectional  and  slightly  pulsatile  flow. 

the  RV,  causing  RV  dilation,  TR,  and  a  leftward 

This  evaluation  should  involve  the  cannula  outlet 

shift  of  the  interventricular  septum,  reducing  RV 

and  the  proximal  ascending  aorta  to  assess  for 

stroke  volume,  LV  preload,  and  ultimately  LVAD 

complications,  including  cannula  kinking,  which 

flows.  Since  the  RV  depends  on  the  LV  for  a 

may  cause  intermittent  obstruction,  any  changes 

significant  proportion  of  its  contractile  function, 

in  aortic  valve  function,  and  aortic  dissection.  The 

this  leftward  septal  shift  reduces  RV  contraction 

rest  of  the  post-bypass  exam  includes  assessing 

(Ali  et  al. 2019). RV function  is further  reduced  by 

for  intracardiac  air  and  shunts,  pump  speed,  and 

anchoring  of  the  inflow  cannula  to  the  LV  apex, 

RV  function.  Intracardiac  air  can  increase  the  risk 

further  altering  the  contractile  function  of  the 

of  stroke  or  right  coronary  artery  ischemia  due  to 

heart.  This  is  counterbalanced  by  the  LVAD-

air  embolism.  The  inflow  cannula  insertion  site  is 

mediated  reduction  of  PA  pressures  due  to  a 

the  most  frequent  site  that  accumulates  air  from 

decline  in  pulmonary  capillary  wedge  pressures. 

the  thoracic  cavity  into  the  circulation.  Once  the 

Any  residual  pulmonary  hypertension  due  to 

LVAD  therapy  is  initiated,  intracardiac  shunts  can 

remodeling  is  a  risk  factor  in  acute  RV  failure 

be  unmasked.  It  is  important  to  detect  them  while 

following  LVAD  implantation,  especially  when 

weaning  from  bypass  because  they  can  cause 

there  is  perioperative  ischemia  or  volume  over-

hypoxia  and  paradoxical  embolism  later  on.  The 

load.  This  is  compounded  by  an  increase  in  PA 

pump  speed  can  be  determined  using  TEE,  which 

pressures  due  to  inadequate  ventilation  and 

is  the  speed  at  which  the  interventricular  septum  is 

hypothermia. 

midline,  where  there  is  adequate  LV  and  LA 

The  primary  goals  in  preventing  and  managing 

decompression,  and  when  the  aortic  valve  opens 

RV  dysfunction  post  LVAD  include  pulmonary 

3–4  times  a  minute.  A  rightward  shift  of  the 

vasodilation,  RV optimization,  systemic  vasocon-

interventricular  septum  suggests  inlet  cannula 

striction,  and  the  maintenance  of  sinus  rhythm. 

obstruction  or  inadequate  pump  speed,  while  a 

This  includes  optimizing  ventilation  by  pre-

leftward  shift  of  the  septum  suggests  RV  dysfunc-

venting  hypoxia,  hypercarbia,  and  acidosis  by 

tion,  significant  TR,  or  excessive  pump  speed. 

utilizing  lung-protective  ventilation  with  low 

After  LVAD  placement,  the  RV  should  be  evalu-

inspiratory  pressures  and  tidal  volumes,  reducing 

ated  for  signs  of  dysfunction,  including  increased 

pulmonary  artery  pressures  with  inhaled  NO, 

RV  dilation,  worsening  of  TR,  and  leftward 

epoprostenol,  or  milrinone,  improving  RV  con-

interventricular  septal  shift.  The  presence  of 

tractility  with  intravenous  inotropic  agents  such 

severe  MR  after  LVAD  placement  could  suggest 

as  epinephrine,  dobutamine,  milrinone,  and 

inadequate  LV  decompression,  which  may  be  due 

levosimendan,  and  norepinephrine  or  vasopressin
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to  maintain  RV  coronary  perfusion  pressure 

based 

on 

the 

point-of-care 

testing 

results. 

(Hulde  et  al. 2020). If  these  measures  fail, 

Guidelines  suggest  that  fresh  frozen  plasma 

mechanical  circulatory  support  with  VA-ECMO 

be  administered  when  the  PT  or  activated  partial 

or  a  temporary  right  ventricular  assist  device 

thromboplastin time >1.5 times the reference level, 

(RVAD)  may  be  required  until  RV  function 

cryoprecipitate  when  fibrinogen  is  <100  g/dl,  and 

recovers.  If  the  patient  is  not  adequately  oxygen-

platelets  when  the  platelet  count  <50,000  platelets 

ating  or  has  deteriorated  acutely,  VA-ECMO  is 

per  microliter  of  blood  (Kirklin  et  al. 2020). If  life-

used.  If  only  RV  support  is  required,  there  are  a 

threatening  coagulopathy  persists,  using  activated 

few  types  of  temporary  RVADs:  the  CentriMag™ 

factor  VII  or  prothrombin  complex  concentrations 

(Abiomed,  Danvers,  MA,  USA),  ProtekDuo™ 

should  be  cautiously  considered.  It  is  essential  to 

(TandemLife, 

Pittsburgh, 

PA, 

USA), 

and 

realize  that  for  every  unit  of  blood  product  admin-

TandemHeart™  (TandemLife,  Pittsburgh,  PA, 

istered,  there  is  an  increase  in  RV  failure,  potential 

USA,  and  the  Impella  RP™  Abiomed,  Danvers, 

lung  damage,  changes  in  panel  reactive  antibodies, 

MA,  USA).  These  devices  are  percutaneously 

an  increased  risk  of  infection,  and  mortality,  and  of 

placed  with  the  inflow  cannula  is  placed  in  the 

all  products  administered,  fresh  frozen  plasma  is 

inferior 

vena 

cava 

via 

the 

femoral 

vein 

associated  with  the  worst  outcomes  (Shore  et  al. 

(Centrimag,  TandemHeart,  and  Impella  RP)  or 

2020).  When  the  patient  is  hemodynamically  sta-

into  the  RA  via  the  internal  jugular  vein  (Pro-

ble,  and  the  bleeding  subsides,  the  chest  is  closed, 

tekDuo)  and  the  outflow  cannula  placed  into  the 

and  the  patient  is  brought  to  the  intensive  care  unit 

pulmonary  artery.  The  Centrimag  can  also  be 

(ICU). 

inserted  directly  into  the  RA  and  PA  via 

sternotomy,  can  provide  up  to  10  L/min  of  flow, 

can have an oxygenator attached to the  circuit,  and 

Postoperative  Care 

can  provide  support  for  up  to  30  days.  The 

TandemHeart  can  be  inserted  with  separate  inflow 

In  the  ICU,  a  patient  with  an  uncomplicated 

and  outflow  cannulas  or  with  the  ProtekDuo  cath-

course  will  be  weaned  from  mechanical  ventila-

eter.  Like  the  Centrimag,  the  TandemHeart,  with 

tion  and  extubated,  then  will  be  weaned  from 

or  without  the  ProtekDuo  catheter,  can  have  an 

inotropic 

support, 

all 

while 

starting 

anti-

oxygenator  attached  to  the  circuit,  provides  up  to 

coagulation  and  continuing  prophylactic  antibi-

4.5  L/min  of  flow,  and  can  provide  support  for  up 

otics.  The  major  complications  during  this 

to  30  days.  The  Impella  RP  provides  4.5  L/min, 

period  are  acute  RV  failure,  bleeding,  and  infec-

cannot  have  an  oxygenator  attached  to  it,  and  can 

tion.  TTE  is  the  diagnostic  modality  of  choice 

provide  support  for  up  to  14  days  (Abdelshafy 

when  there  is  hemodynamic  instability.  The  eval-

et  al. 2022). 

uation  should  assess  LV  diameters  and  volumes  at 

The  other  major  complication  is  post-bypass 

end  systole  and  end  diastole.  Excessive  reduction 

coagulopathy.  Risk  factors  include  older  age, 

of  these  diameters  and  volumes  indicates  hypo-

male  sex,  atrial  fibrillation,  preoperative  malnutri-

volemia.  RV  failure  is  a  common  complication 

tion,  anemia,  preimplant  RV  dysfunction,  hepatic 

following  LVAD  implantation.  The  RV evaluation 

or  renal  disease,  the  use  of  preoperative  anticoagu-

should  include  semiquantitative  methods  for  lon-

lants,  and  prolonged  time  on  CPB  (Shore  et  al. 

gitudinal  and  radial  function  and  quantitative 

2020). The  diagnosis  is  based  on  no  clots  in  the 

parameters  RVFAC,  TAPSE,  and  S′.  After 

surgical  field,  bleeding  around  puncture  sites,  and 

LVAD  implantation,  the  RV  contractile  pattern 

point-of-care  testing  with  ACT,  thromboelas-

changes  from  longitudinal  to  radial,  making  the 

tography,  and  coagulation  studies.  Treatment 

TAPSE  less  reliable  than  RVFAC  as  a  marker  of 

consists  of  adequate  reversal  of  heparin  with 

RV  dysfunction.  TTE  makes  the  diagnosis  as  a 

protamine, continuation of the  antifibrinolytic infu-

dilated  RV  with  worsening  TR  accompanied  by  a 

sion,  surgical  hemostasis,  and  the  administration of 

small,  decompressed  LV,  which  can  suck  down 

platelets,  cryoprecipitate,  and  fresh  frozen  plasma 

into  the  LVAD,  precipitating  arrhythmias.  RV
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failure  is  treated  with  pharmacologic  support,  a 

The  indications  for  biventricular  support  include 

reduction  in  rotor  speed,  and,  if  unsuccessful, 

severe  biventricular  dysfunction  on  echocardiog-

VA-ECMO  or  a  temporary  RVAD. 

raphy,  physical  signs  of  RV  failure,  and  a  central 

Although  postoperative  bleeding  is  a  common 

venous  pressure  >16  mmHg  despite  maximal 

complication,  patients  are  started  on  anti-

medical 

therapy. 

The 

main 

methods 

for 

coagulation  (typically  warfarin)  and  antiplatelet 

biventricular  support  are  VA-ECMO,  a  temporary 

therapy  to  prevent  thrombotic  complications, 

RVAD  with  a durable  LVAD,  or  a  more  permanent 

with  the  goal  of  an  INR  between  2  and  3.  The 

BiVAD  as  a  bridge  to  transplant.  These  include 

risk 

of 

intrathoracic 

bleeding 

requiring 

the  pulsatile  paracorporeal  pumps,  such  as  the 

reoperation  occurs  in  up  to  30%  of  patients.  Plate-

Berlin®  EXCOR  (Berlin  Heart  GmbH;  Berlin, 

let  aggregation  may  become  impaired  due  to  an 

Germany)  for  pediatric  patients,  the  use  of  two 

acquired  von  Willebrand  factor  (vWF)  deficiency 

continuous-flow  pumps,  such  as  the  HeartMate 

due  to  the  shearing  of  the  large  vWF  molecule. 

III™  (Abbott,  Abbott  Park,  Illinois,  USA),  and 

Postoperative  bleeding  is  managed  with  fluid 

the  total  artificial  heart.  Currently  the  use  of  two 

resuscitation,  DDAVP,  blood  products,  and  sur-

continuous-flow  pumps  is  not  Food  and  Drug 

gery  when  necessary.  Bleeding  is  the  most  com-

Administration  (FDA)  approved  but  is  utilized  as 

mon  complication  after  LVAD  implantation  and  it 

an  off-label  use.  The  Syncardia  TAH  (SynCardia 

accounts  for  up  to  10%  of  post-LVAD  mortality. 

Systems,  Inc.,  Tucson,  AZ)  is  the  only  commer-

Another  uncommon  complication  in  the  imme-

cially  available  TAH  in  the  USA  that  the  FDA  has 

diate  postoperative  period  is  infection  at  the  inci-

approved.  The  TAH  is  a  pneumatically  driven 

sion  site,  drivelines,  invasive  lines,  and  due  to 

pulsatile  device  used  to  replace  the  native  ventri-

mechanical  ventilation.  Prophylactic  antibiotics, 

cles  as  well  as  all  four  valves  (Chung  et  al. 2020). 

strict  handwashing,  and  sterile  techniques  can 

The  TAH  consists  of  two  independent  artificial 

reduce  infections.  Other  postoperative  therapies 

ventricles  and  is  available  in  a  70  cc,  with  a 

include  optimizing  nutrition  and  initiating  physi-

maximum  stroke  volume  of  70  ml  and  capable 

cal  therapy  to  allow  for  wound  healing  and  reduce 

of  generating  a  cardiac  output  of  9.5  L/m  and  a 

the  incidence  of  infections. 

50  cc,  with  a  maximum  stroke  volume  of  50  ml 

that  can  generate  a  flow  rate  of  up  to  7.5  L/min. 

The  direction  of  blood  flow  is  controlled  by  tilting 

Biventricular  Assist  Devices  (BiVAD) 

discs.  Indications  for  the  TAH  include  patients 

with  end-stage  restrictive  or  infiltrative  cardiomy-

In  the  majority  of  patients  with  heart  failure,  peri-

opathies,  irreversible  biventricular  failure,  allograft 

operative  RV  dysfunction  can  be  managed  phar-

failure,  and  refractory  ventricular  tachycardia. 

macologically  or  with  temporary  RVAD  support. 

RV  failure  can  be  primary  due  to  malignant 

arrhythmias  and  infarction  or  secondary  due  to 

Noncardiac  Surgery 

LV  or  pulmonary  etiologies.  The  hemodynamic 

definition  of  biventricular  failure  includes  a  car-

Approximately  18–29%  of  patients  with  LVADs 

diac  index  <2.0  L/min/m2 ,  right  atrial  and  pulmo-

present  for  both  elective  and  emergent  noncardiac 

nary  capillary  wedge  pressures  >16  mm  Hg,  a 

surgery.  The  most  common  indications  are  bleed-

central  venous  to  pulmonary  capillary  wedge 

ing,  driveline  and  sternal  wound  infections,  and 

pressure  ratio  >0.63,  and  a  low  RV  stroke  work 

gastrointestinal  issues  (Puri  et  al. 2019). The  ideal 

index  (Kirklin  et  al. 2020).  Etiologies  of 

management  of  these  patients  is  with  a  multi-

biventricular  failure  include  severe  ventricular 

disciplinary  approach  in  centers  familiar  with  the 

arrhythmias  that  fail  medical  and  electrophysio-

care  of  LVAD  patients,  where  a  cardiothoracic  sur-

logic  interventions,  restrictive  and  infiltrative  car-

geon  is  immediately  available  for  consultation,  and 

diomyopathies,  congenital  heart  disease,  ischemic 

the noncardiac surgeon has experience operating on 

cardiomyopathy,  and  a  failing  heart  transplant. 

these  patients.  A  cardiac  anesthesiologist  should  be
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involved  when  the  patient  requires  preoperative 

patients  with  nonischemic  cardiomyopathies. 

inotropic  treatment,  has  major  comorbidities,  or 

The  direct  effects  on  RV  function  are  due  to  a 

when  the  surgery  is  associated  with  significant 

reduction  of  LV  size  and  pressure,  which  distorts 

hemodynamic  changes.  A  noncardiac  anesthesiol-

RV  geometry,  causing  septal  bowing  that  can 

ogist  can  provide  anesthesia  to  stable  LVAD 

cause  RV  outflow  tract  obstruction  and  septal 

patients,  and  a  cardiac  anesthesiologist  is  available 

ischemia  from  higher  LVAD  speeds.  This  reduces 

for  consultation. 

the  septal  contribution  to  RV  contraction,  reduc-

ing  RV  stroke  volume  while  increasing  TR  and 

RV  work.  Besides  the  contribution  from  the 

Preoperative  Assessment 

LVAD,  RV  failure  can  be  due  to  the  continued 

progression  of  intrinsic  RV  dysfunction  from  car-

When  a  patient  arrives  to  the  preoperative  holding 

diac  disease,  TR,  pulmonary  hypertension,  and 

area  for  noncardiac  surgery,  preoperative  assess-

recurrent  ventricular  arrhythmias.  RV  failure  is 

ment  should  include  the  indication  for  and 

treated  with  diuresis  and  inotropic  support. 

urgency  of  the  surgery,  the  cardiac  assessment, 

The  most  common  complication  is  bleeding. 

including  late  complications  of  LVAD  therapy, 

The 

differential 

includes 

pre-existing 

anti-

and  the  extent  of  end-organ  damage. 

coagulation,  acquired  von  Willebrand  factor 

The  cardiac  assessment  should  include  an  indi-

(vWF)  deficiency,  anemia,  platelet  dysfunction 

cation,  the  type,  and  LVAD-specific  issues.  These 

due  to  the  shear  stress  of  the  LVAD  rotor,  and 

include  the  patient’s  baseline  monitor  settings  and 

telangiectasis  in  the  nasopharynx  due  to  non-

typical  MAP,  the  battery  life,  the  power  source, 

pulsatile  flow,  brain,  and  GI  tract.  Excessive 

and  if  there  is  an  engineer,  perfusionist,  or  nurse  to 

bleeding  presents  as  easy  bruising  in  the  skin, 

monitor  the  device.  The  LVAD  system  control 

mucosal  membranes,  epistaxis,  and  as  GI  bleed-

history  should  be  interrogated  before  surgery  to 

ing,  which  is the  most  common reason  for  hospital 

assess  LVAD  function.  The  baseline  cardiac  func-

readmissions. 

tion  should  be  assessed  with  a  recent  TTE  to 

Neurologic  complications  are  the  leading 

evaluate  RV  and  valvular  function,  focusing  on 

cause  of  long-term  mortality  in  LVAD  patients. 

new-onset  or  increasing  AI,  TR,  and  MR,  which 

Cerebral  vascular  accidents  (CVA)  occur  with  a 

can  signal  worsening  cardiac  function.  New  RV 

higher  frequency  in  the  right  hemisphere  and  are 

dysfunction  will  present  as  new-onset  exercise 

due  to  partial  inflow/outflow  graft  obstruction, 

intolerance.  Most  of  the  patients  have  a  pace-

deformation  of  the  pump  blood  pathway,  and 

maker  and/or  ICD  and  it  is  important  to  determine 

inadequate  anticoagulation.  CVA  risk  factors 

the  type,  manufacturer,  if  they  are  pacemaker 

include  postoperative  infection,  prior  CVA,  and  a 

dependent,  and  the  number,  frequency,  and  last 

MAP  >90  mmHg.  These  patients  are  prone  to 

ICD  shock.  These  patients  will  be  anticoagulated 

developing  ventricular  arrhythmias.  The  inci-

with  warfarin  and  antiplatelet  agents  or  bridged 

dence  ranges  from  22–59%  and  occurs  in 

with  heparin,  so  coagulation  studies  need  to  be 

patients  with  and  without  a  prior  history,  but 

conducted,  and  any  coagulation  issues  should  be 

those  with  a  previous  history  of  ventricular 

addressed. 

arrhythmias  are  at  increased  risk.  Ventricular 

The  major  late  complications  of  LVAD  therapy 

arrhythmias  can  be  tolerated  for  a  few  hours  but 

are  RV  dysfunction,  bleeding,  neurologic  events, 

can  precipitate  RV  failure.  The  etiology  for  these 

arrhythmias,  aortic  insufficiency,  infection,  and 

arrhythmias  includes  suction  events,  QT  prolon-

thrombosis.  Late  RV  failure  is  seen  in  up  to  11% 

gation  due  to  remodeling,  myocardial  scarring, 

of LVAD  patients,  and  it is due to both indirect  and 

and  inflow  cannula  obstruction.  The  treatment 

direct  consequences  of  LVAD  therapy.  The  LVAD 

consists  of  antiarrhythmic  agents,  cardioversion, 

does  not  support  the  RV,  and  while  RV afterload  is 

and  ablation. 

reduced,  RV  preload  is  increased,  unmasking  pre-

New-onset  AI  can  be  seen  in  up  to  25%  of 

existing  RV  dysfunction,  especially  in  those 

patients  with  a  continuous-flow  device.  The

28

The Anesthetic Management of Patients on Mechanical Circulatory Support

463

elevated  aortic  to  LV  pressure  gradient  keeps  the 

to  decrease  the  risk  of  platelet  activation  and  aggre-

aortic  valve  closed,  causing  the  leaflets  to  fuse  and 

gation.  Warfarin  should  be  withheld  before  surgery, 

the  aorta  to  dilate.  AI  will  cause  blood 

and  the  patient  should  be  bridged  with  heparin. 

recirculation  into  the  device,  reducing  forward 

Studies that  should be  reviewed  include  hemat-

flow.  Aortic  valve  opening  reduces  the  risk  of  ocrit  to  calibrate  the  LVAD,  electrolytes  to  evalu-

thrombus  formation  and  degeneration  over  time. 

ate  for  hypokalemia  and  hyponatremia,  and 

Thrombotic  events  are  catastrophic  and  are  the 

BUN/creatinine  to  evaluate  renal  function,  glu-

most  common  reason  for  pump  replacement.  If 

cose,  platelet,  and  coagulation  studies.  An  ECG 

pump  thrombosis  is  suspected,  the  monitor  will 

should  be  obtained  to  assess  LVAD  function  and 

show  an  elevated  power  with  higher  pump  flows. 

arrhythmias,  and  a  TTE  should  be  obtained  to 

Diagnosis  involves  elevated  serum  lactate  dehy-

evaluate  RV  function,  the  interventricular  septal 

drogenase  >2.5  times  the  upper  normal  limit, 

position,  and  the  degree  of  aortic  valve  opening. 

plasma-free  hemoglobin  >40  mg/dl,  elevated 

ECG  best  assesses  the  heart  rate  and  rhythm. 

bilirubin,  reduced  hematocrit,  and  increased 

There  will  be  a  hum  during  auscultation.  The  hum 

BUN  levels.  Treatment  is  with  anticoagulants, 

has  a  medium-intensity  pitch  with  a  baseline  cre-

antithrombotic  agents,  and  pump  replacement 

scendo  decrescendo  sound  of  approximately  2– 

(Kirklin  et  al. 2020). 

3  cycles.  In  HeartMate  3,  this  sound  is  interrupted 

The  rest  of  the  preoperative  evaluation  is  system 

by  a  higher  amplitude  sound  generated  by  the 

based.  It  includes  the  pulmonary  exam  determining 

artificial  pulse  cycle.  Since  pulse  pressure  is 

the  presence  of  new-onset  pulmonary  edema  or 

reduced  in  LVAD  patients,  the  standard  noninva-

other  heart  failure  symptoms,  chronic  obstructive 

sive  monitors  may  not  work,  and  blood  pressure  is 

pulmonary  disease  or  pulmonary  hypertension, 

estimated  manually  with  Doppler  and  a  sphygmo-

which  can  affect  RV  function,  and  any  change  in 

manometer.  If  there  is  a  pulse,  the  first  Korotkoff 

oxygen  requirement  or  exercise  tolerance.  There 

sound  is  the  systolic  pressure.  If  there  is  no  pulse, 

should  be  a  baseline  neurologic  exam,  especially 

the  first  Korotkoff  sound  is  the  mean  arterial  pres-

in  patients  with  a  previous  CVA;  any  change  in 

sure.  According  to  the  ISHLT  guidelines,  the  goal 

mental  status  may  be  a  sign  of  low  cardiac  output. 

MAP  is  ≤80  mmHg,  but  a  MAP  between  70  and 

The  renal  evaluation  should  ascertain  the  presence 

90  mmHg  is  acceptable. 

of  chronic  renal  insufficiency,  including  dialysis, 

which  can  alter  the  excretion  of  drugs  or  electrolyte 

abnormalities from diuretics. The hepatic evaluation 

Anesthetic  Management 

should  focus  on  any  congestive  hepatopathy  from 

RV  dysfunction,  which  can  produce  a  coagulopathy 

The  majority  of  procedures  are  performed  using 

and  alter  the  metabolisms  of  drugs.  The  presence  of 

general  anesthesia  or  sedation  due  to  anti-

diabetes,  hypothyroidism,  GERD,  or  GI  bleeding, 

coagulation,  but  ultrasound-guided  peripheral 

as  well  as  NPO  status,  should  also  be  included.  The 

regional  blocks  are  considered  relatively  safe  as 

medical  management  of  these  patients  should  be 

long  as  the  American  Society  of  Regional  Anes-

reviewed.  This  includes  their  medication  for  heart 

thesia  guidelines  are  followed.  The  extent  of  inva-

failure,  including  ACE-I,  ARB,  ANII,  beta-

sive  monitoring  is  dependent  on  the  surgical 

blockers,  aldosterone  antagonists,  diuretics,  and 

procedure  and  the  extent  of  RV  dysfunction. 

other  medications,  including  inotropic  agents,  anti-

arrhythmics,  antihypertensive  agents,  statins,  anti-

glycemic agents, and anticoagulants. LVAD patients 

Monitoring 

require  antithrombotic  therapy  to  reduce  the  risk  of 

thrombosis,  thromboembolic  stroke,  and  peripheral 

ASA  standard  monitors  and  defibrillator  pads  are 

thromboembolism.  Warfarin  is  the  anticoagulant  of 

placed  for  all  procedures  if  the  patient  has  an  ICD. 

choice,  and  an  INR  <2  increases  the  risk  of  throm-

The  pads  should  not  be  over  any  CIED  or  the 

botic  events.  Aspirin  (75–325  mg)  is  administered 

driveline.  The  pulse  oximeter  or  noninvasive
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blood  pressure  cuff  will  only  function  with  a  pulse 

added.  With  RV  dysfunction,  it  is  important  to 

pressure  >10  mmHg.  Arterial  monitoring  is  used 

avoid  hypoxia,  hypercarbia,  and  acidosis  during 

if  the  noninvasive  blood  pressure  cuff  does  not 

induction  because  these  will  increase  PVR  and 

function.  The  arterial  catheter  should  be  placed 

can  precipitate  RV  failure.  The  induction  should 

under  sterile  conditions,  and  ultrasound  may  be 

include  anesthetic  agents  with  minimal  hemody-

required  to  locate  the  artery.  If  the  surgery  is  exten-

namic  effects,  such  as  ketamine,  etomidate,  or 

sive  or  there  is  moderate  to  severe  RV  dysfunction, 

midazolam  to  prevent  hypotension.  Care  must  be 

a  central  venous  catheter  may  be  placed  for  inotro-

exercised  when  instrumenting  the  airway  and 

pic  support.  If  the  cardiac  output  is  necessary,  a 

nasopharynx  to  prevent  bleeding  from  mucosal 

pulmonary  artery  catheter  is  necessary.  TEE  is 

telangiectasias. 

helpful  in  unstable  patients  to  evaluate  intravascu-

lar  status,  cannula  position,  aortic  valve  opening, 

and  the  position  of  the  interventricular  septum. 

Optimizing  Pump  Settings 

The  most  common  LVAD  implanted  currently 

is  the  HeartMate  3,  a  continuous-flow  centrifugal 

The  goal  for  LVAD  therapy  is  to  determine  the 

pump.  The  advantage  of  this  device  is  that  it  has  a 

optimal  speed  that  unloads  the  LV  but  facilitates 

reduced  incidence  of  thrombosis  because  of  a 

periodic  LV  ejection,  approximately  3–4  times  a 

significantly  larger  blood  flow  path  and  better 

minute.  The  intermittent  ejection  through  the  aor-

flow  dynamics,  which  results  in  reduced  blood  tic  valve  reduces  the  risk  of  fusion  of  the  aortic 

stasis,  hemolysis,  and  platelet  activation.  The 

valve  leaflets,  aortic  insufficiency,  and  thrombus 

impeller  in  the  HeartMate  3  is  magnetically  levi-

formation  in  the  aortic  root  and  coronary  arteries 

tated  to  generate  blood  flow  ranging  from  2.5  to 

(Puri  et  al. 2019). The  assessment  of  continuous-

10  L  min-1 .  The  impeller  is  suspended  by  mag-

flow  LVADs  begins  with  evaluating  the  four  basic 

netic  levitation  and  hydrodynamic  suspension, 

VAD  parameters:  flow,  speed,  power,  and 

preventing  contact  between  the  impeller  and  the 

pulsatilty  index.  LVAD  flow  depends  on  the  inter-

pump  housing  and  minimizing  blood  stasis. 

action  between  the  device  and  the  native  heart  and 

Another  mechanism  to  reduce  blood  stasis  and 

is  determined  by  the  speed  of  the  pump,  the  pre-

thrombus  formation  is  an  artificial  pulse  every 

load,  or  pressure  and  volume  of  the  blood  at  the 

2  s,  caused  by  periodic  variations  in  impeller 

pump  inlet,  and  the  afterload,  or  pressure  at  the 

speed  (Puri  et  al. 2019). 

pump  outlet  (Tchoukina  et  al. 2018). Rotor  speed, 

the  only  adjustable  parameter  (in  rotations  per 

minute),  regulates  forward  VAD  flow  and  is 

Induction 

directly  proportional  to  pump  flow.  The  pressure 

difference  between  the  pump  inlet  and  outlet  is 

The anesthetic  goals  for these  patients  are  to  main-

known  as  ΔP,  andΔP  is  inversely  proportional  to 

tain  LVAD  forward  flow  and  to  provide  adequate 

VAD  flow.  AsΔP  increases,  as  with  high  MAP  or 

tissue  perfusion.  Intraoperative  hemodynamic 

low  LV  preload,  the  VAD  flow  will  decrease  and 

goals  include  maintaining  preload,  filling  the 

when  ΔP  decreases,  as  with  low  MAP  and  higher 

pump, afterloading, maintaining  RV coronary per-

LV  preload,  the  VAD  flow  will  increase.  Inade-

fusion,  and  optimizing  RV  function,  including 

quate  rotor  speed  can  result  in  low,  absent,  or 

heart  rate  and  rhythm.  If  the  RV  function  is  pre-

retrograde  flow.  The  power  consumption,  mea-

served,  a  standard  induction  can  be  performed 

sured  in  Watts,  directly  measures  the  current  and 

with  the  addition  of  a  vasoconstrictor,  if  neces-

voltage  applied  to  the  motor.  The  flow  in  liters  per 

sary,  to  avoid  decreases  in  afterload.  If  the  RV  is 

minute  is  calculated  from  the  pump  speed  and 

dysfunctional,  inotropic  agents,  such  as  epineph-

power  consumption.  Because  flow  is  calculated 

rine  and  milrinone,  and  pulmonary  vasodilators, 

from  power  consumption,  these  parameters 

such  as  nitric  oxide  and  epoprostenol,  should  be 

increase  and  decrease  together.  Since  the  total
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cardiac  output  is  determined  by  both  the  LVAD 

into  the  inlet  cannula,  resulting  in  reduced  LVAD 

flows  and  the  native  left  ventricular  function,  the  flow  and  arrhythmias.  This  septal  shift  may  distort 

flow  measured  by  the  LVAD  is  only  an  estimate  of  the  geometry  of  the  RV,  increasing  RV  compli-

cardiac  output  that  should  be  used  as  a  trend 

ance  but  decreasing  RV  contractility.  Moderate  to 

instead  of  an  absolute  measurement.  The  actual 

severe  TR  may  result  from  displacement  of  the 

cardiac  output  may  vary  by  15–20%  at  flows  of 

papillary  muscles.  Signs  of  a  suction  event 

4–6  L/min.  Estimates  of  flow  are  not  validated  at 

include  refractory  hypotension,  low  pump  flow, 

extremely  high  or  low  pump  power,  and  at 

and  low  PI.  TEE  is  helpful  in  the  diagnosis  of  suck 

extremes  of  power,  the  monitor  will  report  flow 

down,  and  the  treatment  is  to  lower  the  speed  and 

as  (---)  or  (+++).  The  pulsatility  index  (PI)  is  a 

restore  LVAD  preload. 

unitless  parameter  calculated  as  the  beat-to-beat 

Decreased  LVAD  flow  can  be  seen  with  low 

amplitude  between  the  maximal  and  minimal 

speeds  or  conditions  that  decrease  LV  preload  or 

flows  averaged  over  10–15  s  and  then  divided  by  increase  afterload.  If  the  low  flow  is  associated 

the  average  flow.  A  larger  peak  instantaneous 

with  high  pulsatility,  causes  include  hypertension, 

systolic  flow  compared  to  the  diastolic  flow  is 

low  LVAD  speed,  or  partial  outflow  cannula 

seen  when  there  is  an  increased  contribution  of 

obstruction.  Causes  for  decreased  LVAD  flow 

the  LV  to  cardiac  output,  which  will  result  in  an 

associated  with  a  reduced  PI  include  partial  inflow 

elevated  PI.  Reduced  contractility  or  higher 

Causes  for  decreased  LVAD  flow  associated  with  a 

LVAD  speeds  decrease  the  PI.  A  suction  event  is 

reduced  PI  include  partial  inflow  cannula  obstruc-

a transient obstruction of the inflow cannula by the 

tion  and  low  preload  to  the  LVAD  caused  by  hypo-

LV,  typically  caused  by  low  preload  or  excessive 

volemia,  cardiac  tamponade,  and  right  ventricular 

speed.  Excessive  rotor  speed  can  lead  to  high 

failure.  Causes  for  increased  LVAD  flow  with  an 

negative  pressure  in  the  LV,  causing  an  overly 

elevated  pulsatility  index  include  hypovolemia  or 

decompressed  LV  with  a  leftward  septal  shift.  In 

left  ventricular  recovery  (Fig. 1).  In  HeartMate 

extreme  cases,  the  ventricular  wall  can  be  sucked 

3,  the  flow  should  be  between  4  and  6  L/min,  the

Decreased Flow                                                                         Increased Flow 

High PI            

Low PI

High PI                              Low PI 

HTN                         Partial inflow          Low VAD          Improved contractility       Vasodilation 

Low speed                 obstruction              Preload               Hypovolemia                            AI 

Partial outflow          Pump thrombosis                                                                           High speed obstruction                              

Hypovolemia 

Tamponade 

RV failure 

Fig.  1  Diagnosis  of  LVAD  flow  states 
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PI  between  3.5  and  5.5,  the  power  between  3  and 

prevent  RVoverload, if necessary. To prevent suck-

4  W,  and  the  speed  between  5  and  6000  rpm. 

down,  the  LVAD  speed  is  lowered  until  preload  is 

restored.  The  respiratory  rate  should  be  set  to 

achieve  normocarbia  without  increasing  intratho-

Maintenance  of  Anesthesia 

racic  pressures  by  avoiding  any  physiologic  insults 

that  could  impair  RV  function.  Excessive  tidal 

The  goals  of  intraoperative  maintenance  are  to 

volumes  and  positive  end-expiratory  pressure 

ensure  adequate  depth  of  anesthesia  and  analgesia 

(PEEP)  should  be  avoided. 

while  avoiding  hypovolemia,  increasing  afterl-

Continuous-flow  LVADs  are  afterload  sensi-

oad,  and  optimizing  RV  function. 

tive,  and  any  acute  increase  in  afterload  reduces 

The  patient’s  position  during  surgical  proce-

forward  flow.  Abrupt  increases  in  afterload  can 

dures 

can 

affect 

LVAD 

function. 

The 

occur  during  laryngoscopy;  surgical  stimulation, 

Trendelenburg  position  will  increase  preload  and 

severe  pain,  and  extubation  are  not  well  toler-

pulsatility,  while  reverse  Trendelenburg  reduces 

ated.  Maintaining  adequate  anesthetic  depth  will 

both  preload  and  pulsatility,  leading  to  hypoten-

avoid  these  increases  in  afterload.  Bispectral 

sion.  The  prone  position  can  potentially  displace 

index  monitoring  may  be  useful  to  determine 

or 

compress 

the 

LVAD 

inflow 

cannula. 

the  depth  of  anesthesia  since  these  patients  do 

Pneumoperitoneum  reduces  LVAD  output  by 

not  display  the  typical  response  of  tachycardia 

two  mechanisms:  reducing  venous  return  and  pro-

and  hypertension  when  there  is  pain  or  light 

ducing  hypercarbia  and  increased  ventilatory 

anesthesia  (Puri  et  al. 2019).  MAP  should  be 

pressures,  increasing  pulmonary  vascular  resis-

used  to  monitor  systemic  perfusion  pressures. 

tance  (PVR),  and  impairing  RV  function.  The 

The  MAP  should  be  high  enough  to  perfuse  the 

hypovolemia  and  increased  PVR  encountered 

RV,  but  MAP  >90  mmHg  is  associated  with 

during  thoracoscopy  with  one  lung  ventilation 

reduced  LVAD  flows,  pump  stasis,  and  stroke. 

can  also  precipitate  acute  RV  failure.  Strict  asepsis 

Capnography  has  been  used  as  a  surrogate  mon-

must  be  maintained  for  all  invasive  procedures, 

itor  of  cardiac  output  during  minor  procedures. 

along  with  antibiotic  prophylaxis,  and  when  elec-

TEE  is  useful  for  procedures  where  significant 

trocautery  is  required,  bipolar  cautery  is  preferred. 

hemodynamic  changes  are  anticipated  and  for 

The stroke volume and cardiac output generated 

moderate- to  high-risk  procedures.  TEE  can 

by  an  LVAD  depend  on  RV  filling.  Systemic  vaso-

assist  in  diagnosing  hypovolemia,  pump  mal-

dilatation  can  cause  excessive  LV  unloading,  pre-

function,  and  RV  failure.  It  can  guide  fluid  man-

cipitating  RV  dysfunction,  which  limits  LVAD 

agement,  optimum  pump  speed,  and  the  response 

preload.  LVAD  preload  is  influenced  by  systemic 

to  inotropic  agents  and  pulmonary  vasodilators 

venous  return,  RV  function,  and  pulmonary  vascu-

in  patients  with  RV  failure. 

lar tone. Intraoperative reductions in preload can be 

Cardiac  arrest  is  difficult  to  diagnose  in  LVAD 

caused by bleeding, anesthetic agent-induced vaso-

patients  because  these  patients  may  be  pulseless. 

dilation,  and  positive  pressure  ventilation.  Baseline 

The  treatment  for  cardiac  arrest  should  be  focused 

RV  dysfunction  in  these  patients  is  common.  It  can 

on  pharmacology  and  defibrillation.  Chest  com-

be  aggravated  by  an  increase  in  RV  preload  and 

pressions  can  be  performed  with  less  force 

pulmonary  vascular  resistance  due  to  hypoxia, 

because  compressions  aim  to  fill  the  LVAD  with-

hypercarbia,  hypothermia,  high  pulmonary  pres-

out  dislodging  the  cannulas. 

sures,  acidosis,  and  light  anesthesia.  RV  dysfunc-

Once  the  procedure  is  concluded,  the  emer-

tion  is  treated  with  careful  volume  loading, 

gence  and  extubation  should  not  increase  MAP. 

adjustment  of  ventilator  settings,  and  pharmaco-

Analgesia  should  be  tailored  to  reduce  pain  but 

logic  therapy,  including  pulmonary  vasodilators, 

not  cause  hypercarbia  or  hypoxia,  which  can 

inodilator  support  with  milrinone  or  dobutamine, 

reduce  RV  function.  If  the  patient’s  CIED  has 

vasopressor  support  with  either  norepinephrine  or 

been  shut  off,  it  should  be  reprogrammed  to  its 

vasopressin to prevent RV ischemia, and diuresis to 

original  settings,  and  warfarin  and  antiplatelet
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therapy  must  be  resumed  when  the  risk  of  surgical 

commonly  used  gas  because  of  its  low  density, 

bleeding  is  acceptable.  Where  the  patient  recovers 

allowing  for  rapid  inflation/deflation,  metabolic 

after  surgery  depends  on  the  surgery  and  the  RV 

inactivity,  and  rapid  dissolution  in  blood,  reducing 

function.  Most  patients  can  be  sent  to  a  monitored 

the  risk  of  embolus,  a  leak  or  rupture.  The  console 

floor,  but  those  who  require  invasive  monitoring  consists  of  a  gas  source,  a  valve  unit,  a  pneumatic 

require  the  intensive  care  unit  (ICU). 

system  to  deliver  and  retrieve  gas,  a  control  unit  for 

timing  and  triggering  of  inflation/deflation,  and 

operator  control  of  the  augmentation  ratio,  which 

Intra-Aortic  Balloon  Pump 

ranges  from  1:1–1:4  (Fig. 2).  The  balloon  is  trig-

gered  and  timed  by  ECG  or  arterial  blood  pressure 

The  intra-aortic  balloon  pump  (IABP)  is  the  most 

and  the  consoles  have  alarms  to  detect  circuit  leaks, 

common  type  of  MCS  for  patients  with  myocar-

blood  in  the  gas  line,  and  loss  of  gas  in  the  outer 

dial 

ischemia 

and 

cardiogenic 

shock. 

By 

sheath  (González  and  Chaney  2020a). Optimal 

augmenting  diastolic  blood  pressure  to  increase 

inflation  occurs  immediately  after  aortic  valve  clo-

coronary  perfusion  and  by  reducing  systolic  after-

sure, and optimal deflation occurs immediately after 

load  to  reduce  myocardial  oxygen  demand, 

AVopening.  The  most  common triggering  source is 

counterpulsation  improves  myocardial  oxygen 

the  ECG,  where inflation  is  triggered  during  the  T-P 

balance  in  patients  with  myocardial  ischemia  and 

interval,  and  deflation  is  triggered  during  the  R-T 

heart  failure.  Hemodynamic  benefits  of  the  IABP 

interval.  In  atrial  fibrillation,  the  computer  analyzes 

include  reduced  LV  afterload,  LV  end-diastolic 

the  QRS  complex  to  time  deflation with  an  R  wave. 

pressure,  and  myocardial  oxygen  consumption 

In  patients  who  are  100%  ventricularly  paced,  the 

(González  and  Chaney  2020a). 

pacer  triggering  mode  determines  augmentation 

The  IABP  is  percutaneously  implanted,  most 

based  on  pacing  spikes.  With  pressure  triggering, 

commonly in the femoral  artery under fluoroscopic, 

the aortic arterial waveform triggers inflation during 

radiographic,  or  echocardiographic  guidance.  To 

the  dicrotic  notch  and  deflation  during  the  systolic 

reduce  deconditioning,  the  IABP  can  be  safely 

upstroke.  Internal  triggering  is  an  asynchronous 

inserted  via  the  axillary,  subclavian,  or  brachial 

mode  used  when  no  blood  flow  occurs  during  car-

artery  to  maintain  ambulation  (Naqvi  et  al. 2018). 

diac  arrest  or  on  CPB  (Webb  et  al. 2014).  With 

The  IABP  consists  of  a  double-lumen  catheter  with 

optimal  timing,  the  blood  pressure  waveform 

a balloon at  the distal  end, ranging from 25 to 50 cc, 

reveals  an  augmented  diastolic  blood  pressure  that 

and  a  console  to  inflate  and  deflate  the  balloon  with 

is higher than the unassisted systolic blood pressure, 

helium.  The  optimal  position  of  the  balloon  in  the 

reductions  in  both  the  assisted  end-diastolic  blood 

descending  thoracic  aorta  is  1–2  cm  below  the 

pressure and assisted systolic blood pressure, and an 

subclavian  artery  (Papaioannou  and  Stefanadis 

assisted  systolic  blood  pressure  that  is  less  than 

2005).  The  balloon  inflates  at  the  start  of  diastole 

unassisted  systolic  blood  pressure  (Fig. 3).  The 

and  deflates  at  the  start  of  systole.  When  fully 

hemodynamic  changes  with  IABP  include  inflation 

expanded,  the  balloon  should  not  exceed  90%  of 

during  diastole,  increased  central  aortic  mean  dia-

the  aortic  diameter  to  prevent  trauma  to  the  aortic 

stolic pressure (30–70%), improved coronary blood 

wall  (Weber  and  Janicki  1974). Diastolic  augmen-

flow,  and  lowered  central  aortic  end-diastolic  pres-

tation  is  maximized  when  the  balloon  volume 

sure.  The  deflation  during  systole  decreases  left 

equals  the  stroke  volume  (SV),  and  the  balloon  is 

ventricular  afterload  (5–15%),  improves  stroke  vol-

closer  to  the  aortic  valve.  Augmentation  is  reduced 

ume  (up  to  20%),  and  reduces  myocardial  work/ 

by  increased  aortic  compliance,  decreased  systemic 

oxygen  consumption  (Papaioannou  and  Stefanadis 

vascular  resistance,  tachycardia,  or  extremes  of 

2005;  Baldetti  et  al. 2021).  The  goal  of  diastolic 

stroke  volumes  (Krishna  and  Zacharowski  2009). 

augmentation  is  to  increase  coronary  perfusion 

The  balloon  is  mounted  on  a  catheter  that  allows 

pressure  with  balloon  inflation to  decrease  afterload 

monitoring  of  arterial  blood  pressure  and  gas  trans-

and  improve  LV ejection  during  deflation.  A  list  of 

fer  (Limbert  and  Amiri  2019).  Helium  is  the  most 

physiologic  benefits  is  in  Table  5. 

[image: Image 114]
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Fig.  2  Intra-aortic  balloon  pump  from  Bajan  (2020) 

Fig.  3  Normal  intra-aortic 

balloon  pump  tracing. 

Errors  during  intra-aortic 

balloon  counterpulsation 

(Myat  et  al. 2012)
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Table  5  Physiologic  changes  during  IABP  therapy 

MI  decreased  following  findings  from  several  tri-

Balloon  inflation

Balloon  deflation 

als  (Ahmad  et  al. 2015). Other  indications  for 

Increased  diastolic  blood 

Decreased  systolic  blood 

insertion  include  acute  decompensation  heart  fail-

pressure 

pressure 

ure  (ADHF)  with  hypoperfusion  to  treat  the 

Increased  mean  arterial 

Decreased  left  ventricular 

mechanical  complications  of  MI,  including  papil-

blood  pressure 

end-diastolic  volume 

lary  muscle  rupture  or  ischemic  ventricular  septal 

Decreased  systolic  blood 

Decreased  left  ventricular 

defects  (VSD),  as  prophylaxis  for  high-risk  per-

pressure 

wall  tension 

cutaneous  or  surgical  intervention,  low  cardiac 

Decreased  left  ventricular 

Decreased  afterload 

end-diastolic  pressure 

output  syndrome  following  cardiac  surgery  and 

Increased  coronary 

Decreased  myocardial 

weaning  from  cardiopulmonary  bypass,  and  as  a 

perfusion  pressure 

oxygen  demand 

bridge  to  definitive  treatment  in  patients  with 

Increased  coronary  blood 

Decreased  left  ventricular 

intractable  angina  or  myocardial  ischemia,  and 

flow 

end-systolic  volume 

intractable  ventricular  arrhythmias  (González 

Increased  myocardial 

Shorter  isovolumic 

and  Chaney  2020a; Papaioannou  and  Stefanadis 

oxygen  supply 

contraction  time 

2005; Baldetti  et  al. 2021). 

Increased  stroke  volume 

Contraindications  to  IABP  include  moderate  to 

Increased  left  ventricular 

ejection  fraction 

severe  AI,  aortic  dissection  or  aneurysm,  prior 

Increased  left  ventricular 

aortic  stents/reconstruction,  peripheral  vascular 

compliance 

disease 

(PVD), 

tachyarrhythmias, 

sepsis, 

uncontrolled  bleeding,  contraindications  to  anti-

It  is  important  to  recognize  normal  compared 

coagulation, 

and 

severe 

thrombocytopenia 

to  abnormal  IABP  tracings.  With  early  balloon 

(Ahmad  et  al. 2015). Complications  following 

inflation,  increased  aortic  pressure  before  the  aor-

IABP  include  vascular  injury,  with  increased  risk 

tic  valve  closes  increases afterload and  impairs  LV 

with  large  catheters,  prolonged  support,  PVD, 

ejection,  reducing  cardiac  output  and  increasing 

diabetes,  female  gender,  advanced  age,  smoking, 

myocardial  oxygen  demand.  Late  balloon  infla-

incorrect  balloon  sizing,  positioning,  and/or 

tion,  occurring  after  the  dicrotic  notch,  decreases 

timing,  causing  limb  or  organ  ischemia,  vascular 

the effectiveness  of diastolic  augmentation,  reduc-

injury,  infection,  bleeding,  and/or  reduced  hemo-

ing  coronary  perfusion.  Early  balloon  deflation 

dynamic  benefit,  and  following  removal,  bleed-

before  aortic  valve  opening  allows  the  aortic  pres-

ing,  thrombosis,  pseudoaneurysm,  aneurysm, 

sure  time  to  equalize.  This  allows  the  aortic 

dissection,  compartment  syndrome,  and  limb 

end-diastolic  pressure  to  revert  to  its  unassisted 

ischemia  (González  and  Chaney  2020a). 

level,  reducing  the  effectiveness  of  diastolic  aug-

Although  hemodynamics  are  improved  with 

mentation  and  preventing  the  reduction  in  LV 

IABP  use,  studies  are  mixed  on  a  survival  benefit 

isovolumic  contraction  and  myocardial  oxygen 

due  to  an  inability  to  recruit  cross-over  therapy  in 

demand.  Late  balloon  deflation,  occurring  after 

the  most  critically  ill  patients  and  lack  of  therapy 

aortic  valve  opening,  increases  end-diastolic  pres-

standardization  (González  and  Chaney  2020a). 

sure  and  afterload  during  early  ejection,  leading  to 

The  hemodynamic  and  clinical  benefits  of  IABP 

increased  stroke  volume  at  the  cost  of  increased 

depend  on the  underlying  etiology  of  heart  disease 

stroke  work.  This  increases  myocardial  oxygen 

and  the  patient’s  hemodynamics.  The  SHOCK  II 

demand  and  offsets  the  benefit  of  diastolic  aug-

trial  compared  IABP  to  controls  in  600  patients 

mentation  (Fig. 4).  Anticoagulation  is  done  with 

with  cardiogenic  shock  with  planned  revasculari-

heparin  or  to  decrease  the  risk  of  heparin-induced 

zation.  IABP  use  did  not  reduce  long-term  out-

thrombocytopenia  or  antithrombin  III  deficiency; 

comes,  including  all-cause  mortality,  stroke,  or 

direct  thrombin  inhibitors  are  administered. 

recurrent  revascularization  (Thiele  et  al. 2019), 

Indications  for  IABP  therapy  include  cardio-

which  was  consistent  with  other  studies  that 

genic  shock  (CS)  secondary  to  myocardial  infarc-

found  no  differences  in  early  outcomes  (Pro-

tion  (MI);  however,  the  use  of  IABP  for  CS  after 

ndzinsky  et  al. 2012).  This  was  further  supported

[image: Image 116]
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Fig. 4  Errors  during  intra-aortic  balloon  counterpulsation  (a)  Late  inflation,  (b)  early  inflation,  (c)  late  deflation,  (d)  early deflation  (Myat  et  al. 2012) 

by  a  meta-analysis  of  12  randomized  control  trials 

function (Ntalianis et al. 2015). There is also a subset 

(Ahmad  et  al. 2015). Similarly,  a  randomized 

of  acute  HF  patients  that  respond  better  with  IABP 

controlled  trial  of  IABP  before  cardiac  surgery  in 

based  on  the  hemodynamic  changes  with  counter-

high-risk  patients  failed  to  show  a  mortality  benefit 

pulsation  (i.e.,  best  responder)  and  include  those 

(Rocha  Ferreira  et  al. 2018).  There  is  a  paucity  of 

with  cardiac  power  output  index  ≥0.33  W/m2 ,  con-

data  examining  IABP  for  ADHF;  however,  the 

gestion  (with  PCWP  >28  mmHg),  a  higher  SVR, 

Altshock-2  trial  randomizes  patients  with  ADHF 

and  heart  rate  <92  beats  per  minute  (Baldetti  et  a l. 

with  cardiogenic  shock  to  IABP  or  vasoactive  ther-

2021)  (Fig. 5). 

apy  (Morici  et  al. 2021). This  trial’s  findings  will 

Guidelines  from  the  AHA  recommend  IABP 

guide  the  utility  of  IABP  for  ADHF.  There  are 

insertion  in  patients  with  ST-elevation  MI 

promising  results  from  observational  studies  that 

(STEMI),  in  patients  in  cardiogenic  shock 

showed  hemodynamic  improvement  with  IABP  in 

unresponsive  to  pharmacologic  therapy,  for  stabi-

the  setting  of  advanced  heart  failure  (HF)  (Fried 

lization  before  surgical  treatment  for  mechanical 

et  al. 2017).  Ntalianis  and  colleagues  found  that 

complications  such  as  post-MI  VSD  or  MR,  and 

prolonged  IABP  therapy  was  associated  with 

for  non-ST  elevation  MI  (NSTEMI)  in  the  setting 

RV  remodeling  and  improvements  in  end-organ 

of  cardiogenic  shock.  The  European  guidelines

[image: Image 117]
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Fig.  5  Hemodynamic  variables  to  identify  the  best  responder  patient  phenotype  for  intra-aortic  balloon  pump  (IABP)  in hypoperfused  acute  decompensated  heart  failure  (ADHF).  (From  Baldetti  et  al. 2021) 

only  recommend  therapy  during  NSTEMI  with 

CABG,  and  was  associated  with  reduced  ICU 

hemodynamic  instability  due  to  mechanical  com-

and  hospital  length  of  stay,  postoperative  dialy-

plications  (González  and  Chaney  2020a). 

sis,  and  mortality  (González  and  Chaney  2020b). 

Current  evidence  suggests  the  use  of  IABP 

Concerning  the  timing  of  placement,  preopera-

may  reduce  mortality  in  patients  at  risk  for  myo-

tive  IABP  placement  has  the  best  outcomes  com-

cardial  ischemia  in  the  perioperative  and  peri-

pared  to  intraoperative  and  postoperative  rescue 

procedural  setting,  particularly  for  coronary 

insertion. 


artery  bypass  grafting  (CABG)  (Theologou  et  al. 

The  guidelines  for  the  use  of  IAPB  in  non-

2011;  Hillis  et  al. 2011).  However,  as  with  the 

cardiac  and  interventional  cardiology  procedures 

cardiology  literature,  the  studies  were  marred  by 

suggest  that  IABP  use  may  be  considered  when 

multiple  factors  (González  and  Chaney  2020b).  A 

urgent  or  emergent  noncardiac  surgery  is  required 

large  retrospective  study  in  CABG  patients  found 

in  the  setting  of  acute  severe  cardiac  dysfunction 

no  survival  benefit  in  preoperative  IABP  place-

that  cannot  be  corrected  before  surgery,  in  criti-

ment,  but  in  one  analysis  of  this  study,  there  was  a 

cally  ill  patients  with  peripartum  cardiomyopathy, 

similar  mortality  rate  in  the  IABP  and  the  control 

or  in  electively  in  patients  undergoing  high-risk 

groups  despite  an  increased  risk  in  the  IABP 

percutaneous  coronary  interventions  (PCI)  with 

group  (lower  LVEF,  higher  rate  of  acute  MI  and 

severely  depressed  LVEF,  unprotected  left  main 

heart  failure),  suggesting  a  clinical  benefit 

disease,  or  ongoing  ischemia  (González  and 

(González  and  Chaney  2020b;  Gunnar  et  al. 

Chaney  2020b). The  advantages  of  using  IABP 

1990;  Holman  et  al. 2000). Two  randomized  stud-

as  a bridge to  advanced  therapies  such  as  LVAD  or 

ies  in  high-risk  patients  found  that  preoperative 

cardiac  transplantation  in  patients  with  end-stage 

IABP  improved  cardiac  performance,  shortened 

heart  failure  include  shorter  duration  of  mechani-

ICU  stay,  and  reduced  in-hospital  mortality 

cal  ventilation  and  ICU  stay  after  LVAD  insertion 

(González  and  Chaney  2020b; Oberhoffer  et  al. 

(Sintek  et  al. 2015).  Other  case  series  have 

2006);  Marra  et  al. 2002), suggesting  that  certain 

established  that  prolonged  IABP  therapy  as  a 

high-risk  patients  may  benefit  from  preoperative 

bridge  to  the  procedure  does  not  increase  bleeding 

IABP  before  CABG.  Two  other  studies  suggest 

complications,  blood  transfusion,  significant  vas-

that  preoperative  IABP  therapy  during  off-pump 

cular  complications,  or  thromboembolic  events 

CABG  decreases  conversion  rates  to  open 

(González  and  Chaney  2020b).  In  cardiac
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transplant  patients,  the  use  of  IABP  can  provide 

Types  of  ECMO  and  Circuit  Design 

hemodynamic  stabilization  in  select  patients  that 

avoid  escalation  to  more  invasive  devices,  such  as 

Two  broad  groups  of  ECMO  support  exist  based 

an  LVAD,  without  affecting  posttransplant  sur-

on  patient  requirements.  The  two  most  commonly 

vival  (Gjesdal  et  al. 2009;  Castleberry  et  al. 

used  types  are  veno-venous  (VV)  ECMO,  primar-

2016).  This  prevents  all  of  the  complications 

ily  intended  to  support  respiratory  failure,  and 

with  LVAD  therapy,  including  the  use  of  blood 

veno-arterial  (VA)  ECMO,  which  provides  circu-

products  causing  alloimmunization,  sternotomy, 

latory  support  for  right  or  left  ventricular  failure 

CPB,  and  prolonged  mechanical  ventilation. 

and  respiratory  support.  Hybrid-type  circuits, 

Concerning  the  anesthetic  management  of 

including  V-A-V  ECMO,  have  rarely  been  uti-

these  patients,  minimal  sedation  is  required  for 

lized  to  add  additional  venous  drainage  in  situa-

IABP  insertion  via  the  femoral  approach,  but  gen-

tions  with  differential  hypoxia  or  watershed  areas 

eral  anesthesia  may  be  required  when  the  subcla-

(Choi  et  al. 2014). This  is  called  “North-South” 

vian  or  axillary  vessels  are  used.  There  are  no 

syndrome,  and  it  occurs  when  there  is  an  area  of 

special  anesthetic  concerns  in  a  patient  with  a 

watershed  within  the  aorta  where  the  blood  oxy-

balloon  pump  except  to  monitor  the  waveform 

genated  by  ECMO  from  the  femoral  artery  meets 

and  correct  any  problems  that  may  occur  with 

the  low  oxygenated  blood  from  the  impaired 

the  timing  of  the  balloon  and  its  effect  on  cardiac 

lungs  during  peripheral  VA-ECMO.  Another 

output. 

hybrid  type  of  ECMO,  called  venous-pulmonary 

artery  (VPa)  ECMO,  allows  support  of  the  LV  in 

patients  with  RV  failure  through  a  venous  cannula 

Extracorporeal  Membrane 

that  is  inserted  into  the  pulmonary  artery  via  the 

Oxygenation 

right  internal  jugular,  left  subclavian,  or  femoral 

veins.  This  circuit  provides  oxygenation  and  car-

Extracorporeal  membrane  oxygenation  (ECMO) 

bon  dioxide  removal  while  resting  the  RV 

techniques  have  advanced  rapidly  in  scope  and 

(Brasseur  et  al. 2018). 

utilization  due  to  an  expansion  of  indications. 

The  anesthesiologist  must  thoroughly  under-

The  Extracorporeal  Life  Support  Organization 

stand  the  implications  of  circuit  design  and  utili-

(ELSO)  demonstrates  that  the  use  of  ECMO  for 

zation  in  caring  for  patients  undergoing  ECMO. 

cardiac  indications  has  rapidly  increased  by 

Various  cannulation  strategies  are  necessary  to  be 

1180%  over  the  past  15  years  (Guglin  et  al. 

employed,  and  some  of  them  are  implemented  on 

2019).  The  recent  coronavirus  pandemic  has 

an  urgent basis, which  has  significant  implications 

accelerated  the  expansion  of  ECMO  into  small 

for  management.  In  general,  VV  ECMO  for  respi-

medical  centers  where  ECMO  was  not  previously 

ratory  support  utilizes  venous  access  for  both 

accessible  (Extracorporeal  Life  Support  Organi-

influent  and  effluent  circuit  flow  into  the  right 

zation  2022).  The  anesthesiology  team  may  be 

atrium,  and  therefore  the  gas  exchange  happens 

involved  in  all  stages  of  ECMO  therapy,  from 

before  infusing  oxygenated  blood  into  the  pulmo-

cannula  placement  to  caring  for  these  patients 

nary  system.  The  most  commonly  used  access  for 

for  definitive  procedures  and  decannulation.  Con-

VV  ECMO  is  either  through  a  dual-stage  inflow-

temporary  anesthesiologists  must  be  familiar  with 

outflow  (Avalon® )  cannula  in  the  internal  jugular 

advancements  in  ECMO  techniques  and  the 

vein,  femoral  venous  drainage  with  internal  jugu-

implications  for  perioperative  patient  manage-

lar  venous  return,  or  femoral  vein  to  the  femoral 

ment.  A  thorough  understanding  of  physiology, 

vein.  V-V  ECMO  provides  pump  flows  equal  to 

circuit  design,  pharmacokinetics,  and  pharmaco-

approximately  66%  of  the  patient’s  cardiac  output 

dynamics  of  commonly  used  medications  during 

and  can  achieve  a  saturation  of  >90%  (Locker 

the  perioperative  period  is  required  to  appropri-

et  al. 2003).  It  is  common  for  patients  on  V-V 

ately  care  for  this  relatively  high-risk  patient 

ECMO  to  have  partial  pressure  of  oxygen  in  the 

population. 

range  of  55–90  mmHg.  In  most  clinical  situations, 
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weaning  and  suspension  of  VV  ECMO  can  be 

by  having  the  inflow  cannula  in  one  of  the  great 

achieved  without  veno-arterial  shunting  as  long 

veins  and  an  outflow  cannula  into  the  pulmonary 

as  there  is  improvement  in  native  lung  function. 

artery  and  aorta  with  an  additional  cannula  in  the 

VA  ECMO  provides  hemodynamic  support  in 

pulmonary  vein  to  unload  left  ventricle.  LV 

the  setting  of  heart  failure.  The  cannula  strategy 

unloading  can  be  achieved  in  other  ways  by 

depends  on  the  nature  of  heart  failure  and  has 

directly  placing  a  drainage  cannula  into  the  LV 

significant  influences  in  perioperative  manage-

or  using  an  IABP  or  an  Impella™. 

ment  and  monitoring.  Central  VA  ECMO  cannu-

lation  generally  happens  in  cardiac  surgery  when 

the  chest  is  opened.  The  inflow  cannula  is  placed 

Indications  and  Contraindications 

in  the  vena  cava,  and  the  outflow  cannula  is  into 

for  ECMO 

the  ascending  aorta  to  ensure  oxygenated  ante-

grade  blood  flow  within  the  arterial  tree  (Bardia 

ECMO  is  indicated  for  potentially  reversible,  life-

and  Schonberger  2018).  Peripheral  VA  ECMO, 

threatening  forms  of  respiratory  and/or  cardiac 

commonly  employed  either  in  the  cardiac  cathe-

failure  that  are  unresponsive  to  conventional  ther-

terization  laboratory,  ICU,  or  the  operating  room, 

apy  and  applied  at  the  discretion  of  the  managing 

requires  an  inflow  cannula  from  either  the  femoral 

intensivist  or  cardiac  surgeon.  Indications  for 

or  internal  jugular  veins  and  an  outflow  cannula 

ECMO  are  listed  in  Table  6, and  contraindications 

into  the  femoral  artery.  This  provides  retrograde 

for  ECMO  are  listed  in  Table  7. 

oxygenated  blood  into  the  distal  part  of  the  aorta 

(Rao  et  al. 2018)  (Fig. 6). To  provide  sufficient 

flow  distal  to  the  femoral  cannula,  a  smaller-bore  Preoperative  Assessment 

“reperfusion  catheter”  is  often  inserted  to  prevent 

the  distal  limb  ischemia  that  can  occur  in  12–22% 

Anesthesiologists  encounter  patients  undergoing 

of  patients  on  peripheral  VA-ECMO  (Cheng  et  al. 

ECMO  at  various  stages  of  their  therapy.  The 

2014). 

In 

clinical 

situations 

with 

severe 

majority  of  these  patients  are  in  acute  distress 

biventricular  failure  along  with  poor  respiratory 

and  are  receiving  maximal  ventilatory  and/or 

function, a hybrid type of ECMO has been utilized 

hemodynamic 

support. 

Patients 

will 

be

Fig.  6  Central  and  peripheral  VA  ECMO  cannulation 

VA-ECMO 

(sport 

configuration) 

through 

axillary 

strategies.  (a)  Peripheral  VA-ECMO  (femoro-femoral  con-

approach.  (Reproduced  from  Rao  et  al. 2018) 

figuration).  (b)  Central  VA-ECMO.  (c)  Peripheral 
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Table  6  Indications  for  ECMO 

Role  of  Echocardiography  in  Patient 

Respiratory  failure

Circulatory  failure 

Selection 

ALI/ARDS 

Post  cardiac  arrest 

Aspiration 

Massive  pulmonary  embolus 

A comprehensive TEE or TTE is important to help 

Pneumonia 

Poisoning  and  drug  overdose 

guide  therapy  in  critically  ill  patients  who  may 

Refractory  COPD 

Post-cardiac  surgery 

benefit  from  ECMO  while  on  maximum  resusci-

Post-lung  transplant 

Bridge  to  transplant 

Lung  contusion 

Post-heart  transplant 

tation.  Echocardiography  is  helpful  to  identify 

Cardiogenic  shock 

reversible  causes  of  respiratory  and  hemodynamic 

Severe  hypothermia 

compromise,  to  determine  alternative  resuscita-

tive  maneuvers  that  may  be  undertaken  before 

Table  7  Contraindications  to  ECMO 

ECMO  cannulation,  and  to  improve  outcomes 

following  ECMO.  Common  findings  observed  in 

Absolute

Relative 

the  ECMO  population  include  tamponade,  acute 

Severe  irreversible 

Age  >65 

neurological  condition 

Multiple  trauma  with 

severe  mitral  or  aortic  insufficiency,  severe  pul-

Encephalopathy 

uncontrolled  hemorrhage 

monary  hypertension,  intracardiac  shunts,  and/or 

Cirrhosis  with  ascites 

Multiorgan  failure 

severe  right  or  left  ventricular  dysfunction.  Echo-

History  of  variceal 

Only  for  VA-ECMO-

cardiography  may  also  provide  information 

bleeding 

severe  peripheral  vascular 

Moderate-severe  chronic 

disorders 

regarding  aortic  dissection,  which  is  one  of  the 

lung  disease 

Only  for  VV-ECMO-high 

potential  contraindications  to  VA-ECMO.  Over-

Terminal  malignancy 

Fio2  for  more  than  1  week 

all,  echocardiography  allows  prompt  assessment 

Only  for 

with  poor  chance  of 

of  cardiac  function  to  guide  the  decision  to  use 

VA-ECMO-aortic 

recovery 

dissection 

VV  versus  VA-ECMO  therapy  or  a  hybrid 

Severe  aortic 

approach  in  certain  rare  situations  (Platts  et  al. 

regurgitation 

2012). 

Only  for  VV-ECMO-

severe  LV  failure  with  EF 

<25%  and  refractory 

cardiac  arrest 

Intraoperative  Management 

Anesthetic  Techniques 

categorized  as  either  ASA  IV  or  V  due  to  pre-

existing  comorbidities  or  new  onset  of  pulmonary 

There  is  limited  data  comparing  the  type  of  anes-

or  cardiac  failure.  There  will  be  limited  opportu-

thesia  and  outcomes  following  ECMO.  The 

nity  to  optimize  medical  conditions  before  initiat-

majority  of  the  patients  arrive  from  intensive 

ing  ECMO.  Before  anesthetizing  these  patients,  it 

care  unit  with  intravenous  anesthetics  in  place. 

is  important  to  determine  the  etiology  of  the  respi-

In  general,  total  intravenous  anesthesia  (TIVA)  is 

ratory  and/or  cardiac  disease. 

the  preferred  technique  considering  the  significant 

The  patient  may  present  with  hemodynamic 

imbalances  in  gas  exchange  present  in  patients 

instability,  an  acute  change  in  respiratory  status, 

with  severe  respiratory  distress.  Careful  titration 

and  potential  bleeding  or  thrombosis.  In  patients 

of  anesthetics  with  anesthetic  depth  monitoring  is 

with  severe  respiratory  distress  who  require  max-

recommended. 

imum  ventilatory  settings,  ventilators  with  spe-

cialized  settings,  as  well  as  inhaled  pulmonary 

vasodilators  like  nitric  oxide  or  epoprostenol, 

Hemodynamic  Monitoring 

may  be  required  to  support  the  patient  during 

cannulation.  Patients  with  hemodynamic  instabil-

Invasive  MAP  should  be  monitored  during  ECMO 

ity  may  require  high  doses  of  inotropic  and  vaso-

irrespective  of  the  type,  and  the  recommendation 

pressor  agents  to  maintain  hemodynamic  stability 

is  to  maintain  MAP  >65  mmHg  to  ensure 

until  cannulation. 

adequate  tissue  perfusion  (Tanaka  et  al. 2019). 
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Hypotension  may  be  corrected  by  increasing 

thorough  understanding  of  circuit  design  will  help 

ECMO  flows  and/or  administering  volume 

the  anesthesia  provider  interpret  blood  gases 

and  vasopressors.  Irrespective  of  the  ECMO  sup-

appropriately.  More  challenges  will  be  encoun-

port  level,  some  pulsatility  is  expected.  LV  stag-

tered  with  VA-ECMO,  especially  with  peripheral 

nation  causes  a  lack  of  pulsatility,  leading  to 

VA-ECMO,  where  oxygenated  blood  flow  from 

LV  distension,  thrombosis,  and  delayed  recovery 

the  ECMO  circuit  is  returned  retrograde  via  the 

of  LV  function.  Severe  hypovolemia,  mechani-

femoral  arterial  cannula  up  through  the  arterial 

cal  obstruction,  right  heart  failure,  and  severe 

tree,  where  it  mixes  with  blood  from  the  native 

arrhythmias 

can 

also 

decrease 

pulsatility 

cardiopulmonary  circuit.  If  the  heart  failure  is 

(Chung  et  al. 2014). ECMO’s  increased  volume 

severe  or  the  native  lung  function  is  adequate, 

of  distribution  leads  to  drug  sequestration, 

there  will  be  no  physiologic  consequences.  If  the 

thereby  larger  doses  of  pharmacologic  support 

heart  failure  resolves,  but  native  lung  function  is 

may  be  required  to  achieve  the  desired  drug 

poor,  there  is  increased  blood  flow  through  the 

effect  (Cheng  et  al. 2018). 

aortic  root  with  poor  oxygenation.  This  phenom-

Central  venous  pressure  (CVP)  can  be  used  as  a 

enon  is  called  North-South  or  Harlequin  syn-

trend  monitor  as  ECMO  flow.  Increased  CVP  may 

drome.  It  occurs  when  poorly  oxygenated  blood 

be  due  to  a  mechanical  obstructive  process  such  as 

ejected 

from 

the 

heart 

mixes 

with 

well-

tamponade,  tension  pneumothorax,  or  abdominal 

oxygenated  blood  from  the  femoral  arterial 

compartment  syndrome.  Pulmonary  artery  catheters 

ECMO  cannula,  resulting  in  unequal  and  poten-

(PACs)  can  be  difficult  to  place  once  ECMO  has 

tially  harmful  hypoxia  in  the  proximal  arterial 

been  initiated  and  may  not  be  a  valuable  monitor, 

tree.  It  is  essential  to  know  where  to  monitor 

mainly  due  to  limited  blood  flow  through  the  lungs 

oxygen  saturation  and  where  to  draw  a  sample 

with  VA-ECMO.  Since  the  PAC’s  mixed  venous 

for  blood  gas  analysis,  and  it  is  always 

oxygen saturation (SvO2) will probably not be accu-

recommended  that  it  occurs  from  the  right  radial 

rate,  serum  lactate  should  be  used  to  assess  anaero-

or  brachial  artery  (Rao  et  al. 2018)  (Fig. 7). One  of 

bic  metabolic  states (Ramakrishna et al. 2016). 

the  potential  complications  with  North-South  syn-

Arterial  pressure  waveform  analysis  (APWA) 

drome  is  the  delivery  of  poorly  oxygenated  blood 

devices,  such  as  Vigileo/FloTrac  systems  (Edwards 

to  both  the  cerebral  and  coronary  systems  (Nasr 

Lifesciences,  Irvine,  CA,  USA),  provide  real-time 

and  Rabinstein  2015). It  is  ideal  to  monitor  cere-

cardiac  output  measurements  by  deriving  stroke 

bral  oximetry  to  ensure  adequate  oxygenation  to 

volumes  from  the  arterial  pressure  curve.  These 

the  brain  (Maldonado  et  al. 2014). 

devices  are  validated  during  perioperative  settings 

despite  working  without  external  calibration.  These 

devices  become  unreliable  when  major  hemody-

Adequate  Level  of  Oxygenation 

namic  or  vasomotor  tone  changes  exist.  ECMO, 

in  ECMO 

especially  VA-ECMO  patients,  often  experience 

large  changes  in  arterial  resistance  and  can  present 

The  level  of  oxygenation  depends  on  the  type  of 

little  to  no  pulsatility.  Therefore,  these  devices  are 

ECMO  support.  In  VV-ECMO, the  typical  ratio  of 

unsuitable  except  during  weaning  when  ECMO 

infusion  to  deoxygenated  blood  is  approximately 

flows  are  low  and  the  patient  regains  pulsatility.  3:1,  and  generally,  the  blood  gas  analysis  will 

Overall,  these  devices  play  limited  role  in  hemody-

demonstrate  approximately  a  PO2  of  40  mmHg, 

namic  monitoring  in  ECMO  (Slagt  et  al. 2014). 

PCO2  of  41  mmHg,  and  saturation  of  80%.  There-

fore,  a  minimum  saturation  of  80%  supports  sys-

temic  oxygen  delivery  as  long  as  the  cardiac 

North-South  Syndrome 

function  is  adequate  and  the  hematocrit  is 

>40%.  In  VA-ECMO,  a  typical  ratio  of  infusion 

One  of  the  essential  things  to  monitor  is  arterial 

to  native  blood  is  8:1  due  to  the  mixing  of  blood  in 

blood  gases  and  gas  exchange  while  on  ECMO.  A 

the  aorta.  In  the  patient  with  normal  lung  function, 

[image: Image 119]

476

T. A. Gelzinis et al. 

Fig.  7  North-South 

(Harlequin)  syndrome:  A 

Right radial artery 

pressure waveform 

complication  of  peripheral 

VA-ECMO  where  there  is 

differential  hypoxia  caused 

by  cardiac  recovery  in  a 

patient  with  pulmonary 

dysfunction.  The  lower  half 

of  the  body  receives 

Carotid artery 

oxygenated  blood  from  the 

VA-ECMO,  while  the  upper 

half  received  poorly 

oxygenated  blood  from  the 

dysfunctional  lungs. 

(Reproduced from Rao et al. 

Deoxgenated 

2018) 

Blood from LV 

Watershed area 

LV 

distal to aortic

arch 

Oxgenated Blood 

ECMO 

from ECMO

blood  gas  analysis  will  demonstrate  approxi-

setting  since  the  majority  of  patients  continue  to 

mately  a  PO2  of  200  mmHg,  PCO2  of  40  mmHg, 

be  deeply  sedated  and  may  require  muscle  relax-

saturation  of  100%,  and  poor  lung  function  PaO2 

ation  for  extended  periods,  especially  with 

will  be  around  100  mmHg  (Extracorporeal  Life 

VA-ECMO.  Differential  hypoxia  in  peripheral 

Support  Organization  2022). 

VA  ECMO  can  be  detected  much  earlier  with 

cerebral  oximetry,  and  instituting  central  aortic 

cannulation  improves  cerebral  saturation. 

Cerebral  Oximetry 

A  high  percentage  of  ECMO  patients,  especially 

Role  of  Echocardiography 

those  with  VA  ECMO,  suffer  neurological  com-

for  Cannulation 

plications  ranging  from  seizure,  intracranial  hem-

orrhage,  ischemic  stroke,  and  encephalopathy 

TEE  and  TTE  can  guide  central  versus  peripheral 

(Guttendorf  et  al. 2014). Various  monitoring 

arterial  and  venous  cannula  placement  in  addition 

methods  for  neurological  complications  include 

to  preoperative  patient  selection  by  excluding  cer-

electroencephalogram,  transcranial  Doppler,  and 

tain  conditions  such  as  aortic  dissection.  With 

cerebral  oximetry.  Among  these  methods,  cere-

improvements  in  TEE  imaging  and  in  the  quality 

bral  oximetry  is  widely  used  in  the  perioperative 

of  echocardiographic  training,  many  anesthesia
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providers  use  TEE  for  guiding  Avalon  catheter 

to  prevent  ventilation/perfusion  mismatch.  How-

placement  in  such  a  way  that  the  outflow  cannula 

ever,  high  PEEP  may  increase  alveolar  strain  and 

of  the  dual  port  is  directed  toward  the  tricuspid 

induce  hemodynamic  instability,  especially  in 

valve  to  minimize  mixing  of  oxygenated  and 

patients  with  low  lung  recruitability.  Awake 

deoxygenated  blood  in  the  right  atrium.  After 

ECMO  is  recommended  in  some  exceptional  con-

placement  of  the  arterial  cannula,  echocardiogra-

ditions,  such  as  patients  awaiting  lung  transplan-

phy  should  evaluate  the  aorta  for  an  iatrogenic 

tation  or  suffering  from  hypercapnic  respiratory 

dissection,  which  may  be  a  complication  of  the 

failure,  to  prevent  untoward  hemodynamic  insta-

cannulation  and  initiation  sequence.  All  cannulas 

bility  with  anesthetic  induction  (Singh  and  Hote 

should  be  properly  evaluated  before  initiating 

2020). 

ECMO  to  avoid  frequent  repositioning,  which 

introduces  bleeding  and  infection  risk.  Use  of 

the  Avalon  Elite®  bicaval  dual  lumen  catheter 

Blood  Management 

has  also  been  described  in  adults  with  secundum 

atrial  septum  defects  (ASD)  and  Eisenmenger’s 

Anticoagulation 

syndrome  as  a  bridge  to  recovery  or  transplant 

(Dolch  et  al. 2011). TEE-guided  placement  of 

Maintaining  optimal  anticoagulation  is  essential 

the  outflow  cannula  directed  toward  the  ASD 

during  ECMO  and  controversy  exists  with  antico-

improves  oxygenation,  decreases  pulmonary 

agulant  dosing  and  the  intensity  of  anti-

artery  pressure,  and  unloads  the  right  ventricle. 

coagulation.  In  general,  the  activated  clotting 

Patients 

with 

pulmonary 

hypertension 

or 

time  (ACT)  or  partial  thromboplastin  time  (PTT) 

Eisenmenger’s  syndrome  without  ASD  requiring 

should  be  at  least  twice  that  of  the  baseline,  espe-

VV  ECMO  may  benefit  by  having  an  atrial  blade 

cially  with  VA-ECMO.  A  lesser  dose  or  no  anti-

septostomy  performed  before  bicaval  cannula 

coagulation  has  been  used  for  VV-ECMO,  and 

placement 

(Javidfar 

et 

al. 

2012). 

It 

is 

there  needs  to  be  a  clear  consensus  from  the 

recommended  that  the  Avalon  catheter  be  placed 

guidelines  (Kurihara  et  al. 2020;  Wood  et  al. 

using  TEE  and  fluoroscopy  guidance  during  the 

2020). In  patients  with  heparin-induced  thrombo-

early  training  period.  Then,  TEE  alone  is  suffi-

cytopenia,  alternative  anticoagulants  are  widely 

cient  in  experienced  providers  for  appropriate 

used  but  associated  with  a  higher  risk  of  bleeding. 

placement  (Javidfar  et  al. 2011). 

The  ECMO  circuit  membrane  should  be  regularly 

assessed  to  rule  out  any  fibrin  formation.  More 

anticoagulation  might  be  required  in  patients  with 

Ventilatory  Management 

distal 

limb 

ischemia 

following 

peripheral 

VA-ECMO.  When  patients  with  ECMO  are 

Irrespective  of  the  type  of  ECMO,  the  patient’s 

scheduled  for  noncardiac  surgery,  a  detailed  dis-

lungs  should  be  allowed  to  rest,  and  the  ventilator 

cussion  among  the  care  providers  about  withhold-

should  be  managed  at  the  lowest  possible  settings 

ing  versus  continuing  anticoagulants  is  essential 

to  minimize  lung  injury.  According  to  Extracor-

to  prevent  untoward  side  effects  such  as  circuit 

poreal  Life  Support  Organization  Guidelines, 

thrombosis.  Currently,  there  is  no  consensus  on 

standard  rest  settings  consist  of  low  FiO2  (under 

holding  or  continuing  anticoagulation,  and  it 

30%),  a  low  rate  with  a  long  inspiratory  time,  low 

should  be  decided  on  an  individual  case  basis. 

plateau  inspiratory  pressure  (under  25  cm  H2O), 

and  PEEP  between  5  and  15  cm  H2O.  For  patients 

on  VV-ECMO,  especially  those  with  acute  respi-

Blood  Transfusion 

ratory  distress  syndrome,  an  ultraprotective  ven-

tilation  strategy  consisting  of  tidal  volumes 

As  bleeding  is  one  of  the  potential  complications 

<4  ml/kg  and  plateau  pressures  ≤25  cm  H2O  is   of  ECMO,  blood  transfusion  requirements  are 

implemented.  This  strategy  requires  higher  PEEP

greater  in  these  patients  than  in  the  general

478

T. A. Gelzinis et al. 

cardiothoracic  surgical  population.  Patients  on 

trigger 

for 

platelets 

and 

it 

is 

generally 

VA  ECMO  receive  more  transfusion  of  packed 

recommended to  maintain  platelet  counts  between 

red  blood  cells  (PRBC)  than  patients  on 

45  and  65  k/l,  with  mandatory  transfusion 

VV-ECMO,  and  higher  transfusion  rates  are  asso-

recommended  when  platelet  counts  are  <20  k/l 

ciated  with  higher  mortality.  The  volume  of 

(Malfertheiner  et  al. 2016). Thermoelectrometry 

PRBC  transfusion  is  an  independent  predictor 

or  other  point-of-care  coagulation  testing  can  help 

for  poor  outcomes.  The  volume  transfused 

to  define  platelet  function.  Platelet  transfusion 

depends  on  the  underlying  condition  and  is  higher 

may  be  necessary  in  some  situations  despite  a 

in  post-cardiac  surgical  patients,  intermediate 

normal  platelet  count  due  to  platelet  dysfunction. 

with  patients  who  have  undergone  cardiopulmo-

Platelet  volume  requirement  is  an  independent 

nary  resuscitation,  and  least  with  noncardiac  sur-

risk 

factor 

for 

mortality 

in 

patients 

on 

gery  (Smith  et  al. 2012). A  restrictive  transfusion 

VV-ECMO,  similarly  to  the  volume  of  blood 

approach  with  blood  transfusion  occurring  when 

transfused  being  an  independent  risk  factor  for 

the  hemoglobin  is  ≤7  g/dl  is  well  supported  in  the 

mortality  on  VA-ECMO. 

critically  ill  patients  and  can  be  applied  to  ECMO 

Like  PRBC  and  platelets,  transfusion  of 

patients.  Along  with  this  approach,  maintaining 

clotting  factors  with  fresh  frozen  plasma  (FFP) 

PTT  between  40–60  s  with  a  low-dose  anti-

and  cryoprecipitate  occurs  frequently  to  maintain 

coagulation  strategy  and  autotransfusion  while 

optimal  coagulation.  It  is  recommended  to  keep 

decannulating  reduces  overall  transfusion  require-

the  INR ≤1.3  while  on  ECMO  to  minimize  bleed-

ments 

to  <65%  with  improved  outcomes 

ing.  Fibrinogen  levels  should  be  monitored  regu-

(Agerstrand  et  al. 2015;  Voelker  et  al. 2014). 

larly  and  maintained  to  at  least  100  mg/dl.  If  there 

Large  randomized  controlled  trials  have  not  been 

is  evidence  of  fibrinolysis  in  laboratory  testing, 

conducted  to  compare  restrictive  versus  liberal 

the  use  of  antifibrinolytic  agents  are  not  routinely 

transfusion  practices  to  support  this  strategy 

recommended  as  there  have  been  reports  of  fatal 

universally. 

thromboses  associated  with  this  therapy  in  ECMO 

Bloodless  ECMO  has  been  implemented  in 

patients. 

patient  populations  who  refuse  transfusion. 

Many  strategies,  such  as  miniaturization  of  the 

ECMO  circuit,  erythropoietin  administration, 

ECMO  in  Special  Circumstances 

hemostasis, 

cell 

saver 

reinfusion 

during 

decannulation  and  separation,  less  frequent  sam-

Post-Cardiotomy  Bridge  to  Recovery 

pling  during  maintenance  of  ECMO,  and  retro-

grade  priming  of  the  ECMO  circuit  following 

Anesthesiologists  are  less  frequently  called  on  to 

cannulation,  can  be  implemented  on  an  individual 

manage  ECMO  following  cardiac  surgery  as  the 

case  basis  to  make  bloodless  ECMO  feasible. 

incidence  of  post-cardiotomy  cardiogenic  shock 

ECMO  causes  significant  changes  in  coagula-

is  low  in  the  range  of  3–5%.  However,  refractory 

tion  parameters  that  lead  to  decreased  platelet 

shock  is  associated  with  a  low  survival  rate,  and, 

counts,  fibrinogen,  and  factor  XII,  especially 

hence,  early  aggressive  management  with  ECMO 

within  the  first  5  days  of  ECMO  support.  Mean-

can  offer  a  survival  advantage.  In  this  clinical 

while,  thrombin–antithrombin  complex,  D-dimer, 

setting,  ECMO  has  been  utilized  in  patients  who 

and  antithrombin  levels  increase  with  ECMO. 

were  unable  to  wean  off of  CPB  despite  maximum 

ECMO-induced  platelet  dysfunction  will  exacer-

inotropic  and  vasopressor  support  with  or  without 

bate  a  decrease  in  platelet  count  in  patients  with 

an  IABP,  those  with  postoperative  cardiac  arrest, 

preexisting  thrombocytopenia,  eventually  leading 

and  those  in  refractory  cardiogenic  shock  as 

to  a  higher  platelet  transfusion  requirement 

defined  by  a  systolic  blood  pressure  <80  mmHg, 

(Weingart  et  al. 2015). Higher  platelet  transfusion 

pulmonary  capillary  wedge  pressure  >20  mmHg, 

is  observed  in  post-cardiac  surgery  and  neonates. 

and  cardiac  index  less  than  1.8  l  min/m2 .  Anes-

Currently,  there  is  no  consensus  on  the  transfusion 

thesiologists  should  be  familiarized  with  various
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management  strategies  to  treat  this  unexpected 

2017). The  anesthesiologist  and  intensivist  play 

circumstance  effectively.  The  early  initiation  of 

a  significant  role  in  optimizing  these  high-risk 

ECMO  allows  recovery  of  the  myocardium,  and 

patients.  A  thorough  understanding  of  data  should 

if  recovery is  not  achievable  in  an  acceptable  time, 

help  anesthesiologists  tailor  their  perioperative 

ECMO  can  bridge  patients  to  LVAD,  heart  trans-

management  to  specific  underlying  causes  of 

plantation,  or  palliation.  ECMO  should  not  be 

end-stage  lung  disease.  In  general,  the  majority 

considered  if  myocardial  recovery  is  less  likely 

of  patients  receiving  VV-ECMO  in  the  pre-lung 

and  the  patient  is  not  an  ideal  candidate  for  other 

transplant  period  have  refractory  respiratory  fail-

mechanical  circulatory  support  devices  as  well  as 

ure.  However,  VA-ECMO  appears  to  be  emerging 

in  patients  with  uncontrollable  bleeding  (Patel 

as  the  preferred  intraoperative  technique  for  lung 

et  al. 2021). 

transplantation  and  in  pretransplant  patients  with 

pulmonary  hypertension  and  right  heart  failure. 

Data  regarding  the  selection  of  VV  versus 

Bridge  to  Heart  Transplant 

VA-ECMO  for  optimal  preoperative  bridging  and 

general  postoperative  prolongation  approaches  are 

The  use  of  ECMO  as  a  bridge  to  heart  transplanta-

still  sparse  (Moreno  Garijo  et  al. 2019). 

tion  has  increased  for  advanced  heart  failure.  Tech-

nological  improvements,  increasing  availability 

and  familiarity  of  medical  staff,  its  ability  to  pro-

Conclusions 

vide biventricular support, and ease of implantation 

in  the  catheterization  lab  are  the  possible  reasons 

As  the  indications  and  use  of  mechanical  circula-

for  the  increased  use  of  ECMO  in  advanced  heart 

tory  support  devices  expand,  anesthesiologists 

failure  therapy  (Rousse  et  al. 2015).  The  anesthesia 

need  to  be  familiar  with  the  indications,  contrain-

team  should  anticipate  potential  complications  in 

dications,  circuity,  management,  and  anesthetic 

this  high-risk  group  of  patients  as  compared  to  the 

management  of  these  patients.  Contemporary 

noncardiac  surgical  population.  Most  of  these 

anesthesiologists  and  critical  care  physicians 

patients  are  already  on  maximum  medical  therapy 

should  be  familiar  with  the  fundamentals  of 

and have a  higher risk for  bleeding and  thrombosis. 

hemodynamic  and  anticoagulation  management, 

Central  venous  cannulation  will  be  challenging, 

as  well  as  aim  to  early  recognize  potential  com-

especially  for  patients  with  coagulopathy.  On 

plications  for  optimal  outcomes. 

many  occasions,  the  placement  of  central  venous 

and  pulmonary  artery  catheters  is  performed  under 

fluoroscopy guidance to minimize significant delay  References 
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Abstract 

cardiogenic  shock  in  an  effort  to  stabilize 

Mechanical  circulatory  support  (MCS)  devices 

hemodynamics,  supporting  recovery,  bridging 

have 

revolutionized 

the 

management 

of 

to  transplantation,  or  serving  as  destination 

patients  with  advanced  heart  failure  and  car-

therapy.  With  technological  advancements— 

diogenic  shock.  Temporary  and  durable  MCS 

including  miniaturized  cannulas  and  improved 

modalities  are  now  integral  in  the  support  of 

pump  designs—MCS  devices  are  more  versa-

patients  with  advanced  heart  failure  and 

tile  and  easier  to  deploy  on  short  notice  but 

remain  susceptible  to  complications,  which 

negatively  affect  hemodynamics  and  patient 

outcomes. 
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failure  and  mechanical  device  team.  This  will 

Introduction 

include  the  cardiac  non-invasive  imaging  lab-

oratory  and  the  cardiac  radiology  and  anesthe-

Mechanical  circulatory  support  (MCS)  plays  a  cru-

sia  department  members.  Echocardiography, 

cial  role  in  managing circulatory  failure  and  is used 

including  transthoracic  (TTE)  and  trans-

in  various  clinical  scenarios  (Table  1)  (Atti  et  al. 

esophageal  echocardiography  (TEE),  plays  a 

2022).  However,  in  heart  failure  (HF)  from 

significant  role  in  the  success  of  the  team. 

end-stage  heart  disease,  MCS  has  shown  survival 

Echocardiography  is  easily  accessible,  is  cost 

benefits  compared  to  optimum  medical  therapy 

effective,  has  bedside  availability,  and  has  real-

(Cook  et  al. 2017; McDonagh  et  al. 2023). Over 

time  evaluation  capabilities  in  skilled  hands. 

the  past  two  decades,  advances  in  pump  technol-

Imaging  pre-,  intra-,  and  post-device  implanta-

ogy  and  design,  as  well  as  the  miniaturization  of 

tion  are  all  equally  important  in  device  deploy-

cannulas,  have  enabled  temporary  mechanical  cir-

ment 

and 

follow 

up. 

Echocardiography 

culatory  support  (MCS)  to  provide  circulatory  sup-

supports  decisions  on  cannula  placement,  ven-

port  in  cardiogenic  shock  until  cardiac  function 

tricular  decompression,  septal  alignment,  val-

recovers  or  more  definitive  strategies  for  support 

vular  function,  and  cannula  patency.  For  intra-

can  be  implemented.  Currently,  MCS  devices  are 

aortic  balloon  pumps  (IABP),  extracorporeal 

used  to  improve  the  quality  of  life  and  the  survival 

membrane  oxygenation  (ECMO),  and  ventric-

of  end-stage  HF  patients.  It  may  be  deployed  as 

ular  assist  devices  (VAD),  echocardiographic 

destination  therapy,  a  bridge  to  recover  cardiac 

assessment  ensures  optimal  device  function 

function,  a  bridge  to  find  the  definitive  treatment, 

and  early  recognition  of  complications,  such 

and a bridge to transplantation. Both temporary and 

as  suction  events,  thrombus,  or  important  aor-

permanent  MCS  devices  are  complex  and  exposed 

tic  regurgitation.  Multimodality  imaging— 

to  varying  hemodynamic  environments,  including 

including  cardiac  computerized  tomography 

volume  and  pressure,  which  can  lead  to  malfunc-

(cCT),  cardiac  nuclear  scans,  and  cardiac  mag-

tion.  Therefore,  assessing  the  function  of  MCS 

netic  resonance  imaging  (cMRI)—all  comple-

devices  is  important.  Equally  important  is  the 

ment  echocardiography  by  providing  anatomic 

need to evaluate cardiac function before implanting 

detail,  pump  function,  cardiac  physiology  and 

MCS  devices.  Baseline  cardiac  function  also  deter-

can  evaluate  structural–mechanical  complica-

mines  which  type  of  mechanical  device  best  suits 

tions  or  infections.  Imaging  is  also  essential  for 

the patient, based on their current clinical status and 

optimizing  LVAD  speed  and  flow,  monitoring 

hemodynamic 

environment. 

Various 

imaging 

native  heart  recovery,  and  determining  long-

modalities  are  available  and  are  used  in  the 

term  device  performance.  A  careful,  meticu-

assessment  of  MCS  devices.  However,  echocardi-

lous, 

systematically 

structured 

imaging 

ography,  including  transthoracic  (TTE)  and  trans-

approach  facilitates  precision  in  diagnosis, 

esophageal  (TEE),  plays  a  vital  role  in  their 

therapy  adjustment,  and  complication  manage-

assessment,  as  it  is  readily  available  and  can  be

ment.  This  comprehensive  review  outlines  the 

Table  1  Clinical  circumstances  where  mechanical  circu-

principles  and  applications  of  imaging  across 

latory  support  devices  are  used 

various  MCS  platforms,  emphasizing  the 

Heart  failure—acute,  acute  on  chronic  heart  failure 

indispensable  role  of  the  imaging  team  and 

Acute  myocardial  infarction  with  shock,  mechanical 

the vital role of echocardiography in improving 

complications 

outcomes  and  guiding  therapy  in  this  complex 

Acute  right  ventricular  failure—post  MI,  respiratory 

patient  population. 

failure 

Acute  allograft  failure 

Postcardiotomy  shock 

Keywords 

Refractory  arrhythmia 

Advanced  cardiac  failure  ·  Imaging  in  cardiac 

Inability  to  wean  off from  cardiopulmonary  bypass  pump 

mechanical  support  ·  Mechanical  support 

High-risk  interventions  PCI  and  ablation
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performed  at  the  bedside.  Other  imaging  modali-

blood  flow,  and  deflation  during  systole  decreases 

ties,  such  as  ECG-gated  contrast  multidetector  CT 

afterload,  thereby  reducing  the  left  ventricular 

scan,  nuclear  imaging,  and  rarely  intracardiac 

(LV) systolic  workload.  These  allow  for  the  halting 

echocardiography,  are  used  to  assess  MCS. 

of  the  viciously  downtrending  hemodynamics  and 

The  principle  of  imaging  in  MCS  for  the  left 

provide  time  for  left  ventricular  (LV)  recovery. 

ventricle  (LV)  is  to  unload  the  LV,  thereby  decreas-

ing  LV  and  LA  pressures  and  improving  cardiac 

stroke  volume  and  output.  The  RV  response  to  the 

Role  of  Imaging  in  IABP 

LV unloading  may  vary—it  may  remain  normal  or 

decompensate  if  there  is  a  preexisting  RV  dysfunc-

1.  Assess the  integrity  of the  aortic valve,  as IABP  

tion.  Hence,  the  goal  of  the  imaging  is  to: 

may  worsen  any  aortic  regurgitation  of  a  mild 

degree  or  greater,  particularly  when  it  inflates 

1.  Obtain  basic  LV and  RV  systolic  function  and 

during  diastole  to  provide  counterpulsation, 

intracardiac  filling  pressures. 

resulting  in  left  ventricular  volume  overload. 

2.  Image  the  site  where  the  inflow  and  outflow 

TTE  and  TEE  can  assess  the  integrity  of  the 

cannula  of  the  device  will  be  placed. 

aortic  valve  and  aortic  regurgitation  (Fig . 1). 

3.  Assess  the  deviation  and  patency  of  the 

2.  Morphology  of  the  proximal  descending  tho-

interatrial  septum. 

racic  aorta 

4.  Assess  the  integrity  of  the  aortic  valve  and 

(a)  The diameter  of the aorta  is important when 

aortic  root. 

choosing  the  balloon  size.  As  the  balloon 

5.  Assess  the  relative  ratio  of  the  LV/RV,  LA/RA, 

inflates,  it  should  be  sufficient  to  occupy 

and position of the atrial and ventricular septum. 

the  lumen  without  being  either  too  large, 

6.  Assess  the  proximal  descending  thoracic  aortic 

which  can  cause  trauma  to  the  aorta,  or  too 

morphology  and  dimensions. 

small,  which  cannot  provide  adequate 

7.  Assess  the  IVC  size  and  collapsibility. 

counterpulsation  during  diastole. 

(b)  Assessing  the  morphology  of  the  aortic  wall 

Select  the  imaging  modality  most  suitable  for 

for  intimal  integrity  is  essential,  as  complex 

obtaining  these  parameters. 

atherosclerosis,  complex  plaques  or  ulcers, 

The  following  MCS  devices  are  used  as  brid-

intimal flaps, calcified spurs, etc., may  not  be 

ges  to  the  recovery  of  the  LV: 

the  ideal  site  for  placing  the  balloon  catheter. 

IABP  (Intra-Aortic  Balloon  Pumps),  Impella, 

(c)  Imaging  is  important  when  introducing  or 

V-A  ECMO  (Extracorporeal  Membrane  Oxygen-

soon  after,  but  before  securing  the  catheter 

ation),  VAD  (Ventricular  Assist  Devices),  and 

for  the  ideal  positioning  of  the  IABP  tip, 

Tandem  hearts  (Kanduri  et  al. 2023). 

which  should  be  just  below  the  origin  of  the 

left  subclavian  artery,  to  provide  optimal 

counterpulsation  and  augment  retro  aortic 

Intra-aortic  Balloon  Pump  (IABP) 

blood  flow  during  diastolic  inflation  and 

unloading  during  systolic  deflation  of  the 

In  general,  IABP  is  placed  in  an  emergency  when 

balloon. 

there  is  circulatory  collapse,  as  seen  in  cases  of 

post-MI  LV  failure  or  acute  decompensated  heart 

failure  with  elevated  LV  and  LA  pressures  pre-

Extracorporeal  Membrane 

senting  with  pulmonary  edema  and  cardiogenic 

Oxygenation  (ECMO) 

shock  with  low  cardiac  output  (Parissis  et  al. 

2016). It  is  a  temporary  measure  to  stabilize  the 

Extracorporeal  membrane  oxygenation  (ECMO)  is 

patient’s  hemodynamics  until  a  decision  is  made 

a  type  of  life  support  that  temporarily  assists 

regarding  the  definitive  management.  IABP  during 

patients  with  respiratory  failure  (for  gas  exchange) 

diastolic  inflation  augments  diastolic  coronary 

and/or  cardiac  failure  (for  cardiac  support).  There

[image: Image 120]
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Fig.  1  IABP  in  acute  myocardial  infarction  with  cardiogenic  shock.  Emergency  bed  side  TTE  shows  minimal  AR.  IABP 

balloon  (arrows) 

are two main types of ECMO: veno-venous ECMO 

the IVC and reinfusing into the IVC or draining

(V-V  ECMO)  and  veno-arterial  ECMO  (V-A 

from the SVC and reinfusing into the IVC, or

ECMO). V-V ECMO is used for respiratory failure; 

dual-lumen cannulas inserted via the right jugular

it  oxygenates  blood  and  returns  it  to  a  vein.  V-A 

vein

and

draining

and

reinfusing

in

the

ECMO  supports  both  the  heart  and  lungs  by  oxy-

RA. Regardless of the cannulation strategy, there

genating  blood  and  returning  it  to  an  artery. 

is a risk of recirculation during V-V ECMO. The

disadvantage of draining from the IVC is that

when converting from V-V to V-A, ECMO

Role  of  Imaging  in  ECMO  Support 

requires reinfusing into the femoral artery, poten-

(Hussey  et  al. 2022) 

tially resulting in dual circulation. This risk can be

avoided by draining from the SVC. Draining

V-V  ECMO:  Veno-venous  extracorporeal  mem-

low-saturated venous blood from the SVC and

brane  oxygenation  supports  only  the  lung  (Tulman 

reinfusing the oxygenated blood in the IVC will

et  al. 2014).  A  large  catheter  is  inserted  into  IVC  / 

allow IVC blood to be circulated via the RV and

RA,  which  removes/drains  the  venous  blood  and  is 

lungs to the systemic circulation, thereby mini-

connected  to  a  centrifugal  pump  and  a  membrane 

mizing the risk of dual circulation. 

oxygenator.  The  oxygenated  blood  is  then 

returned/infused  into  the  systemic  venous  circula-

1.  Image  the  location  of  the  tip  of  both  the 

tion.  V-V  ECMO  improves  systemic  oxygenation 

draining and reinfusing  cannula:  The  venous 

and  reduces  ventilatory  inflation  pressures,  thereby 

draining  cannula  tip  should  be  in  the  IVC, 

decreasing ventilator-induced lung injury and help-

IVC-RA  junction,  SVC,  or  RA.  Color  flow 

ing  lung  recovery.  However,  it  does  not  support 

imaging  allows  recognition  of  the  tip  and  the 

systemic  circulation  or  change  hemodynamics. 

side  orifices  of  the  catheter  as  the  blood  is 

drawn  into  the  cannula.  Spectral  Doppler 

shows  the  flow  velocities.  The  flow  is  contin-

Imaging  in  V-V  ECMO  (Fig. 2) 

uous,  and  the  velocity  is  around  1  m/s.  If  the 

flow  velocity  increases  >1  m/s,  it  may  be  due 

Peripheral  V-V  ECMO:  V-V  ECMO  can  be 

to  obstruction  of  the  orifice  by  a  thrombus  or 

performed  with  different  cannulation  strategies: 

due  to  the  suck-down  effect  on  the  adjacent 

using  two  single-lumen  cannulas  draining  from

tissue  from  the  centrifugal  pump  speed  or  due

[image: Image 121]
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Fig.  2  Demonstrates 

digram  of  venous  and 

arterial  system  with  V-V 

ECMO  circuit  along  with 

centrifugal  pump  and 

membrane  oxygenator. 

Note  the  centrifugal  pump 

draining  the  venous  blood 

via  the  cannula  in  the  IVC 

and  passing  it  through  the 

membrane  oxygenator  and 

then  into  the  RA via  SVC 

Oxy 

Pump 

to  low  volume.  Rarely  use  of  very  small  can-

(Ezad  et  al. 2023). Like  V-V  ECMO,  a  large  can-

nula  will  also  result  in  velocities  >1  m/s. 

nula is placed in the IVC or RA to withdraw venous 

2.  When  two  cannulas  are  used  in  V-V  ECMO, 

blood.  The  blood  is  circulated  via  a  centrifugal 

the  reinfusing  catheter  will  be  in  the  IVC  if  the 

pump  and  a  membrane  oxygenator  to  remove  car-

draining  catheter  is  in  the  SVC  and  vice  versa. 

bon  dioxide  and  add  oxygen.  Depending  on  the 

peripheral  or  central  route,  the  blood  is  returned  to 

Central  V-V  ECMO:  Central  V-V  ECMO  is 

the  descending  thoracic  aorta  or  central  aorta. 

used  in  severe  hypoxemia  with  or  without  associ-

When  the  blood  is  returned  to  the  central  aorta,  it 

ated  RV  dysfunction.  It  involves  cannulating  the 

can  bypass  the  heart  completely  or  partially.  How-

SVC/RA  directly  via  sternotomy  and  using  a 

ever,  this  also  depends  on  the  flow  rate. 

large-bore  cannula  to  drain  the  deoxygenated 

venous  blood  and  return  oxygenated  blood  to  the 

RA  or  pulmonary  artery.  From  an  imaging  per-

Imaging  in  V-A  ECMO  (Fig. 3) 

spective,  TEE  may  provide  better  imaging  than 

TTE.  Assessing  the  RV  size  and  function  and 

Peripheral  V-A  ECMO:  Peripheral  VA-ECMO 

magnitude  of  tricuspid  regurgitation,  as  well  as 

restores/supports  circulatory  output  during  refrac-

the  cannula  location  and  direction  of  the  side 

tory  cardiogenic  shock  and  cardiac  arrest  resulting 

orifice,  are  essential. 

from  post-MI  pump  failure,  as  well  as  non-

V-A 

ECMO: 

Veno-arterial 

Extracorporeal 

ischemic  etiologies  such  as  fulminant  myocardi-

Membrane 

Oxygenation 

provides 

temporary 

tis,  postcardiotomy  shock,  and  circulatory  shock 

mechanical  support  for  failing  hearts  and  lungs 

in  end-stage  class  IV  heart  failure.  It  is  also

[image: Image 122]
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Fig.  3  Veno-arterial 

ECMO,  generally  will 

allow  flow  from  the  femoral 

vein  via  a  pump  to  an 

oxygenator  and  thence  the 

oxygenated  blood  flows 

into  a  canula  placed  into the 

femoral  artery 

increasingly used in pulmonary hypertension

5.  Knowing the ECMO parameters,  such  as pump 

patients and pulmonary embolism with RV

speed  and  output,  is  also  important,  as  these 

dysfunction. 

will  affect  the  imaging  findings. 

1.  Image  the  draining  and  reinfusing  cannula. 

Central  V-A  ECMO:  Central  V-A  ECMO  sup-

The  venous  draining  cannula  is  typically 

ports  severe  cardiac  failure.  It  involves  draining 

placed  either  in  the  IVC/RA  junction,  the 

central  venous  blood  from  the  right  atrium 

SVC,  or  the  RA.  The  reinfusing  arterial  can-

(RA)  and  reinfusing  the  reoxygenated  blood  into 

nula  is  in  the  descending  thoracic  aorta. 

the  central  aorta.  Imaging  plays  a  crucial  role  in 

2.  TTE/TEE  allows  imaging  of  the  catheter  tips. 

assessing  the  size  of  the  left  ventricle,  whether  it  is 

Color  flow  Doppler  imaging  permits  visualiz-

dilated  or  not,  and  the  right  ventricle  (RV)  size  and 

ing  the  orifice.  Pulse  wave  Doppler  can  obtain 

function,  as  these  are  influenced  by  changes  in  the 

the  flow  velocity. 

left  ventricle. 

3.  Depending  on  the  clinical  situation  that  neces-

sitates  V-A  ECMO  deployment,  we  may  need 

to  assess  the  size  and  function  of  the  left  ven-

Ventricular  Assist  Devices  (VAD) 

tricle  (LV)  and  right  ventricle  (RV). 

4.  Before  any  imaging,  it  will  be  useful  to  look 

Ventricular  Assist  Devices  (VADs)  and  ECMO 

into  the  operative  note  to  know  the  location 

serve  as  forms  of  mechanical  circulatory  support, 

where  the  cannulae  were  placed. 

with  different  applications.  VAD  primarily  assists
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the  ventricles  in  pumping  blood;  it  drains  blood 

Table  2  Pre-LVAD  implantation  echo  parameters 

from  the  left  or  right  ventricle  and  pumps  it  back 

Left  ventricle  and  interventricular  septum 

into  the  ascending  aorta  or  pulmonary  artery, 

Small  LV  size 

respectively, allowing  the ventricles to rest. Mean-

LV  thrombus 

while,  ECMO  provides  gas  exchange  and  com-

LV apical  aneurysm 

plete  cardiopulmonary  support  in  its  V-A-V  form. 

Right  ventricle 

VAD  can  be  categorized  as  left  ventricular 

RV  dilatation,  RV  systolic  dysfunction 

(LVAD),  which  aids  the  LV  in  pumping  blood 

Valvular  heart  disease 

back  into  the  aorta,  and  right  ventricular 

Mechanical  aortic  valve 

(RVAD),  which  aids  the  RV  in  pumping  blood 

≥  Moderate  AR,  TR,  and  PR 

into  the  pulmonary  artery.  LVAD  is  commonly 

≥  Moderate  MS 

used  to  manage  left  heart  failure  when  conven-

Ascending  aorta  dilatation 

Shunt 

tional  approaches  fail,  serving  as  a  bridge  to  heart 

Ventricular  septal  defect 

transplantation  or  as  destination  therapy. 

Atrial  septal  defect,  patent  foramen  ovale 

Role  of  Echo  Imaging  in  LVAD  Support 

2.  Left  ventricle  apical  thrombus:  An  apical  LV 

thrombus  is  a  relative  contraindication,  but 

Echocardiography  plays  a  crucial  role  and  is 

not  an  absolute  contraindication  for  LVAD 

essential  in  all  stages  of  LVAD  management: 

Implantation.  It  may  elevate  the  risk  of 

pre-LVAD  implantation,  during  implantation, 

intraprocedural  stroke. A large apical  thrombus 

postoperative  LVAD  optimization,  and  long-term 

could affect the surgical procedure for inserting 

follow-up  to  monitor  device  function  and  compli-

an  apical  cannula. 

cations,  in  addition  to  assessing  the  function  of  the 

3.  RV  size  and  function:  LVAD  by  decreasing  LV 

native  heart  and  valves  (Mookadam  et  al. 2012; 

work,  undermines  the  efficiency  of  RV  func-

Stainback  et  al. 2015). 

tion  by  reducing  interventricular  septal  func-

tion. The  interventricular  septum  is  an  essential 

Pre  Left  ventricular  Assist  Device 

contributor  to  right  ventricular  function. 

Implantation 

Patients  with  preexisting  RV  dysfunction  are 

A  comprehensive  echocardiographic  examination 

at  risk  for  worsening  RV  function  after  LVAD. 

is  necessary  to  evaluate  LV  function  and  find 

This  may  precipitate  RV  failure  and  systemic 

factors  that  may  reduce  LVAD  efficiency  after 

venous  hypertension.  Hence,  assessing  the  RV 

implantation  (Table  2). 

size  and  function  preinsertion  and  periodically 

Pre-implantation  parameters: 

post-LVAD  implantation  is  essential.  The  crit-

ical  feature  that  decides  the  integrity  of  the  RV 

1.  LV  size  and  systolic  function:  Smaller  LV 

is  the  septal  position  and  the  relative  LV:RV 

(<6  cm)  would  be  associated  with  worse  out-

size  or  volume  ratio.  Septal  deviation  either  to 

comes  than  those  with  a  larger  LV.  LV  size  also 

the  left  or  right  shows  a  relative  increase  or 

determines  the  choice  of  device  that  will  pro-

decrease  in  the  filling  pressure  of  the  respective 

vide  efficient  LV  assist.  For  instance,  a  large 

ventricle.  An  RV  ejection  fraction  of  less  than 

ventricle  will  have  sufficient  room  to  accom-

30%  increases  the  risk  for  RV  failure  with 

modate  a  device  with  a  large  cannula,  such  as 

LVAD. 

However, 

an 

LVAD 

is 

not 

the  HeartMate  (HM),  whereas  a  small  ventricle 

contraindicated  if  used  with  an  RVAD.  The 

may  require  a  different  device.  Similarly,  a 

presence  of  pulmonary  hypertension  from  left 

patient  with  a  large  body  surface  area  (BSA) 

heart  failure  (reversibility  with  volume  and 

may  require  larger  circulatory  volumes  and, 

pressure  perturbation)  will  improve  with 

therefore,  necessitate  a  device  that  can  meet 

LVAD.  However,  if  it  is  from  precapillary, 

those  physiologic  needs. 

then  caution  should  be  exercised,  and  close
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monitoring  of  RV  function,  septal  contour,  and 

Table  3  Post-LVAD  implantation:  common  echocardio-

IVC,  and  the  hepatic  vein  becomes  important 

graphic  “Red-flag”  findings 

to  recognize  and  intervene  if RV failure ensues. 

Ventricular  and/or  atrial  septal  shift  from  midline 

4.  Valvular  heart  disease: 

Enlarged  RV  cavity,  decreased  RV  systolic  dysfunction 

Significant  aortic  regurgitation  (AR)  is  one 

Elevated  RA  pressure 

that  is  more  than  mild,  and  it  should  be 

Moderate  or  severe  TR,  PR 

addressed  at  the  time  of  LVAD  implantation 

Worsening  AR,  MR 

to  prevent  recirculation.  The  presence  of  AR 

Cardiac  thrombus 

will  prevent  decompression  of  the  LV,  thereby 

Pericardial  hematoma/effusion  with/without  tamponade 

Intracardiac  shunt 

not  allowing  the  LV  to  heal  in  case  of  bridge  to 

Cannula  orientation 

recovery,  resulting  in  LV  failure  in  case  of 

Mechanical  cannula  obstruction 

destination  therapy,  but  also  decreases  the  sys-

Cannula  suction  event 

temic  output  and  increases  the  risk  for  hemo-

Increase  in  cannula  velocities 

lysis  from  recirculation.  On  the  contrary,  any 

degree  of  mitral  regurgitation  (MR)  is  accept-

able  for  LVAD.  MR  often  improves  after 

Table  4  Post-LVAD  implantation—surveillance  echo 

unloading  the  left  ventricle.  However,  moder-

parameters 

ate  or  severe  mitral  stenosis  prevents  not  only 

Blood  pressure—Doppler-derived  mean  arterial  pressure 

decompression  of  LA  pressure  but  also 

LVAD  pump  type  and  speed 

decreases  the  LVAD  flow,  decreasing  the  car-

LV  dimension  and  function 

diac  output.  Therefore,  it  should  be  corrected 

Interventricular  and  interatrial  septal  position 

before  LVAD  implantation.  Moderate  or 

RV  dimension  and  function 

greater  tricuspid  regurgitation  or  moderate  pul-

Tricuspid  regurgitation  and  pulmonary  regurgitation 

monary  regurgitation  will  decrease  the  effi-

Aortic  valve  opening 

ciency  of  the  LVAD  as  the  right  ventricular 

Inflow  cannula  location  and  orientation;  note  optimal 

echo-window 

output  decreases  and  RV  filling  pressure 

Inflow  Doppler  flow  characteristics,  PW  Doppler 

increases  due  to  increased  RV  volumes. 

velocities  (peak  systolic,  diastolic) 

Hence,  recognizing  right  ventricular  dysfunc-

Outflow  cannula  location  and  orientation;  note  optimal 

tion  and  right-sided  valve  disease  is  important 

echo-window 

so  that  repair  may  be  considered  during  LVAD 

Outflow  Doppler  flow  characteristics,  PW  Doppler 

implantation. 

velocities  (peak  systolic,  diastolic) 

5.  Ascending  aorta:  The  potential  site  for  implan-

Outflow  Doppler  characteristics,  PW  Doppler  velocities 

(peak  systolic,  diastolic) 

tation of the outflow cannula should be carefully 

assessed  for  geometry  and  intimal  integrity  to 

avoid  potential  malposition  and  complications 

and  Table  4  provides  an  example  of  surveillance 

that  could  result  in  LVAD  malfunction. 

parameters. 

6.  Intracardiac  shunt:  An  atrial  septal  defect  or 

Generally,  the  inflow  cannula  is  placed  in  the 

patent  foramen  ovale  (PFO)  should  be 

LV  apex  and  should  be  directed  toward  the  mitral 

repaired,  as  the  LVAD  potentiates  a  right-to-

orifice.  This  will  prevent  suction  effect  if  the  vol-

left  shunt  by  decreasing  the  LA  pressure  and 

ume  status  changes  significantly.  The  outflow  can-

also  results  in  hypoxia. 

nula  in  the  ascending  aorta  is  implanted  along  the 

anterolateral  aspect.  This  prevents  undue  vortices 

Post  LVAD  Implantation 

and  allows  easy  unloading  of  the  ventricle.  The 

Meticulous  and  systematic  echocardiography  is 

pump  is  either  with  artificial  pulsatility  (HeartMate 

essential  to  assess  the  physiologic  and  hemody-

3)  or  without  (HeartMate  II,  HeartWare  HVAD). 

namic  effect  of  the  LVAD  on  the  LV  and  RV 

Continuous-flow  left  ventricular  assist  devices 

morphology  and  function.  Table  3  summarizes 

(LVADs)  are  designed  to  provide  a  constant  blood 

the  common  echocardiographic  red-flag  findings, 

flow,  so  they  typically  do  not  exhibit  a  natural
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pulsatile  or  phasic  flow.  However,  even  in  the 

tricuspid  annulus  increases  the  amount  of  tri-

absence  of  artificial  pulsatility,  some  degree  of 

cuspid  regurgitation,  and  the  forward  flow  to 

phasic  flow  can  still  be  seen  due  to  the  residual 

the  left  side  may  decrease.  Hence,  it  is  crucial 

function  of  the  native  heart.  It  is  essential  to  main-

to  monitor  RV  size,  LV:RV  ratio,  tricuspid 

tain  a  low  systemic  blood  pressure  for  the  efficient 

annulus  diameter,  IVC  size  and  collapsibility 

function  of  the  LVAD.  The  rule  of  thumb  is  that 

to  recognize  RV  dysfunction  earlier. 

LVAD  patients’  pulse  should  be  either  absent  or 

3.  Aortic  valve:  The  aortic  valve  is  closed  because 

feeble,  and  the  BP  cannot  be  measured  easily  by  a 

the  left  ventricular  (LV)  systolic  pressure  is  low, 

sphygmomanomet er. 

effectively  reducing  the  capacity  to  open  the 

aortic  valve.  This  poses  a  risk  of  stasis  and 

Structural  and  Functional  Assessment 

thrombus  formation  on  the  aortic  side  of  the 

1.  LV  size  and  function,  septal  position:  The  LV 

valve  cusps,  potentially  leading  to  distal  throm-

may  decrease  in  size  and  regain  some  contrac-

boembolism.  In  the  long  term,  it  also  results  in 

tility  with  an  LVAD.  However,  changes  in  LV 

aortic  valve  dysfunction,  thickening,  sclerosis, 

ejection  fraction  (EF)  may  overestimate  actual 

and  a  “frozen”  aortic  valve  due  to  the  constant 

contractile  function  as  the  left  ventricle  (LV)  is 

suction  from  the  LVAD.  The  geometric  changes 

unloaded.  It  is  important  to  assess  the  neutral-

in  the  aortic  root  from  LVAD  outflow  circula-

ity  of  the  interventricular  septum  and  the  rela-

tion  will  eventually  lead  to  aortic  regurgitation. 

tive  LV:RV  ratio.  An  ideally  positioned 

Aortic  regurgitation  should  be  closely  moni-

interventricular  septum  is  neutral.  Rightward 

tored  to  prevent  left  ventricular  (LV)  volume 

deviation  suggests  inadequate  left  ventricular 

overload  and  hemolysis  due  to  recirculation. 

(LV)  decompression,  LVAD  cannula  obstruc-

The  LVAD  parameters  are  adjusted  so  the  aortic 

tion,  or  elevated  blood  pressure.  In  contrast, 

valve  can  be  opened  intermittently  to  avoid 

extreme  leftward  deviation  suggests  excessive 

thrombosis.  The  aortic  valve  opening  is  also 

decompression  by  LVAD,  volume  depletion— 

often  seen  with  recovery  of  ventricular  function 

hypovolemia,  worsening  RV  dysfunction,  or 

and  at  low  pump  speeds. 

severe  TR.  Contractile  reserve  and  recovery 

4.  Mitral  valve:  Mitral  regurgitation,  either  pri-

of  left  ventricular  (LV)  contractility  can  be 

mary  from  the  valve  pathology  or  secondary 

assessed  in  cases  where  a  left  ventricular  assist 

functional  from  LV  and  annular  dilatation, 

device  (LVAD)  was  used  as  a  bridge  for  the 

improves  with  LV  unloading  by  the  LVAD. 

recovery  of  LV  function.  In  these  situations, 

However,  severe  mitral  valve  obstructive 

decreasing  the  pump  speed  can  improve  left 

pathologies,  such  as  severe  mitral  stenosis 

ventricular  (LV)  contractility.  This  can  be 

and  extensive  mitral  annular  calcification,  will 

observed  on  the  echo  as  the  opening  of  the 

result  in  the  LVAD’s  underperformance. 

aortic  valve  during  systole  and  the  changes  in 

5.  Inflow  cannula:  The  tip  of  the  inflow  cannula 

left  ventricular  (LV)  volume.  PW  Doppler  can 

would  be  visible  at  the  LV apex.  Multiple  echo 

measure  the  left  ventricular  outflow  tract 

windows  are  used  to  determine  the  optimal 

(LVOT)  velocity,  stroke  volume,  and  cardiac 

angle  for  examining  the  inflow  cannula’s 

output. 

location  and  orientation  with  respect  to  the 

2.  RV  size  and  function:  RV  size  and  function,  if 

left  ventricle  (LV)  geometry.  The  Doppler 

normal  prior,  should  remain  normal  if  the  LV is 

velocity  depends  on  the  pump  speed.  Lower 

decompressed.  However,  unloading  the  LV 

pump  speeds  result  in  lower  Doppler  veloci-

will  decrease  the  septal  contribution  to  the 

ties,  while  higher  pump  speeds  lead  to 

RV,  which  is  well  compensated  if  the  TR  is 

increased  Doppler  velocities.  The  flow  is  con-

trivial  or  mild  and  the  RA  is  not  dilated.  LVAD 

tinuous;  hence,  a  Doppler  profile  will  be 

may  expose  the  underlying  preexisting  mild 

observed  in  both  systole  and  diastole,  with 

RV  dysfunction.  As  the  ventricular  septum 

the  diastolic  velocity  being  slightly  greater 

moves  away  from  the  RV,  the  widening  of  the 

than 

the 

systolic 

velocity. 

Figure 

4a

[image: Image 123]
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demonstrates  the  normal  PW  spectral  Doppler 

normal  PW  spectral  Doppler  from  the  outflow 

from  the  inflow  of  the  HeartWare  HVAD.  In 

of  the  HeartWare  HVAD.  Note  the  variation  of 

general,  it  is  difficult  to  separate  the  spectral 

the  Doppler  signal  in  systole  and  diastole  from 

signal 

from 

the 

motor 

artifact 

in 

the 

the  HeartWare  HVAD. 

HeartWare  HVAD.  Extremely  high  velocities 

Although  there  are  no  specific  normal  Dopp-

may  indicate  obstruction,  such  as  a  clot  or  LV 

ler  velocity  values,  in  general,  the  inflow  veloc-

wall  suction. 

ities  normal  range  is  0.5  to  1.0  m/sec  and  the 

6.  Outflow cannula: The  tip of the  outflow cannula 

outflow  cannula  velocities  normal  range  is  1.5  to 

is  visible  in  the  ascending  aorta.  The  right  para-

2.5  m/sec.  It  is  crucial  to  compare  the  values  to 

sternal  or  high  left  parasternal  windows  are 

the  baseline.  It  is  also  important  to  consider  the 

useful  for  examining  both  the  cannula  orienta-

Doppler velocities in relation to the pump param-

tion  and  the  flow.  The  flow  is  continuous  and 

eters  and  systemic  blood  pressure  and  heart  rate. 

interrupted  only  when  the  aortic  valve  opens. 

Figure  5a  demonstrates  3  dimensional  re-

Doppler  flow  velocities  are  influenced  by  pre-

constructed  CT  images  of  HeartMate  II,  and 

load  and  afterload.  Figure  4b  demonstrates  the 

Fig. 5b  those  of  Heartware  HVAD  LVAD.  Note

Fig.  4  (a)  PW  Doppler  tracing  from  inflow  cannula  and  CXR  of  HeartWare  HVAD.  (b)  Color  flow  image  and  PW 

Doppler  from  the  outflow  cannula  of  the  HeartWare  HVAD 

[image: Image 124]
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Fig.  5  Three  Dimensional  reconstructed  CT  images  of  (a)  HeartMate  II  and  (b)  HeartWare  HVAD 

the  device  and  the  entire  graft  from  the  inflow 

related to canula inflow. While higher power is

cannula  in  the  LV  to  the  outflow  cannula  in  the 

needed, the flow rates are reduced. Clinically, 

ascending  aorta.  This  allows  for  visualization 

there will be a decrease in cardiac output and

of  obstruction  from  thrombus  or  from  kinking 

hypotension. An inflow cannula obstruction

anywhere  in  the  device  or  grafts,  which  can  be 

may occur as a result of thrombus formation

easily  recognized. 

within the inflow cannula (Fig. 

), 

6a or the inflow

cannula may be obstructed by the adjoining LV

Device-Related  Complications 

myocardium, either the septum or anterior wall, 

1.  Inflow obstruction: Changes in the LVAD power 

due to cannula malposition or migration. In

is  an  important  clue,  suggesting  a  problem

cases of inflow cannula obstruction due to

[image: Image 125]
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Fig.  6  (a)  CT  scan  demonstrating  the  thrombus  on  the  inflow  cannula.  (b)  PW  Doppler  from  a  HeartMate  II  inflow cannula  obstruction 

thrombus or pannus, the left ventricular

cannula;  II)  changes  in  the  Doppler  inflow 

(LV) size will be larger, as it is not

velocity 

characteristics, 

and 

reduced 

and 

decompressed. Whereas in the case of inflow

fragmented  inflow  velocities  compared  to  the 

canula obstruction, which may be seen in

baseline  phasic  pattern;  and  III)  in  the  absence 

canular migration towards the left ventricle sep-

of  valve  prostheses,  retrograde  flow  into  the  left 

tum or free wall myocardium, will result in a

ventricle (LV)  from  the device after turning it  off 

small and underfilled left ventricle. It will be

suggests  no  significant  internal  thrombus. 

extremely low in diastole and increased in sys-

2.  Outflow  cannula  obstruction:  This  can  occur 

tole if the inflow obstruction is due to partial

due  to  kinking  of  the  outflow  graft  or  the  out-

thrombosis (Fig. 

). 

6b

Three components are

flow  cannula  abutting  the  aortic  wall,  resulting 

essential to evaluate cannula thrombosis: I)

from  cannula  migration  or  mediastinal  issues. 

Imaging from different echo windows can be

Figure  7  demonstrates  an  outflow  obstruction 

used to visualize the thrombus in the inflow

from  tortuosity  and  kinking  of  the  graft. 

[image: Image 126]
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Fig.  7  CT  scan 

demonstrating  outflow 

obstruction  from  tortuosity 

and  kinking  of  the  outflow 

graft 

Reduced  pump  flow  and  increased  energy  con-

in  left  ventricular  (LV)  preload,  contractility, 

sumption  may  indicate  a  problem  with  the 

and  pulsatility  index,  significantly  reducing 

outflow  graft.  Pulsed  Doppler  will  demonstrate 

cardiac  output.  It  will  also  result  in  a  suction 

low  velocities  and  disorganized  flow  in  the 

effect.  Therefore,  if  a  collapsed  left  ventricle  is 

ascending  aorta  (Grinstein  et  al. 2016).  Echo-

seen  on  echocardiography,  the  pump  speed  or 

cardiography  has  limitations  in  visualizing  the 

flow  should  be  checked  and  reduced  if  it  was 

entire  outflow  graft  and  the  cannula.  Therefore, 

high  and  assess  the  volume  status  and  replace 

it  is  preferable  to  use  a  contrast  chest  comput-

the  volume.  Figure  8  demonstrates  collapsed 

erized  tomography  (CT)  scan  to  accurately 

LV  from  volume  depletion.  This  can  also  occur 

determine  the  position  of  the  outflow  graft 

as  a  result  of  pericardial  effusion  or  hematoma, 

and  the  cannula. 

causing  tamponade.  Figure  9  demonstrates 

3.  Significant  aortic  regurgitation:  Generally,  sig-

large  pericardial  effusion,  and  Fig. 10  demon-

nificant  aortic  regurgitation  results  from  abnor-

strates  pericardial  hematoma  seen  by  echo  as 

malities  of  the  aortic  valve  either  prolapse  or 

well  as  by  CT  scan. 

perforation  in  the  early  stages  or  from  root 

remodeling  and  dilatation  of  ascending  aorta 

LVAD  Speed  Optimization  Using 

after  the  LVAD  implantation  in  the  later  stages, 

Echocardiography 

leading  to  recirculation  and  inefficient  blood 

The LVAD optimization process  requires obtaining 

circulation,  requiring  surgical  correction. 

detailed  clinical  history  pertaining  to  the  develop-

4.  Collapsed  Left  Ventricle:  Excessively  high 

ment  of  lower  extremity  edema,  weight  gain, 

pump  speed  can  cause  the  left  ventricle  to 

fatigue,  light-headedness,  and  difficulty  in  breath-

decompress 

excessively, 

reducing 

LV 

ing since the previous visit. It requires verifying the 

end-diastolic  volume  and  geometry,  altering 

device parameters and function, echocardiographic 

the  shape  of  the  right  ventricle,  and  worsening 

assessment  of  LV,  RV,  LA,  and  RA  geometry, 

tricuspid  regurgitation.  This  leads  to  a  decrease 

integrity  of  the  tricuspid  valve,  aortic  valve,  and

[image: Image 127]

[image: Image 128]

[image: Image 129]

496

F. Mookadam et al. 

Fig.  8  Echocardiogram  demonstrating  the  inflow  cannula  and  underfilled  LV resulting  in  obstruction.  Note  the  improvement  after  volume  replacement 

Fig.  9  Large  pericardial 

effusion  with  tamponade 

Fig.  10  Echo  and  CT  demonstrating  pericardial  hematoma
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the  inflow  and  outflow  cannula  position.  It  will  be 

Multimodality  Imaging  in  LVAD 

essential 

to 

obtain 

biomarkers, 

such 

as 

NT-proBNP,  along  with  renal  and  liver  profiles, 

Various  imaging,  including  echocardiography, 

as  these  will  be  affected  by  the  device  malfunction. 

computed  tomography,  cardiac  magnetic  reso-

LVAD  optimization  involves  stepwise  incremental 

nance  imaging,  and  nuclear  studies,  can  provide 

adjustments to the LVAD speed, with the collection 

a  more  comprehensive  assessment  of  LVAD 

of  prespecified  echocardiographic  parameters:  left 

(Almarzooq  et  al. 2020).  Echocardiography  is 

ventricular 

internal 

dimension 

at 

diastole, 

the  primary  modality  used  throughout  LVAD 

interventricular  septal  position,  AV-opening  fre-

management,  from  preoperative  to  postoperative 

quency  and  duration,  mitral  regurgitation  severity, 

care,  due  to  its  real-time  bedside  availability  and 

tricuspid  regurgitation  severity  and  velocity,  and 

ease  of  use  for  follow-up  monitoring. 

cannula  flow  velocities.  The  definition  of  the  opti-

Computed  tomography  complements  echocar-

mal  LVAD  speed  varies  among  centers,  but  it  typ-

diography  by  providing  detailed  anatomical  visu-

ically  falls  between  the  minimum  and  maximum 

alization,  especially  of  extracardiac  structures 

speeds,  as  illustrated  in  the  three  examples  shown 

suchas  vascular  anatomy  and  the  entire  course  of 

in  Table  5. Three-dimensional  echocardiography 

the  LVAD  graft  (Shroff  et  al. 2017). When  echo-

can  assist  in  optimizing  LVAD  speed  by  providing 

cardiographic  findings  are  inconclusive,  gated 

better  visualization  of  interventricular  geometric 

contrast  cardiac  computed  tomography  (CT)  is  re-

changes  (Uriel  et  al. 2019). 

commended.  This  is  especially  important  in  cases

Table  5  LVAD  speed  optimization 

HeartMate  II

HVAD

HeartMate  3 

Minimum  speed  (as  the  speed  below  which...)

Typically 

Typically 

Typically 

8800  (6000) 

2400  (1800) 

4600  (3000) 

Echo. 

The  LV  dimension  at  end-diastole  is  increased 

rpm 

rpm 

rpm 

relative  to  the  baseline 

The  IVS  shifts  rightward 

MR  may  become  more  prominent 

AV opening  may  occur  or  become  more  frequent 

Estimated  RAP  and  PASP  may  increase 

Clinical 

The  patient  develops  reduced  functional  capacity, 

congestion,  and/or  worsening  end-organ  function 

Maximum  speed  (as  the  speed  above  which...)

Typically 

Typically 

Typically 

10,000 

3200  (4000) 

6200  (9000) 

Echo. 

The  IVS  shifts  leftward  and/or  impedes  flow  into 

(15,000)  rpm 

rpm 

rpm 

the  inflow  cannula 

TR  may  worsen  due  to  tricuspid  annular  distortion 

and/or  RV enlargement 

The  AV  may  cease  opening 

AR  may  be  increased 

Clinical 

Low-flow  alarms  related  to  suction  events 

Incremental  speed  changes

200–400  rpm

20–40  rpm

100  rpm 

Optimal  speed  (three  examples) 

Just  below  the  maximum  speed  even  when  the  AV 

At  least 

At  least 

At  least 

remains  closed 

400  rpm  below 

40  rpm  below 

100  rpm  below 

the  max 

the  max 

the  max 

Between  minimum  and  maximum  speed  when AV 

opening  and  clinically  adequate  LV  unloading 

Between  minimum  and  maximum  speed  when 

maximizing  the  AV-opening  duration 

LV,  left  ventricle;  IVS,  interventricular  septum;  MR,  mitral  regurgitation;  AV,  aortic  valve;  RAP,  right  atrial  pressure; PASP,  pulmonary  arterial  systolic  pressure;  TR,  tricuspid  regurgitation;  RV,  right  ventricle;  AR,  aortic  regurgitation 

[image: Image 130]
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Fig.  11  Localized  dissection  of  ascending  aorta 

where  there  is  concern  about  inflow-cannula  mal-

left  ventricular  assist  devices  (LVADs).  Nuclear 

position,  pump  thrombosis,  outflow  graft  kinking, 

studies  can  refine  the  diagnosis  of  LVAD  infection 

and  cardiac  source  of  embolism  in  LVAD  patients 

by  utilizing  the  uptake  of  the  glucose  analog  and 

with  an  unexplained  stroke.  Contrast  CT  will  be 

radiotracer  18-fluorodeoxyglucose  (FDG),  but  their 

required, as it can image the entire system, from the 

clinical  application  appears  to  be  limited  in  LVAD 

inflow  cannula  to  the  pump,  outflow  graft,  and 

settings. 

outflow  cannula,  thereby  allowing  filling  defects 

Thus,  various  imaging  modalities  aid  in  the 

to  be  easily  recognized. 

optimal  management  of  the  patient  with  MCS. 

Furthermore,  a  CT scan  can  provide  additional 

The  provider  needs  to  decide  which  modality  to 

information  regarding  the  integrity  of  the  aorta 

choose  based  on  the  clinical  situation.  Echocardi-

when  an  outflow  problem  is  suspected,  such  as 

ography  is  the  versatile  imaging  tool  that  is  indis-

intermittent  obstruction.  Figure  11  demonstrates 

pensable  in  the  management  of  the  patient 

dissection of  the ascending  aorta  at the insertion of 

with  MCS. 

the  outflow  cannula.  CT  scans,  PET  scans,  and 

nuclear  scans  can  also  identify  device  infections. 

Figure  12  demonstrates  a  device  infection  seen  on 

Conclusion 

a  CT  scan. 

Cardiac  MRI  provides  high-resolution  images  to 

Imaging  in  cardiac  mechanical  support  devices  is 

assess  myocardial  function  and  viability  with  late 

complex.  Expertise  in  the  various  non-invasive 

gadolinium  enhancement.  However,  the  role  of 

modalities  is  an  imperative.  Transthoracic  echocar-

MRI  is  limited  due  to  the  lack  of  MRI-compatible 

diography  has  intrinsic  limitations  because  of

[image: Image 131]
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Fig.  12  Outflow  graft  infection  seen  on  the  CT  scan 

device  acoustic  interference,  but  is  still  of  benefit. 

circulatory 

support. 

JACC 

Cardiovasc 

Imaging. 

Transesophageal  echocardiography  is  an  excellent 

2020;13(4):1069–81. 

Atti  V,  Narayanan  MA,  Patel  B,  Balla  S,  Siddique  A, 

complement  to  transthoracic  echocardiography, 

Lundgren  S,  et  al.  A  comprehensive  review  of  mechan-

albeit  a  thorough  understanding  of  the  cardiac  sup-

ical  circulatory  support  devices.  Heart  Int.  2022;16(1): 

port  device  being  deployed  and  interrogated  is 

37–48. 

essential  for  meaningful  image  acquisition  and  to 

Cook  JL,  Colvin  M,  Francis  GS,  Grady  KL,  Hoffman  TM, 

Jessup  M,  et al. Recommendations for the use of mechan-

assist  in  unravelling  device  malfunction  or 

ical  circulatory  support:  ambulatory  and  community 

confirming  normal  function.  Cardiac  computerized 

patient  care:  a  scientific  statement  from  the  American 

tomography is increasingly recognized as an essen-

Heart Association. Circulation. 2017;135(25):e1145–e58. 

tial  tool  in  imaging  cardiac  devices  and  familiarity 

Ezad  SM,  Ryan  M,  Donker  DW,  Pappalardo  F,  Barrett  N, 

Camporota  L,  et  al.  Unloading  the  left  ventricle  in 

with  expertise  in  the  institution  is  an  essential  com-

venoarterial  ECMO:  in  whom,  when,  and  how?  Circu-

ponent  of  a  successful  device  program  in  the  suc-

lation.  2023;147(16):1237–50. 

cess of  an  institutional  program  and  to  maintain  the 

Grinstein  J,  Kruse  E,  Collins  K,  Sayer  G,  Fedson  S,  Kim 

quality  and  safety  of  the  device  function. 

GH, et  al. Screening for outflow cannula  malfunction  of 

left  ventricular  assist  devices  (LVADs)  with  the  use  of 

Doppler  echocardiography:  new  LVAD-specific  refer-
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Abstract 

primarily  implanted  at  centers  with  certification 

The  role  of  perfusionists  and  engineers  has 

from  the  Joint  Commission  (JC)  or  Det  Norske 

evolved  over  the  decades  since  mechanical  cir-

Veritas  (DNV)  as  disease-specific  VAD  centers. 

culatory systems were used in the clinical setting. 

Certification  requires  device  patient  data  to  be 

Experience  has  ranged  from  managing  total  arti-

entered  into  the  Society  of  Thoracic  Surgeons 

ficial  heart  (TAH)  and  ventricular  assist  device 

(STS)  Interagency  Registry  for  Mechanically 

(VAD)  patients  who  could  not  leave  the  hospital 

Assisted  Circulatory  Support  (INTERMACS). 

to  today’s  mix  of  durable  and  temporary  systems 

Temporary  MCS  covers  a  variety  of  devices 

in  both  the  acute  and  ambulatory  (through  their 

that  can  be  implanted  in  the  operating  room, 

continuum  of  care).  Durable  devices  are 

intensive  care unit,  catheterization lab,  and  emer-

gency  room.  Extracorporeal  membrane  oxygen-

ation  (ECMO)  is  one  classification  of  these 

devices,  which  can  be  venous  to  venous 

R.  G.  Smith  (✉) 

(VV)  or  venous  to  arterial  (VA).  Most  experi-

SynCardia  Systems  LLC,  Tucson,  AZ,  USA 

enced  ECMO  centers  belong  to  the  Extracorpo-

e-mail:  Rsmith@syncardia.com 

real Life Support Organization (ELSO)  and enter 

E.  Betterton 

patient data in a registry. Maintaining a JC and/or 

Banner  University  of  Arizona  Medical  Center-Tucson, 

ELSO  certification  requires  dedicated  individ-

Tucson,  AZ,  USA 

e-mail:  Edward.betterton@bannerhealth.com

uals  on  teams  that  the  perfusionist  and  engineer
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can  be  part  of.  Another  temporary  MCS  has 

discharge  from  the  hospital,  and  the  bridge  from 

evolved  from  the  catheterization  lab  with  the 

any  of  these  to  heart  transplant.  A  major  change  in 

ABIOMED  Impella,  Tandem,  and  CentriMag 

the  United  Network  of  Organ  Sharing  (UNOS) 

systems.  All  these  temporary  MCSs  have  been 

heart  allocation  policy  in  2018  has  resulted  in  a 

used  in  different  settings  at  heart  transplant  cen-

full  circle  back  to  supporting  patients  waiting  for 

ters  since  the  UNOS  allocation  changed  in  2018. 

transplants  on  temporary  devices  in  the  in-hospital 

The  variety  of  temporary  MCS  before  transplant 

setting.  Other  areas  in  these  teams  utilizing  the 

can  now  include,  more  often,  a  balloon  pump,  a 

skills  of  the  perfusionist/engineer  are  organ  pro-

temporary  device,  or  VA  ECMO.  There  are 

curement,  including  kidney,  liver,  lung,  and  heart 

numerous  opportunities  for  incorporating  the 

machines to maintain perfusion, allowing extended 

perfusionist/engineer  on  these  teams,  as  more 

time  to  evaluate  viability.  An  emerging  area  is 

systems  are  used  for  longer  durations.  Other 

using  donors  by  cardiac  death  (DCD),  which 

areas  that  need  these  skilled  individuals  are  the 

requires  a  new  set  of  logistics  to  support  donors 

transport  on  MCS  (both  from  other  hospitals  and 

with  a  heart-lung  machine  once  death  is  declared. 

within  hospital  areas),  and  organ  recovery.  The 

Once  these  individuals  gain  valuable  clinical  expe-

skill  set  gained  in  this  environment  with  teams 

rience,  they  have  more  opportunities  in  many  areas 

with  perfusionist/engineers  is  useful  in  the  future 

of  industry  and  regulation. 

evolving  challenges  with  MCS. 

Perfusionist/Engineer  Role  in  MCS 

Keywords 

Perfusionist  ·  Biomedical  engineer  ·  Clinical 

Early  Bridge  to  Transplant  Experience 

engineer  ·  Mechanical  circulatory  support  · 

Total  artificial  heart  ·  Ventricular  assist  device 

Involvement 

of 

perfusionists/engineers 

with 

mechanical  circulatory  support  began  with  the 

FDA  studies  of  Total  Artificial  Hearts  (TAH)  and 

Introduction 

Ventricular  Assist  Devices  (VAD)  around  1985 

(Copeland  et  al. 1985, 1988; Joyce  et  al. 1986; 

The  skill  set  that  perfusionists  and  engineers  pro-

Levinson  and  Copeland  1988;  Icenogle e t   al. 

vide  in  the  medical  profession  makes  them  a  valu-

1989a; Portner  et  al. 1985;  Frazier  et  al. 1992; 

able  asset  in  the  mechanical  circulatory  support 

Farrar  et  al. 1985). These  studies  were  conducted 

area.  The  early  days  of  MCS  were  mainly  in  the 

at  heart  transplant  centers  in  university  settings, 

operating  rooms  and  intensive  care  units  of  aca-

where  multiple  devices  were  intended  to  support 

demic  centers  tied  to  the  design  and  study  of  these 

patients  until  a  heart  transplant.  The  teams  required 

TAH  and  VAD  devices.  Once  the  technology 

training  on  managing  consoles  consisting  of  com-

gained  FDA  approvals,  many  of  these  perfusion-

puters,  electronics,  mechanics,  pneumatic  systems, 

ists/engineers  found  roles  in  industry,  regulation, 

energy  storage,  and  patient  interfaces.  Hospital 

and  the  clinical  environment.  Today,  most  MCS 

areas  where  patients  were  managed  included  the 

teams  continue  to  use  these  individuals  in  some 

operating  rooms  (OR)  and  intensive  care  areas 

capacity  to  care  for  these  advanced  failure  patients. 

(ICU).  The  logical  groups  to  manage  this  equip-

The  addition  of  many  variations  of  hospital- and 

ment  were  perfusionists  in  the  OR  and  biomedical 

home-based  MCS  systems  continues  to  challenge 

engineers  in  the  hospital  setting.  These  complex 

the  teams  with  large,  advanced  heart  failure 

consoles  were  large  and  required  backup  systems 

populations.  These  areas  include  the  transportation 

since they were life-sustaining. Figure  1 shows  two 

of  patients  between  facilities,  the  support  of  tem-

examples  used  to  run  the  Total  Artificial  Heart  and 

porary  systems  that  change  as  the  patient’s  condi-

the  pneumatic  VADs. 

tion  changes  (RVAD,  VV  ECMO,  and  VA 

As  device  patient  volumes  increased,  dedi-

ECMO),  the  move  to  durable  devices  that  allo w

cated  programs  began  providing  24/7  coverage

[image: Image 132]
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Fig.  1  TAH  and  DDC 

consoles 

with  full-time  perfusionists  and/or  engineers  as 

worldwide.  Areas  like  hospital-to-hospital  trans-

part  of  their  teams.  These  resources  included 

port,  anticoagulation  management  for  these  new 

expensive  disposables,  capital  equipment,  labor 

devices,  pediatric  MCS,  temporary  MCS,  and 

expenses,  hospital  space,  and  study  costs.  Many 

mock  circulations  evolved  around  the  initial 

programs  were  created  to  house  these  costs  under 

device  studies.  Many  of  these  teams  leveraged 

a  single  administrative  area.  An  example  occurred 

the  skill  set  of  the  perfusionists  and  engineers  to 

at  the  University  of  Arizona  Banner  University 

help  with  these  additional  areas. 

Medical  Center  Tucson  (UA),  where  the  Artificial 

Heart  Program  was  established  in  1985.  The  first 

Patient  Transport 

TAH  system  had  waveforms  that  were  monitored 

The  balloon  pump  was  the  most  advanced  MCS 

24/7  (Willshaw  et  al. 1984).  The  biomedical  engi-

during  these  device  studies.  A  patient  on  a  balloon 

neer  on  call  would  take  a  large  computer  home 

pump  at  a  hospital  not  involved  with  device  studies 

and  respond  to  any  alarm  or  patient  issue.  The 

would  need  to  be  transported  to  the  device  study 

program  began  with  1.5  FTE  and  expanded  as 

center.  These  advanced  heart  failure  patients  would 

the  volume  of  other  bridge-to-transplant  devices 

also  be  supported  with  other  heart  failure  medica-

was  added.  Similar  programs  were  established  at 

tions,  ventilators,  and  advanced  monitoring of ECG 

major  centers  involved  with  FDA  device  studies 

and  pressures.  Early  experience  with  moving  these 

at  heart  transplant  centers  nationwide. 

patients  was  problematic  if  power  or  air  was 

disrupted.  A  whole  new  field  of  support  would 

need  to  be  created  to  safely  move  these  patients  to 

Supportive  Technologies 

centers  with  bridge-to-transplant  devices.  This  field 

would  involve  the  mode  of  transport  (ambulance, 

Combining  new  studies  to  place  patients  on  MCS 

helicopter,  and  fixed  wing),  and  transport  team 

as  a  bridge  to  heart  transplant  created  new  oppor-

makeup  (nurse,  doctor,  respiratory  therapist,  and 

tunities for these unique  teams at limited programs 

perfusionist).  The  opportunity  for  the  perfusionist

[image: Image 133]
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and  engineer  to  use  their  skill  set  in  this  transport 

children)  in  the  United  States  was  implanted  in 

area  was  unique.  The  experience  at  the  UA was  an 

Tucson  under  an  FDA  emergency  use  designation 

example of this process. A transport bed was built to 

(Fig. 3). This  began  using  pediatric-size  devices  in 

act  like a  portable  ICU  called  MOBI  (Icenogle  et al. 

the United States (Arabia et al. 2006). These devices 

1989b). This  unit  provided  the  needed  patient  sup-

for  pediatrics  opened  the  use  for  heart  recovery  and 

port  and  could  be  transferred  from  one  hospital  to 

bridge  to  transplant  (Zimmerman  et  al. 2010). 

another  with  significantly  decreased  risk  to  the  

patient.  The  hospital  transfer  could  be  in  the  same 

Temporary  MCS 

city  or  across  the  country.  The  MOBI  unit  could  be 

Temporary 

mechanical 

circulatory 

support 

moved  between  ambulances  and  fixed-wing  air-

expanded  beyond  the  balloon  pump  to  include 

craft.  The  aircraft  used  was  configured  to  meet   active  blood  pumping  systems.  The  first  system 

Federal  Aviation  Administration  (FAA)  require-

approved  for  bridge  to  recovery  by  the  FDA  was 

ments  for  medical  transport  by  removing  seats  and 

the  ABIOMED  BVS  5000  (Fig. 4). This  system 

attaching a portable floor (Fig. 2). 

could be used in multiple configurations, depending 

on  the  patient’s  conditions  (Left  Ventricular  Assist 

Anticoagulation 

Device  LVAD,  Right  Ventricular  Assist  Device 

All  the  mechanical  circulatory  support  devices 

RVAD,  and  Biventricular  Assist  Device  BVAD). 

require  anticoagulation  medications  to  balance 

Many  other  systems  complemented  the  need 

thrombus  and  bleeding  potential  (Copeland  and 

for  temporary  support  beyond  the  main  centers 

Szefner  1995; Copeland  1996). The  skills  the  per-

doing  transplants.  ECMO  systems,  especially 

fusionist  learns  to  manage  patients  on  heart  lung 

VA  ECMO,  were  standard  tools  found  in  these 

machines  could  be  applied  to  these  devices.  Special 

advanced  centers.  The  ABIOMED  Impella  sys-

tests  like  thromboelastography  (TEG),  and  new 

tem  was  introduced  into  the  catheterization  lab  as 

medications  developed  over  this  time  frame, 

a  temporary  support  during  high-risk  procedures. 

improved  the  management  of  these complex device 

Some  of  these  patients  could  not  be  weaned  off 

patients.  As  the  devices  evolved,  new  challenges 

after  the  procedure  and  needed  to  be  supported  in 

with  blood  shear  required  other  tests  to  be  added  to 

the  ICU.  If  required,  they  were  transported  to 

the  mix  (Tran  et  al. 2016a;  Cosgrove  et  a  l. 2019). 

advanced  heart  failure  centers. 

Pediatric  MCS 

Mock  Circulation 

Pediatric  support  lagged  behind  adult  device  studies 

The  complexity  of  these  patients  and  the  many 

in  the  United  States.  Many  pediatric  patients  that 

levels  of  the  teams  taking  care  of  them  provided  a 

needed  MCS  were  implanted  with  adult  systems 

need to train beyond the clinical experience. One of 

(Reinhartz  et  al. 2001, 2003; Copeland  et  al. 

the  first  examples  of  simulating  the  clinical  experi-

2001).  In  2000,  the  first  Berlin  VAD  (meant  for 

ence  was  the  mock  circulation  provided  to  TAH

Fig.  2  Early  MOBI 
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the  ICU,  and  transition  to  the  portable  driver  are 

just some areas where mock circulation was used to 

train  team  members  and  caregivers. 

Out-of-Hospital  Support 

The  first  FDA  bridge  to  transplant  indication 

occurred  in  1994  (Thoratec),  and  in  1998,  two 

implantable  LVADs  received  approval  (Novacor, 

HeartMate  1)  (Fig. 5). 

This  launched  the  era  of  discharging  durable 

devices  (Holmes  2003; Arabia  et  al. 1996).  The 

engineering  group  at  Pittsburgh  created  a  house 

that  met  the  requirements  to  discharge  Novacor 

LVAS  patients  (Pristas  et  al. 1995).  The  modern 

VAD  coordinator  was  needed  to  manage  logistics 

related  to  discharge,  anticoagulation,  clinic  visits, 

and  other  medical  needs  in  the  outpatient  setting. 

Some  centers  extended  the  use  of  perfusion/engi-

neers  to  the  outpatient,  where  many  issues  were 

still  centered  around  equipment. 

Training  from  Perfusion 

and  Biomedical  Engineering 

At  the  UA,  several  unique  resources  revolved 

Fig.  3  Berlin  pediatric  VADs 

around  the  Center  of  Excellence  label  for  trans-

plants  and  devices.  The  first  master’s  degree  perfu-

sion school was started in 1992, and the biomedical 

engineering  program  offered  students  graduating 

with  master’s  degrees  in  an  expanding  number  of 

specialties.  The  perfusion  program  is  2  years  and 

provides  orientation  to  the  operating  room  (Fig. 6). 

Students  need  projects  for  their  thesis,  and  the 

hospital  provides  part-time  work  in  related  areas. 

They  could  pick  areas  such  as  blood  recovery, 

organ  recovery,  or  the  Artificial  Heart  program, 

where  they  would  help  manage  patients  on  tempo-

rary  and  durable  devices  in  and  out  of  the  hospital. 

Fig.  4  ABIOMED  BVS  5000  VADS 

Expanding  Circles  into  Industry, 

Academics,  and  Regulatory 

centers  (Donovan  1975).  This  system  could  be  set 

up  to  simulate  any  clinical  situation  with  the  TAH. 

Once  these  individuals  gained  experience  with 

Startup  in  the  operating  room,  alarm  conditions  in 

MCS  in  the  clinical  setting,  the  industry  began  to

[image: Image 136]
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Fig.  5  Novacor  and  HeartMate  1  VADs 

Fig.  6  UA  perfusion  science  graduate  program
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actively  recruit  their  skill  sets.  As  MCS  moved 

ambulatory  setting).  Currently,  the  FDA  has 

from  the  OR  and  ICU  to  the  catheterization  lab, 

approved  only  two  systems:  the  Abbott  HeartMate 

more  clinical  representatives  with  any  device 

3  LVAD  system  and  the  SynCardia  50  and 

experience  became  valuable.  The  formula  of  com-

70  cc  TAH. 

plexity  and  low  volume  for  any  single  hospital 

The  HeartMate  3  is  the  first  system  with  the 

requires  an  industry  individual  to  be  present  for 

new  label  of  short- and/or  long-term  support 

most  procedures.  These  groups  could  be  perfu-

(instead  of  the  old  labels  of  bridge  to  transplant 

sionists  (especially  in  the  OR),  engineers,  or  high-

and  destination  therapy).  Legacy  LVAD  systems 

end  ICU  nurses  caring  for  device  patients.  Over 

supporting  patients  include  the  HeartMate  2  and 

the  years,  many  of  the  perfusionists  and  engineers 

the  Medtronic  HVAD.  In  June  of  2022,  there  was 

who  practiced  at  the  UA  moved  on  to  positions  in 

a  Class  I  FDA  recall  to  remove  Medtronic  HVAD 

industry  and  regulatory.  These  skill  sets  acquired 

from  use.  This  has  led  to  if  these  legacy  LVAD 

in  this  space  are  increasingly  rare.  The  ability  to 

patients  require  a  device  exchange  a  HeartMate 

navigate  multiple  areas  (OR,  Cath  Lab,  and  ICU), 

3  is  the  only  durable  option. 

while  maintaining  competency  and  proficiency,  is 

The  SynCardia  50  and  70  cc  TAH  was  FDA 

in  short  supply. 

PMA  approved  in  2004  for  transplant-eligible 

patients  with  biventricular  failure.  Approval  for  a 

patient  on  the  TAH  to  be  discharged  home  on  a 

Current  Toolbox 

portable  driver  occurred  in  2012.  Pediatric  MCS 

has  a  single  FDA-approved  system,  the  Berlin 

The  current  state  of  most  MCS  programs  in  the 

VAD,  which  can  be  used  in  different  configura-

United  States  is  focused  on  being  one  of  the 

tions  based  on  patient  needs  (LVAD,  RVAD, 

greater  than  200  heart  transplant  centers  and  or 

and  BVAD). 

one  of  the  greater  than  150  Joint  Commission 

disease-specific  VAD  centers.  Both  designations 

Temporary  MCS 

require  qualifications  to  become  and  maintain  cer-

Since 2018, the UNOS heart  allocation system has 

tification  to  obtain  reimbursement  from  Medicare. 

changed  to  give  patients  on the  temporary  systems 

In  2002,  the  Thoratec  HeartMate  1  became  the 

in the hospital  a greater chance  of receiving a heart 

first  device  to  get  FDA  approval  for  destination  transplant  (Roe  et  al. 2018).  This  change  has therapy.  To  get  Medicare  reimbursement,  a  center 

multiple  impacts  in  our  space,  including  durable 

has  to  have  a  relationship  with  a  transplant  center, 

systems  often  waiting  longer  for  a  heart  trans-

have  a  surgeon  with  previous  device  experience, 

plant.  See  Fig. 8. 

and  be  part  of  a  qualified  patient  data  registry 

This  change  aims  to  have  fewer  patients  die 

(INTERMACS).  The  center  still  needs  a  surgeon 

waiting  for  transplants.  Due  to  this  shift,  the  usage 

to  have  ten  device  implants  in  the  last  3  years  and 

of  temporary  devices  as  means  to  heart  transplant 

be  part  of  a  patient  registry.  In  addition,  every 

has  increased.  Shifting  to  this  usage  helps  ensure 

2  years,  they  must  pass  an  on-site  Joint  Commis-

patients  are  as  optimized  as  possible  before  a  heart 

sion  audit. 

transplant.  To  achieve  this,  traditional  uses  of  tem-

Most  advanced  heart  failure  programs  will 

porary  MCS  needed  to  be  modified.  For  example, 

have  a  myriad  of  temporary  support  systems  that 

the  balloon  pump,  usually  inserted  in  the  leg  for 

can  be  initiated  in  the  OR,  catheterization  lab,  or 

short  periods,  can  be  inserted  in  the  axillary  artery, 

ICU.  How  each  center  manages  the  array  of  sys-

allowing  patients  to  get  up  and  ambulate.  Another 

tems  varies  from  center  to  center.  Figure  7  shows 

system  used  for  temporary  support  in  the  catheter-

the  current  toolbox  for  MCS  at  the  UA. 

ization  lab  is  ABIOMED’s  Impella  system.  With 

the  new  UNOS  classification,  the  Impella  systems 

Durable  Devices 

warrant  a  high  status  for  transplant.  The  larger 

Durable  devices  refer  to  devices  that  allow  patients 

Impella  5.0  and  5.5  systems  are  surgically  placed 

to  be  discharged  from  the  hospital  (acute  to 

in the axillary artery, allowing patients  to get  up and

[image: Image 138]
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Fig.  7  Current  UA  toolbox 

Fig.  8  UNOS  allocation  change

[image: Image 140]

30

The Role of Perfusionists/Engineers in Mechanical Circulatory Support

509

ambulate  for  extended  periods.  Tandem  is  a  similar 

the  Abbott  Centimag  pump  with  the  Medtronic 

system  that  began  in  the  catheterization  lab  as  a 

Nautilus  oxygenator  for  both  VV and  VA  ECMO. 

unique  LVAD  that  is  inserted  trans-septal  to  the 

Other  combinations  for  pediatrics  can  use  the 

left  atrium.  Later  versions  included  the  addition  of 

Pedimag  or  Rotoflow  pump  with  a  pediatric-size 

an  oxygenator,  allowing  catheterization  labs  to 

oxygenator.  Most  of  these  systems  are  compact 

place  patients  on  ECMO. 

enough  to  allow  easy  transport  between  hospitals. 

VA ECMO has always been a foundational  tool 

at  these  heart  centers.  A  major  change  occurred 

Other  Tools 

when  the  dual  cannula  was  introduced  for  use 

Additional  tools  available  to  current  MCS  pro-

with  VV  ECMO  during  the  H1N1  flu.  This  allo-

grams  include  organ  preservation.  Many  of  these 

wed  a  single  venous  insertion  site  in  patients’ 

centers  of  excellence  have  comprehensive  trans-

necks,  allowing  them  to  ambulate.  An  additional 

plant  programs  that  leverage  common  support 

feature  occurred  when  Tandem  introduced  the 

areas.  Perfusion  for  different  organs,  which  uses 

29F  Protek  Duo  cannula.  This  VV  system  drained 

machines  to  support  donor  organs  for  improving 

blood  out  of  the  right  atrium,  oxygenated  it,  and 

and  deciding  which  organs  to  use,  is  a  new  area 

returned  it  to  the  pulmonary  artery,  bypassing  the 

that  uses  perfusionist  skills.  Machines  supporting 

right  ventricle.  This  oxyRVAD  required  only  a 

the  heart,  lung,  liver,  and  kidney  have  progressed 

single  incision  site. 

as  major  tools  in  these  transplant  programs. 

ECMO  systems  became  smaller,  and  the  intro-

The  enhanced  mock  circulation  described  ear-

duction  of  the  Cardiohelp  system  provided  a  com-

lier  is  one  of  the  most  useful  tools  we  have  devel-

pact  disposable  integration  of  the  pump  and 

oped  over the  years  at the  UA  (Fig. 9). The  original 

oxygenator  in  a  single  component.  During 

mock  circulation  was  designed  to  simulate  situa-

COVID,  VV  ECMO  has  become  a  significant 

tions  with  the  TAH.  With  slight  modification,  we 

tool  in  the  temporary  MCS  space,  with  patient 

could  simulate  a  heart  failure  model  and  add  any 

support  extending  in  some  situations  for  months, 

LVAD  showing  an  accurate  patient  simulation 

ending  in  a  bridge  to  a  lung  transplant. 

(Crosby  et  al. 2015, 2017;  Mikail  et  al. 2019).  In 

Some  centers  have  used  different  manufac-

addition,  simulation  of  ECMO,  and  other  tempo-

turers  to  optimize  systems  for  ECMO.  One  uses 

rary  MCS,  has  created  value  as  a  training tool.  Any

Fig.  9  Enhanced  mock  circulation 
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patient  in  the  ICU  can  be  simulated  in  the  lab  to 

were  created  to  provide  TAH  patient  data  for 

help  train  the  multiple  groups  on  our  team. 

central  venous  pressure  (CVP)  after  knowing  car-

The  new  modified  mock  was  used  to  verify 

diac  output  and  vacuum  settings  on  the  Syncardia 

software  issues  on  the  HeartMate  2  system  (Tran 

C2  driver  for  the  two  sizes  of  TAH  (Fig. 10). 

et  al. 2016b). This  setup  was  used  at  sessions  at 

the  American  Heart  Association  meetings  in 

Current  Use  of  Perfusionist/Engineers 

2016–2018.  Simulations  were  set  up  to  show  clin-

Most  advanced  heart  failure  programs  in  the  United 

ical  scenarios involving  LVAD, ECMO, TAH,  and 

States  have  perfusionists/engineers  on  call  24/7  to 

pediatric  (fontan)  patients.  Additional  algorithms 

assist  with  MCS.  Many  different  approaches  to

Fig.  10  TAH  C2  driver  to  portable  driver  algorithms 

[image: Image 142]
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supporting  the  systems  can  exist  at  any  individual 

all  versions  of  ECMO  that  could  be  used  in  our 

center.  There  is  no  standard  approach;  most  centers 

adult  and  pediatric  patients.  In  addition,  they  are 

are  built  on  whatever  infrastructure  exists.  At  the 

trained  to  provide  support  for  transporting 

UA,  the  team  supporting  MCS  grew  from  the  long 

patients  on  ECMO.  Situations  have  occurred 

history  of  using  biomedical  engineers  since  1985 

where  a  team  goes  to  another  hospital  with  one 

and  perfusionists  in  the  master’s  program  since 

of  our  surgeons,  initiating  ECMO  and  trans-

1992.  Today,  our  hospital  supports  15  different 

porting  the  patient  back  to  our  center.  This  pro-

MCS  systems  that  any  patient  can  be  managed 

cess’  safety  net  takes  the  pressure  off  other  team 

on.  The  current  team  managing  durable  and  tempo-

members  to  know  the  details  of  the  15  different 

rary  systems  includes  six  engineers  and  a  nurse 

MCS  systems  (Fig. 11). Another  key  piece  of  this 

VAD  coordinator  who  rotates  daily  calls  and  other 

system  is  any  transport  of  an  MCS  patient  is 

support  staff  (Medical  assistant,  administrative 

accompanied  by  either  the  on-call  engineer  or 

assistant).  The  logistics  of  dealing  with  any  issue 

the  on-call  perfusionist  for  ECMO  transports. 

that  could  arise  can  be  challenging.  The  program 

The  advantage  of  limiting  the  first  call  to  a  few 

provides  an  engineer  and  perfusionist  on  call  24/7 

individuals  is  the  knowledge  of  the  15  MCS  sys-

for  any  issues  or  concerns  in  the  hospital  or 

tems  is  easier  to  maintain  with  a  small  group, 

out-patient  setting  (OR,  ICU,  Catheterization  lab, 

especially  when  some  of  these  systems  are  used 

device  clinic,  etc.).  The  primary  call,  regarding  an 

infrequently.  This  system  ensures  continuity  of 

MCS  issue,  goes  to  the  on-call  engineer,  who  filters 

care  across  a  variety  of  service  lines  and  units. 

if a provider needs to be involved. These calls could 

Some  of  these  systems  are  housed  in  a  partic-

be  from  the  hospital  needing  support  for  an 

ular  area  of  the  hospital  (OR,  ICU,  and  catheter-

in-patient  situation  or  an  outpatient  or  caregiver 

ization  lab)  but  are  used  across  the  regions.  This 

with  an  issue. 

makes  comprehensive  training  difficult.  An 

For calls regarding ECMO, go to the perfusion-

example  is  the  Impella,  which  is  mostly  used  in  

ist  on  the  call  for  ECMO.  Seven  perfusionists 

the  catheterization  lab  and  can  be  inserted  by 

rotate  ECMO  calls  and  need  to  be  familiar  with 

surgeons  in  the  OR  (5.0  and  5.5)  and  support  a

Fig.  11  On-call  engineer  safety  net 

[image: Image 143]
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patient  in  the  ICU  for  extended  periods  until  a 

step-down  nurses,  catheterization  staff,  OR  staff, 

heart  transplant  is  available.  It  is  hard  for  an 

and  perfusionists)  to  be  proficient  in  many  systems 

individual  group  to  manage  this  situation  (cath-

provides  unique  challenges. 

eterization  lab  staff,  perfusionists,  ICU  nurses, 

The  system  described  is  just  one  approach  that 

physical  therapists,  and  occupational  therapists). 

has  worked  as  the  MCS  landscape  has  continued 

The  system  described  at  the  UA  contacts  the 

to  change  over  the  years. 

on-call  engineer,  who  gathers  the  console  and 

Blood  recovery  and  organ  procurement  are 

disposables,  manages  OR  logistics,  transports 

other  areas  that  overlap  the  skillsets  and  hospital 

the  patient  to  the  ICU,  trains  the  ICU  staff, 

environments  of  MCS.  Individuals  who  can 

accompanies  the  patient  for  procedures,  walks, 

function  with  any  equipment  unique  to  these 

or  other  transports,  and  is  on  call  24/7  for  any 

areas  can  be  flexible  for  on-call  schedules  and 

issues. 

interact  with  similar  team  members  across  these 

This  is  the  logistics  of  just  a  single  device  of  the 

arenas. 

current  MCS  systems  that  can  be  used.  Figure  12 

shows  a  sheet  of  different  configurations  of  tempo-

rary MCS, with some of these switched on the same 

Future  Directions 

patient  as  conditions  changed  (Khalpey  et  al. 2016; 

Kazui  et  al. 2016; Rao  et  al. 2018a, b).  The 

Based  on  what  has  been  observed,  the  future 

dilemma  of  training  multiple  groups  (ICU  nurses, 

direction  of  MCS  and  the  role  of  perfusionists/

Fig.  12  UA  temporary  MCS  configurations 
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engineers  are  difficult  to  predict.  Some  common 

to  FDA  studies  gaining  regulatory  approvals.  This 

factors  have  changed  very  little  and  provide  a 

foundation  is  now  seen  in  FDA,  Medicare,  and 

foundation  to  support  the  future. 

Joint  Commission  requirements  and  large  real-

world  databases  like  INTERMACS  and  ELSO. 

The  Hospital  Setting 

Most  biomedical  engineering  and  perfusion 

MCS  grew  out  of  the  complex  heart  OR  and  ICU 

schools  incorporate  many  of  the  lessons  learned 

areas  of  mostly  academic  centers  doing  trans-

in  the  past  into  their  curriculums.  Device  pro-

plants.  Over  the  years,  the  catheterization  lab 

grams,  in  addition  to  the  perfusionist/engineer, 

and  ER  were  added,  along  with  nonacademic 

are  now  integrated  with  VAD  coordinators,  phar-

settings.  As  systems  became  more  portable  and 

macists,  mid-level  providers,  therapists,  and 

technologies  like  dual-lumen  cannulas  were  intro-

others  to  manage  the  complexity  of  the  growing 

duced,  other  providers  in  other  settings  could  ini-

advanced  heart  failure  population.  Future  MCS 

tiate  support  in  critical  situations.  The  EMS 

will  integrate  artificial  intelligence,  wearable 

setting  is  the  next  likely  arena  for  temporary 

monitoring,  and  portable  apps.  The  perfusionist/ 

MCS  (Mosier  et  al. 2015). 

engineer  role  will  adapt  as  it  always  has  done. 

Team  Members’  Skill  Set 

This  chapter  focused  on  the  perfusionist/engineer 
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Due  to  limited  donor  availability,  there  is  an 

States,  more  than  27,000  patients  having  an  LVAD 

increasing  demand  for  mechanical  circulatory 

implanted  in  the  last  decade,  as  of  the  end  of  2022. 

support  devices  such  as  left  ventricular  assist 

In  2022,  data  from  the  Interagency  Registry  for 

device  and  total  artificial  heart,  as  these  devices 

Mechanically 

Assisted 

Circulatory 

Support 

are  becoming  more  viable  long-term  options. 

(INTERMACS)  registry  showed  that  there  were 

The  postoperative  ICU  care  of  patients  with 

more  than  2500  LVADs  implanted  in  the  United 

mechanical  circulatory  support  is  complex  and 

States  (Jorde  et  al. 2024). 

requires  a  multidisciplinary  approach  among 

the  healthcare  team.  Due  to  the  complexity  of 

these  patients,  an  in-depth  understanding  of  the 

Overview 

cardio-pulmonary  pathophysiology  and  metic-

ulous  attention  to  detail  from  the  healthcare 

The  exceptional  physiological  consequences  of 

team is  required.  A  systematic  and  goal  directed 

cardiac  operations  dictate  much  of  the  early  post-

approach  to  the  immediate  post-implant  period, 

operative  management,  therefore  it  is  imperative 

focused  on  hemodynamic  stability,  hemostasis, 

that  the  cardiac  intensivist  has  a  clear  understand-

respiratory  function,  acid  base  management, 

ing  of  the  cardiopulmonary  physiology,  the  knowl-

anticoagulation,  nutrition,  psychosocial  sup-

edge  of  the  surgical  operation  performed,  the 

port,  infection  prevention,  and  comprehensive 

intraoperative  events  and  the  principles  and  effects 

patient  support,  is  crucial  in  order  to  insure  best 

of  the  cardiopulmonary  bypass  (CPB)  on  the 

patient  outcomes. 

human  body  (Stephens  and  Whitman  2015a). 

The  contact  of  blood  with  the  artificial  surfaces 

Keywords 

of  the  CPB  machine  can  lead  to  potential  conse-

quences,  including  a  systemic  inflammatory 

Durable  mechanical  circulatory  support 

response  (SIRS).  SIRS  represents  an  exacerbated 

(DMCS)  ·  Left  ventricular  assist  device 

response  of  the  human  body  to  harmful  stressors 

(LVAD)  ·  Right  heart  failure  ·  Postoperative 

like  infections,  pancreatitis,  burns, surgery,  trauma, 

ICU  care  ·  Multidisciplinary  team 

ischemia,  reperfusion,  or  with  the  presence  of 

mechanical  circulatory  support  devices  (MCS) 

(Balk  2014).  During  SIRS,  inflammatory  cytokine 

Introduction 

levels  are  increased,  resulting  in  systemic  vasodi-

lation  and  an  endothelial  leak  syndrome  that  leads 

Cardiac  surgeries  represent  one  of  the  most  com-

to  vasodilatory  shock.  Additionally,  a  multifacto-

mon  surgeries  performed in  the  United  States.  They 

rial  coagulopathy  that  is  comprised  of  a  consump-

encompass  a  variety  of  procedures  that  can  range 

tive  coagulopathy  secondary  to  platelet  activation 

from  minimally  invasive  to  major  open-heart  sur-

that  leads  to  platelet  consumption  and  postopera-

geries,  including  left  ventricular  assist  device 

tive  dysfunction,  hypothermia,  that  is  used  for 

(LVAD)  and  total  artificial  heart  (TAH)  implanta-

organ  protection,  and  dilutional  coagulopathy 

tion,  as  well  as  heart  transplantation.  Regardless  of 

from  all  the  transfusion  and  fluid  resuscitation 

the cardiac surgery performed, the positive outcome 

done  in  the  operating  room  (OR)  (Besser  and 

depends  on the optimal  postoperative  intensive care 

Klein  2010).  Though  more  rare,  another  potential 

unit  (ICU)  care.  Postoperative complications  have a 

complication  post  CPB  is  vascular  injury  at  the  site 

major impact on morbidity and mortality post open-

of  bypass  cannulation  which  can  lead  to  bleeding, 

heart  surgery  (Ahmed  et  al. 2014),  therefore  it  is 

dissections,  and  impaired  distal  perfusion  (Ste-

essential  that  there  is  a  multidisciplinary  team 

phens  and  Whitman  2015a). Moreover,  hypoten-

approach  in  the  management  of  these  complex 

sion  during  or  after  CPB  can  lead  to  organ 

patients,  including  the  cardiothoracic  surgeon, 

hypoperfusion resulting in postop-end organ  injury 

intensivist,  and  the  cardiologist  involved  in  the 

and  hemodynamic  instability  (Reich  et  al. 1999). 

patient’s  care.  LVADs  are  widely  used in  the  United 

Additionally,  post-DMCS  patients  present  unique
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challenges  in  the  early  postoperative  management 

of  DMCS,  current  MCS  settings,  detailed  descrip-

since  these  chronic  heart  failure  patients  typically 

tion  of  right  ventricular  (RV)  function  and  assess-

have  multiple  comorbidities  and  have  overall  less 

ment  of  interatrial  and  interventricular  septum,  left 

reserve.  The  team  caring  for  these  extremely  ill 

ventricle  (LV)  and  RV  chamber  sizes  for  LVAD 

patients  needs  to  be  very  diligent  about  identifying 

patients. 

early  any  post-op  problems  in  order  to  achieve  an 

optimal  outcome. 

An  extremely  important  initial  step  in  the  post-

Early  Postoperative  Management 

op  management  of  the  post-cardiac  surgery 

patients  is  to  ensure  hemodynamic  stability  and 

All  DMCS  patients  should  be  managed  in  a  spe-

hemostasis  prior  to  ICU  transfer.  Transesophageal 

cialized  mechanical  circulatory  support  ICU  or 

echocardiogram  plays  a  primordial  role  in  the 

cardiothoracic  ICU  with  extensive  experience  in 

guidance  of  volume  and  inotropic  management 

caring  for  these  extremely  complicated  and  chal-

prior  to  the  transfer  of  patients  from  the  OR  to 

lenging  patients.  A  multidisciplinary  approach  for 

the  ICU  post-op  care. 

the  management  of  these  complex  patients  is  cru-

cial.  A team comprising of cardiac intensivists, heart 

failure  cardiologist  and  cardio-thoracic  surgeons, 

Transition  of  Care  from  OR  to  ICU 

nursing,  respiratory  therapists,  pharmacists,  and 

nutritionists  are  needed.  Having  an  intensivist  pre-

The  handover  from  the  OR  to  ICU  team  represents 

sent  24  h  a  day,  7  days  a  week  in  such  a  high-acuity 

a  critical  role  in  the  postoperative  management  of 

ICU  is  ideal  for  patient  care  (Huard  et  al. 2020). 

cardiac  surgery  patients  and  should  include  a  sys-

The  team  providing  care  for  DMCS  patients 

tematic  transfer  of  information  from  the  surgeon, 

should  have  a  strategic  management  plan  in  place 

cardiac anesthesiologist and OR nursing staff to the 

and  a  goal-directed  therapy.  Invasive  monitoring 

intensivist  team,  nursing  staff  and  respiratory  ther-

includes  utilization  of  an  arterial  line  with  contin-

apist.  The  handover  should  contain  patient  demo-

uous  arterial  blood  pressure  monitoring,  continu-

graphics,  past  medical  history,  allergies,  indication 

ous  pulse  oximetry,  Swan-Ganz  catheter  with 

for  surgery,  airway  management,  vascular  access 

central  venous  pressure  as  well  as  continuous 

with  the  sites  of  existing  lines,  anesthesia  medica-

pulmonary  artery  pressure,  continuous  cardiac 

tions  used  and  any  details  regarding  complications 

output  monitoring,  and  mixed  venous  oxygen  sat-

or  reactions  to  medications,  preoperative  and  post-

uration  as  well  as  temperature  monitoring.  Post-

operative  TEE  findings,  details  of  the  procedure, 

op  patients  should  also  have  a  urinary  catheter 

CPB  time  and  aortic  cross-clamp  time,  complica-

placed  for  accurate  urine  output  monitoring. 

tions  during  surgery,  vasopressor  and  inotropic 

medication  requirements  including  highest  doses 

required,  events  during  CPB  wean,  need  of  tempo-

Hemodynamic  Goals  and  Management 

rary  mechanical  circulatory  support  upon  trans-

itioning  off  the  CPB,  blood  product  and  other 

The  hemodynamic  goals  include  maintaining  a 

volume  administration,  present  infusions  with 

mean  arterial  pressure  (MAP)  of  70–90  mmHg 

accurate  dosing  and  site  where  they  are  being 

and  a  cardiac  index  of  >2.2  L/min/m2  (Saeed 

infused,  ventilator  settings,  temporary  pacing  set-

et  al. 2023). 

tings,  presence  of  both  atrial  and  ventricular  wires, 

On  patient’s  arrival  to  the  ICU,  physical  exam-

or  ventricular  wires  only,  filling  pressures,  cardiac 

ination  should  confirm  the  presence  of  adequate 

index  and/or  other  hemodynamic  concerns.  Spe-

perfusion  demonstrated  by  presence  of  palpable 

cific  durable  mechanical  circulatory  support 

or  dopplerable  pulses  in  all  extremities,  warm 

(DMCS)  data  includes  the  patient’s  etiology  for   extremities,  absence  of  ischemic  changes,  and 

heart  failure,  DMCS  indication,  surgical  approach, 

adequate  urine  output.  Moreover,  laboratory  data 

events  at  the  time  of  CPB  separation  and  initiati on

should  include  arterial  blood  gas,  serial  mixed
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venous  oxygen  saturation and  lactic acid  measure-

Pure  vasopressors  are  beneficial  in  cases  of 

ments  every  4–6  h  for  early  detection  of  hypoxia 

excessive  vasodilation  due  to  low  systemic  vascu-

and  of  inadequate  end-organ  perfusion  and  oxy-

lar 

resistance 

or 

hypotension 

induced 

by 

gen  supply  and  demand.  Lactic  acid  is  a  sensitive 

inodilators.  Common  agents  include  norepineph-

marker  of  hypoperfusion  and  higher  lactate  levels 

rine,  vasopressin,  and  angiotensin  II.  Vasopressin 

and  slow  clearance  have  been  shown  to  predict 

is  effective  in  treating  postoperative  vasodilation 

major  complications  post-heart  surgery  (Hajjar 

and  vasoplegia  (Papadopoulos  et  al. 2010).  Angio-

et  al. 2013). 

tensin  II  is  a  vasoconstrictor  which  is  increasingly 

The  main  pillars  of  early  postoperative  man-

being  used  to  raise  blood  pressure  in  adults  with 

agement  include  achieving  hemodynamic  stabil-

septic  or  other  types  of  distributive  shock.  Angio-

ity,  hemostasis,  and  adequate  gas  exchange. 

tensin  II  is  a  naturally  occurring  hormone  secreted 

The  patient’s  etiology  of  heart  failure,  clinical 

as  part  of  the  renin-angiotensin  system  that  results 

status  immediately  prior  to  DMCS  implantation, 

in  powerful  systemic  vasoconstriction  (Chawla 

INTERMACS  profile,  RV  function,  presence  of 

et  al. 2014).  This  agent  has  been  used  in  patients 

chronic  kidney  disease,  prior  lung  pathology  or 

with  vasoplegia  following  cardiac  surgery,  show-

prior  pertinent  infectious  complications,  or  pres-

ing  good  response  (Klijian  et  al. 2021). From  our 

ence  of  methicillin  resistant  staphylococcus 

experience,  this  medication  sometimes  can  be  par-

aureus  (MRSA)  colonization  should  be  known. 

ticularly  useful  in  patients  that  were  previously  on 

Initial  assessment  of  volume  status  is  of  utmost 

an  angiotensin-converting-enzyme  inhibitors  or 

importance.  A  low  central  venous  pressure  (CVP), 

angiotensin  receptor  blockers. 

low  pulmonary  artery  pressure  (PAP),  and  low 

In  cases  of  refractory  vasoplegia,  the  use  of 

pulmonary capillary wedge pressure (PCWP) asso-

methylene  blue  and/or  hydroxycobalamin  could 

ciated  with  underfilled  heart  chambers  on  echocar-

be  also  considered,  although  there  is  limited  evi-

diogram  should  trigger  volume  administration.  In 

dence  for  their  use  in  vasodilatory  shock  (Chow 

our  practice,  if  patients  do  not  require  blood  prod-

et  al. 2020).  In  our  practice,  when  the  post-cardiac 

uct  administration  (thresholds  for  blood  transfu-

surgery  patient  is  on  two  or  more  vasopressors 

sion  to  be  discussed  later  in  the  chapter),  we 

with persistently low  systemic vascular resistance, 

prefer albumin 5% administration however  crystal-

we  initiate  methylene  blue  or  hydroxycobalamin 

loid  administration  can  be  considered  as  well. 

as  long  as  there  are  no  other  major  drug-drug 

Vasopressors  and  inotropes  should  be  used  in 

interactions  between  these  agents  and  the  patient’s 

order  to  achieve  the  hemodynamic  goals  of  MAP 

medication  profile. 

and  CI  once  the  DMCS  speed  and  flow  is 

In  the  more  uncommon  instance  in  which  post-

optimized. 

DMCS  patients  are  hypertensive  in  the  immediate 

The  commonly  used  catecholamines  with  ino-

postoperative  period,  on  arrival  to  the  ICU,  we 

tropic  properties  include  epinephrine,  norepi-

advise  caution  in  treating  the  MAP  with  antihyper-

nephrine,  and  dobutamine.  While  epinephrine 

tensives, since it is not uncommon for these patients 

and  norepinephrine  have  vasopressor  activity  as 

to become hypotensive 1 to 2 h post-op. Instead, we 

well,  dobutamine  is  an  inodilator  with  both  ino-

suggest  focusing  on  treating  pain  and/or  anxiety  as 

tropic  and  vasodilator  properties,  and  often  needs 

detailed  further  in  this  chapter  and  optimizing  ino-

to  be  used  with  a  vasopressor  to  maintain  an 

tropic  support  with  an  inodilator.  If  patient  remains 

adequate  MAP  (Stephens  and  Whitman  2015a). 

hypertensive despite the above-mentioned interven-

Another  inotropic  agent  commonly  used  includes 

tions,  low-dose  intravenous  hydralazine  on  as 

milrinone,  which  is  a  phosphodiesterase  3  inhibi-

needed  basis  can  be  used.  In  the  rare  instance  in 

tor  with  inotropic  and  systemic  vasodilatory 

which  the  patient  remains  hypertensive,  a  short-

effects,  also  inducing  pulmonary  vasodilation. 

acting 

continuous 

afterload 

reducer 

like 

This  makes  it  particularly  useful  for  patients  with 

nitroprusside  can  be  used.  Alternatively,  intrave-

right  ventricular  (RV)  failure  or  pulmonary  hyper-

nous  nitroglycerin  starting  at  low  dose  can  be 

tension  (Gillies  et  al. 2005). 

attempted.  Beta-blocker  antihypertensives  should
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be  avoided  due  to  their  negative  inotropic  effect, 

Early  Postoperative  Right  Ventricular 

since many  of  these  patients have reduced RV  func-

Failure 

tion.  Another  agent  that  can  be  considered  to  lower 

the  blood  pressure  is  clevidipine,  a  dihydropyridine 

Right  heart  failure  represents  a  major  cause  of 

L-type calcium  channel  blocker that is  highly  selec-

morbidity  and  mortality  post-LVAD  implantation. 

tive  for  vascular  smooth  muscle  with  little  or  no 

Many  patients  that  undergo  DMCS  implantation 

effect  on  myocardial  contractility  or  cardiac 

have  underlying  RV  dysfunction  that  will  poten-

conduction. 

tially  worsen  during  or  post-implantation  and  is 

more  common  in  non-ischemic  heart  failure 

patients.  Right  ventricular  failure  can  manifest 

LVAD  Management 

upon  CPB  separation,  post-CPB  weaning,  imme-

diately  postoperatively  or  later  during  the  ICU 

In  this  section,  we  will  focus  on  the  management  of 

stay.  It  is  extremely  important  for  providers  to 

the  HeartMate  3  (HM3)  LVAD,  as  it  is  the  only 

remain  aware  of  the  signs  and  symptoms  of  RV 

FDA-approved  durable  LVAD  at  this  time.  In  the 

failure  and  take  this  into  consideration  when  clin-

immediate  postoperative  period,  only  minor  LVAD 

ically  appropriate. 

pump  speed  adjustments  should  be  made  (basic 

The  pathophysiology  of  right  heart  failure  is 

LVAD  revolutions  per  minute  [RPM]  parameters 

complex  and  most  likely  multifactorial,  that 

should  be  between  4800  and  6000  RPM),  under 

includes  some  degree  of  RV  dysfunction  preoper-

echocardiographic  guidance  and  with  CVP  and 

atively,  as  mentioned  above,  followed  by  a  degree 

PCWP  monitoring.  In  complicated  cases,  a  minor-

of  RV  injury  from  the  CPB,  pericardial  breech 

ity  of  the  patients  might  benefit  from  right  atrial 

associated  with  the  sternotomy,  and  elevated  pul-

and  left  atrial  direct  pressure  monitoring  placed 

monary  vascular  resistance  (Saeed  et  al. 2023). 

intra-op,  as  sometimes  patients  might  experience 

Additionally,  post-LVAD  implantation,  the  RV 

decoupling  between  the  pulmonary  capillary 

geometry  changes  as  the  interventricular  septum 

wedge  pressure  and  left  atrial  pressure.  From  our 

shifts  to  the  left  since  the  LV  unloading  will 

experience,  changes  of  100–200  revolutions  per 

improve  and  this  change  will  lead  to  a  decrease 

minute  (RPM)  at  one  given  time  for  HeartMate 

in  RV  contractility  (Pratt  et  al. 2014)  together  with 

3  LVAD  pump  gives  the  ability  to  slowly  monitor 

an  increased  RV  preload  secondary  to  improved 

changes  in  the  LV/RV  interaction.  The  goal 

LV  pump  function. 

CVP  should  be  8–12  mmHg  and  the  optimal 

INTERMACS  defines  right  heart  failure  as 

PCWP  should  be  14–18  mmHg,  ideally  with  a 

(1)  the  need  for  an  RVAD  or  (2)  requiring  inotropic 

CVP/PCWP  ratio  less  than  0.66;  however,  these 

therapy  or  inhaled  nitric  oxide  for  greater  than 

specific  target  values  can  vary  based  on the  individ-

1  week  any  time  after  LVAD  implantation  in  the 

ual  patient’s  condition.  These  targets  help  confirm 

presence  of  signs  and  symptoms  of  persistent  RV 

adequate  filling  pressures  while  avoiding  conges-

dysfunction,  such  as  CVP  >18  mmHg  with  a  car-

tion  and  right  heart  failure.  Close  monitoring  and 

diac  index  <2.3  L/min/m2  in  the  absence  of  ele-

adjustments  are  often  necessary  to  maintain  these 

vated  PCWP  (>18  mmHg),  cardiac  tamponade, 

goals.  Furthermore,  the  echocardiographic  assess-

ventricular  arrhythmias,  or  pneumothorax  (Kirklin 

ment  of  interventricular  septum  to  ensure  its  mid-

et  al. 2008). 

line  position  or  slightly  rightward  septal  deviation, 

Many  hemodynamic  parameters  have  been  pro-

adequate  LV  chamber  size  and  maintaining  RV 

posed  to  be  able  to  assess  and  monitor  the  RV 

geometry  can  potentially  minimize  the  risk  of  LV 

function  post-LVAD  implantation.  These  include 

suck down and confirms adequate right-to-left flow. 

right atrial pressure (RAP) or CVP, the RAP/PCWP 

Ideally,  aortic  valve  should  open  intermittently  to 

ratio,  the  pulmonary  artery  pulsatility  index  (PAPi), 

allow  some  native  cardiac  output,  and  to  avoid 

RV  stroke  work  index  (RVSWI),  RV  fractional 

fusion  of  the  aortic  valve  and  to  minimize  the  risk 

area  change,  and  tricuspid  annular  plane  systolic 

of  thrombus  formation. 

excursion  (TAPSE)  the  latter  two  measured  by
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echocardiogram  to  mention  a  few  (Morine  et  al. 

output  should  be  closely  monitored  and  if  there 

2016; Frankfurter  et  al. 2020;  DiLorenzo  et  al. 

are  signs  of  hypoperfusion  and  end-organ  dys-

2015). There  is  no  data  that  a  single  hemodynamic 

function,  implantation  of  a  temporary  right  ven-

parameter  is  superior  compared  to  the  others  and 

tricular  assist  device  (RVAD)  should  not  be 

probably  a  combination  of  some  of  the  above-

delayed.  Details  regarding  RVAD  types  and 

mentioned  indices  should  be  used. 

management  will  be  discussed  in  a  different 

The  immediate  postoperative  management  of 

chapter. 

right  heart  failure  post-LVAD  implantation  is 

complex  and  includes  a  multitude  of  interventions 

that  focus  on  optimizing  the  RV  preload,  improv-

Tamponade 

ing  RV  contractility  and  decreasing  the  RV  after-

load,  as  well  as  managing  LVAD  speed  and  flow, 

Tamponade  represents  an  extremely  dangerous 

in  order  to  achieve  an  adequate  right  to  left  flow 

complication  after  implantation  of  LVAD  if  it  is 

and  left-sided  preload.  In  right  heart  failure,  the 

not  recognized  in  a  timely  manner.  Patients  post-

RV  is  not  able  to  maintain  normal  RV  output, 

DMCS  implantation  are  at  increased  risk  of  bleed-

leading to decreased LV venous return, and dimin-

ing  due  to  multiple  risk  factors  as  mentioned 

ished  LV  chamber  size  that  is  unloaded  by  a 

above.  Moreover,  these  patients  require  initiation 

perfectly  functional  LVAD  pump.  This  will  lead 

of  anticoagulation  usually  post-op  day  1  or  2,  fur-

to  the  interventricular  septum  deviating  toward 

ther  increasing  the  risk  of  bleeding.  Early 

the  LV.  This  will  be  recognized  by  low  PCWP  or 

tamponade  post-LVAD  implantation  is  usually 

LAP  and  this  change  will  be  also  evident  on 

related  to  surgical  bleeding  while  later  in  the 

echocardiogram  and  will  require  immediate  inter-

course  is  usually  related  to  anticoagulation. 

vention  by  reducing  LVAD  speed  in  order  to  pre-

Early  recognition  and  management  in  suspected 

vent  the  imminent  suction  event  (James  and  Smith 

patients  is  crucial  in  order  to  achieve  a  favorable 

2022).  In  order  to  optimize  the  RV  preload,  the 

outcome.  A  combination  of  hypotension,  low  car-

CVP  should  be  maintained  below  12  and  that 

diac  index,  decreasing  LVAD  flow,  elevated  CVP 

can  be  achieved  with  volume  removal  either 

with  low  pulmonary  pressures,  wedge  pressures, 

with  diuretics  or  in  some  cases  with  renal 

and  signs  of  hypoperfusion  should  raise  the  sus-

replacement  therapy.  Another  intervention  that 

picion  for  tamponade.  Even  though  cardiac 

can  decrease  CVP  includes  inducing  tachycardia 

tamponade  is  a  clinical  diagnosis,  echocardio-

for  a  heart  rate  of  100–110  with  atrial  pacing  and 

gram,  particularly  TEE,  is  extremely  helpful  in 

maintaining  or  restoring  sinus  rhythm.  Isopro-

the  early  recognition  of  this  life-threatening  com-

terenol  infusion,  even  though  rarely  used,  can 

plication.  Temporarily,  volume  administration 

sometimes  be  considered.  Goal  CVP/PCWP 

and  vasopressor  support  can  help  maintain  the 

should  be  less  than  2/3  or  0.66.  Using  inotropic 

hemodynamics  but  early  return  to  the  operating 

support  like  dobutamine  and/or  milrinone  will 

room  for  surgical  exploration  remains  crucial  for 

improve  RV  contractility  but  these  agents  can 

patient  survival. 

potentially  cause  hypotension.  Milrinone  also 

provides  pulmonary  vasodilation  further  reduc-

ing  the  RV afterload.  In  the  presence  of  hypoten-

Bleeding  and  Hemostasis 

sion,  epinephrine  is  the  preferred  agent  to 

improve  the  RV  contractility.  Inhaled  nitric 

Patients  receiving  DMCS  are  at  increased  risk 

oxide  and/or  inhaled  prostacyclin  should  be 

for  intraoperative  and  postoperative  bleeding 

used  to  further  reduce  the  RV afterload.  Ventila-

due  to  several  factors.  These  include  the  use  of 

tor  management  should  be  optimized  as  well  in 

anticoagulants  during  surgery,  coagulopathy 

order  to  avoid  hypoxia,  acidosis,  and  alveolar 

induced  by  CPB,  hypothermia,  and  an  acquired 

overdistension.  Serial  lactic  acid,  mixed  venous 

von  Willebrand  factor  defect  caused  by  high 

oxygen  saturation,  arterial  blood  gas  and  urine 

shear  stress  forces  in  continuous  flow  devices
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(Vincent  et  al. 2018). Moreover,  the  LVAD  itself 

with  poor  end-organ  perfusion  or  end-organ 

can  lead  to  platelet  activation.  When  activated, 

ischemia  a  higher  hemoglobin  level  may  be  indi-

platelets  can  induce  inflammatory  gene  expres-

cated  (Saeed  et  al. 2023). 

sion  with  release  of  interleukin  (IL)-6  and  IL-8 

and  upregulation  of  different  adhesion  mole-

cules.  In  patients  supported  with  LVADs,  these 

Early  Anticoagulation  and  Hemolysis 

markers  peak  in  the  early  postoperative  and 

Prevention 

remain  elevated  for  6  months  (Koliopoulou 

et  al. 2016). Meticulous  surgical  technique  is 

Anticoagulation protocols vary  by institutions  and 

extremely  important  in  achieving  hemostasis 

there  are  no  clear  anticoagulation  goals  early  post-

(Nepomuceno  et  al. 2020). There  is  no  clear  con-

op.  In  our  practice,  as  long  as  there  are  no  contra-

sensus of the definition of significant bleeding post-

indications  to  anticoagulation,  we  start  heparin 

LVAD  implantation  and  the  majority  of  data  is 

infusion  on  post-op  day  1  or  2  with  an  initial 

generalized  from  post-cardiac  surgery  literature. 

PTT  goal  of  30–40  s  and  as  long  as  this  goal  is 

Multiple  classifications  have  been  proposed  based 

tolerated  for  24  h,  with  low  chest  tube  output, 

on  chest  tube  output  or  packed  red  blood  cell 

stable  hemoglobin  level  and  not  requiring  PRBC 

(PRBC)  transfusion  requirements  (Stephens  and 

transfusion,  we  advance  the  goal  PTT  to  40–50  s. 

Whitman  2015b). One  publication  defines  exces-

Warfarin  is  introduced  when  patients  are  able  to 

sive bleeding as more than 400 mL in the  first  hour, 

tolerate  the  goal  PTT  without  any  evidence  of 

300  mL/h.  for  the  first  2  h  or  200  mL/h.  for  three 

bleeding  and  drains  are  removed,  usually  on 

consecutive  hours  (Fergusson  et  al. 2008).  One 

post-op  day  3–4.  Based  on  recently  published 

other  circumstance  proposed  as  severe  bleeding 

data,  aspirin  is  not  started  unless  there  is  another 

includes  1–2  l  of  chest  tube  output  in  12  h  or 

indication  for  it  (Galand  et  al. 2019). 

transfusion  of  5–10  units  PRBCs  or  fresh  frozen 

Hemolysis  with  HeartMate3  device  is  uncom-

plasma (FFP) (Dyke et al. 2014). Irrespective of the 

mon  but  early  anticoagulation  as  outlined  above  is 

classification  used,  post-DMCS  implantation 

recommended  and  monitoring  hemolytic  markers 

bleeding  remains  a  critical  concern  that  requires 

should  be  considered.  In  our  practice,  daily  plasma 

prompt  identification  and  management. 

free  hemoglobin  and  lactate  dehydrogenase  should 

Maintaining  normothermia,  monitoring  coagu-

be  checked.  If  there  is  evidence  of  hemolysis,  the 

lation  parameters  (e.g.,  international  normalized 

first  step  is  to  repeat  hemolytic  markers  to  rule  out 

ration  [INR],  partial  thromboplastin  time  [PTT], 

laboratory  error.  If  the  hemolytic  markers  remain 

fibrinogen,  platelet  count,  thromboelastogram  elevated,  a  more  in-depth  investigation  needs  to  be 

[TEG]),  and  rapid  correction  of  abnormal  factors, 

started.  Additional  labs  include  haptoglobin, 

use  of  adjunctive  therapies  like  desmopressin,  low 

peripheral  smear,  reticulocyte  count,  and  bilirubin. 

dose protamine, prothrombin complex concentrate, 

The  LVAD  speed,  flow,  and  power  consumption 

or  coagulation  factors,  combined  with  low  thresh-

needs  to  be  investigated.  Studies  that  should  be 

old  for  surgical  re-exploration  is  the  paramount  for 

considered  include  echocardiogram  to  assess  for 

ensuring  optimal  patient  outcomes.  Delays  in 

any  structural  issues  such  as  inflow  or  outflow 

return  to  the  OR  for  surgical  re-exploration  should 

obstruction,  device  malposition,  and  turbulent  flow. 

be  avoided,  since  massive  transfusion,  hypoten-

A  computer  tomograph  to  evaluate  the  position 

sion,  and  hypoperfusion  can  have  extremely  detri-

and  integrity  of  the  device  and  cannulas  can  also 

mental  effects  on  the  outcome. 

be  considered.  If  a  patient  has  a  right  ventricular 

Based  on  the  guidelines  from  the  International 

assist  device  in  place,  a  circuit  change  to  rule  out 

Society  for  Heart  and  Lung  Transplantation 

hemolysis  in  the  extracorporeal  circuit  should  be 

(ISHLT),  a  transfusion  threshold  of  minimum  of 

done.  Optimizing  LVAD  pump  speed  and  flow, 

8  g/dl  in  the  early  postoperative  period  is 

and  increasing  anticoagulation  are  some  initial 

recommended  for  all  patients  undergoing  LVAD 

steps  that  can  be  attempted  to  reduce  the  level  of 

implantation.  Of  note,  for  critically  ill  patients 

hemolysis.  In  the  extremely  rare  case  in  which  a
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newly  placed  LVAD  is  the  culprit  for  hemolysis, 

Ventricular  Arrhythmias 

device  exchange  should  not  be  delayed  since  pro-

The  incidence  of  early  ventricular  arrhythmias 

longed  hemolysis  can  have  extremely  detrimental 

occurring  shortly  after  LVAD  surgery  is  estimated 

effects  on  the  human  body. 

to  be  between  13%  and  25%  in  patients  with 

continuous-flow  LVAD  (Garan  et  al. 2015; 

Galand  et  al. 2019). Most  events  are  attributed  to 

Arrhythmia  Control 

suction  events,  inotropic  medication,  or  electro-

lyte  disorders.  These  events  are  more  likely  to  be 

Supraventricular  Arrhythmias 

responsible  for  hemodynamic  deterioration  and 

Atrial  arrhythmias  (e.g.,  atrial  fibrillation,  atrial 

more  often,  the  patients  who  sustain  early  ventric-

flutter,  and  atrial  tachycardia)  are  very  prevalent  ular  arrhythmias  exhibit  signs  of  right  ventricular 

in  patients  with  advanced  heart  failure  prior  to  or 

failure,  increasing  the  duration  of  hospitalization 

after  LVAD  implantation  and  patients  who 

(Garan  et  al. 2015),  leading  to  increased  ICU  and 

undergo  LVAD  implantation  have  an  increased 

hospital  length  of  stay,  and  increased  morbidity 

incidence  of  atrial  arrhythmias,  particularly  atrial 

and  mortality  (Galand  et  al. 2019).  The  prompt 

fibrillation  (Hickey  et  al. 2016).  The  incidence  of  treatment  of  these  arrhythmias  is  required. 

new  onset  atrial  arrhythmias  after  LVAD  is  high  in 

The  majority  of  the  patients  undergoing  LVAD 

both  the  early  postoperative  period  and  afterward. 

implantation 

already 

have 

an 

implantable 

Atrial  fibrillation  is  documented  in  about  8%  of 

cardioverter-defibrillator  (ICD)  which  usually  gets 

patients  after  the  first  30  days  of  LVAD  placement 

deactivated  prior  to  the  cardiac  surgery.  In  our  prac-

(Hawkins  et  al. 2018). 

tice,  we  reactivate  the  ICD  on  post-op  day  1  unless 

Atrial  arrhythmias  with  rapid  ventricular  rate 

the  patient  is  on  mechanical  biventricular  support. 

affecting  LVAD  flows  should  undergo  electrical 

The  drug  of  choice  in  the  management  of  ven-

or  chemical  cardioversion,  and  rhythm  control 

tricular  arrhythmias  is  amiodarone,  which  has  less 

should  be  considered  in  these  patients.  In  our 

negative  inotropic  effect  than  beta-blockers.  A 

experience,  amiodarone  is  our  drug  of  choice  for 

recent  study  showed  that  amiodarone  that  was 

rhythm  control  in  this  patient  population.  Resto-

quickly  initiated  after  LVAD  implantation  in  the 

ration  of  sinus  rhythm  should  be  considered  in 

case  of  supraventricular  tachycardia  or  ventricular 

patients  with  significant  RV  dysfunction. 

arrhythmia  during  the  ICU  stay  had  a  positive 

Amiodarone  can  also  be  used  for  effective  rate 

impact  in  postoperative  survival,  raising  an  inter-

control.  Beta-blockers  are  another  class  of  medi-

esting  question  regarding  the  potential  protective 

cation  which  can  be  used  for  rate  control,  how-

benefit  of  this  therapy  on  30-day  postoperative 

ever,  in  the  immediate  post-LVAD  implantation 

outcomes  (Galand  et  al. 2019). Lidocaine  is 

period,  since  many  patients  require  vasopressor 

another  antiarrhythmic  agent  that  can  be  used  in 

support  and  have  reduced  RV  function,  beta-

the  immediate  post-op  period;  however,  the 

blockers  should  be  avoided.  Digoxin  can  be  used 

potential  neuro-toxic  effects  and  long  duration  of 

as  well  for  rate  control;  however,  many  of  the 

lidocaine  blood  level  laboratory  report  in  some  of 

patients  post-LVAD  surgery  have  some  degree  of 

the  hospitals across  the country might  limit  its  use. 

kidney  injury,  therefore  caution  should  be  used.  If 

Beta-blockers  are  alternative  agents  that  can  be 

atrial  arrhythmias  are  drug-resistant  or  the  patient 

used;  however,  in  patients  with  reduced  RV  func-

is  drug-intolerant,  the  cardiac  electrophysiologist 

tion  this  aspect  should be  taken into  consideration. 

should  be  consulted  and  it  is  reasonable  to  con-

Potassium  and  magnesium  supplementation  is 

sider  catheter  ablation  including  atrioventricular 

safe,  and  maintaining  high  normal  values  might 

nodal  ablation  (Ozcan  and  Deshmukh  2020). 

help  in  preventing  some  of  the  arrhythmia  events. 

Of  note,  electrocardiograms  in  patients  with 

Hemodynamic  instability  mandates  immediate 

HeartMate3  devices  are  not reliable due  to marked 

cardioversion  if  LVAD  flows  are  affected,  how-

baseline  artifact  generated  by  the  electrical  pump. 

ever  LVAD  patients  can  tolerate  ventricular
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arrhythmias  longer,  but  it  can  lead  to  right  ven-

weaning  criteria,  hemodynamics  allow  and  there 

tricular  failure  and  hemodynamic  deterioration  in 

is  no  anticipated  re-operation.  Minimizing  seda-

this  high-risk  postoperative  period. 

tion  reduces  delirium,  promotes  early  extubation, 

Furthermore,  ventricular  arrhythmias  should 

and  facilitates  the  initiation  of  rehabilitation.  In 

trigger  an  echocardiogram  to  assess  RV  function, 

the  patients  that  are  not  being  able  to  be  liberated 

LV  chamber  size  and  interventricular  septal 

from  mechanical  ventilation  early  on,  an  agent 

position. 

gaining  use  is  dexmedetomidine.  This  agent  was 

showed  to  be  non-inferior  to  midazolam  and  pro-

pofol  in  maintaining  light  to  moderate  sedation 

Cardiac  Arrest  and  LVAD  Failure 

among  ICU  patients  receiving  prolonged  mechan-

ical  ventilation.  Furthermore,  dexmedetomidine 

Patients  with  LVAD  failure  will  present  with  car-

reduced  duration  of  mechanical  ventilation  com-

diogenic  shock,  but  they  are  at  very  high  risk  of 

pared  with  midazolam  (Jakob  et  al. 2012); how-

experiencing  cardiac  arrest.  First  step  in  the  case  of 

ever,  data  regarding  its  use  in  patients  post-DMCS 

catastrophic  pump  failure  in  the  immediate  post-op 

implantation  is  lacking  and  its  use  is  further  lim-

period  is  the  assessment  of  patient,  mental  status, 

ited  by  the  α2-adrenoreceptor  agonist  side  effects 

and  patient’s  vitals.  Of  note,  presence  of  pulse  is 

that  can  cause  bradycardia  and  hypotension. 

not  reliable.  If  arterial  line  is  still  in  place,  MAP 

In  post-DMCS  intubated  patients,  the  use  of 

needs  to  be  immediately  assessed  and  vasopressor 

propofol  must  be  carefully  considered  due  to  its 

support  and/or  inotropic  medication  needs  to  be 

potential  cardio-depressive  and  vaso-depressive 

started  if  indicated.  If  cardiac  output  or  blood  pres-

effects.  Benzodiazepines  should  be  avoided  in 

sure  is  severely  low  or  absent,  mechanical  hum  is 

the  absence  of  a  specific  indication  due  to  their 

absent  on  auscultation,  immediate  cardiopulmo-

association  with  delirium. 

nary  resuscitation  should  be  initiated.  LVAD 

Regardless  of  the 

sedating 

agent  used, 

patients  in cardiac  arrest should undergo Advanced 

targeting  a  Richmond  Agitation-Sedation  Scale 

Cardiac  Life Support (ACLS)  and  in  the  early  post-

(RASS)  of  0  to -1  and  early  discontinuation  of 

op  phase,  reopening  of  the  chest  and  internal  car-

sedation  should  be  implemented,  with  liberation 

diac  massage  should  be  considered.  Simulta-

from  mechanical  ventilation  when  appropriate 

neously,  the  connections  of  the  LVAD  should  be 

and  as  early  as  possible. 

checked,  and  the  controller  should  be  exchanged. 

Adequate  pain  control  is  required  post-DMCS 

Early  placement  on  extracorporeal  membrane  oxy-

implantation  in  order  to  decrease  delirium  and 

genation  (ECMO)  under  CPR  (ECPR)  should  be 

improve  pulmonary  function,  and  promote  early 

considered.  Upon  return  of  the  spontaneous  circu-

rehabilitation.  Narcotics  are  the  mainstay  analge-

lation,  evaluation  of  the  etiology  of  the  LVAD 

sics  early  post-op  with  fentanyl  being  the  most 

failure 

should 

be 

assessed 

and 

surgical 

commonly  used  agent.  Early  transitioning  to  oral 

re-exploration  might  be  necessary  to  evaluate  the 

narcotic regimens once patients are able to take oral 

presence  of  a  kink  in  the  outflow  graft,  inflow 

medications  should  be  encouraged.  A  multimodal 

cannula  malposition  or  mechanical  device  failure, 

analgesic  approach  can  also  be  considered  in 

or  pump  exchange  due  to  concern  for  thromboem-

selected  patients,  with  intravenous  acetaminophen, 

bolism  in  the  malfunctioned  device. 

early  initiation  of  oral  narcotics  together  with  adju-

vant  analgesics  like  anticonvulsants  (gabapentin  or 

pregabalin)  and  local  anesthetics  (lidocaine  or 

Sedation  and  Pain  Control 

bupivacaine  for  nerve  blocks  or  local  infiltration). 

Post  extubation,  early  mobilization,  ideally 

Early  awakening  and  liberation  from  mechanical 

post-op  day  1  needs  to  be  initiated  since  this  will 

ventilation  are  the  goals  for  patients  post-DMCS 

contribute  to  early  rehabilitation  and  speed  the 

implantation  if  the  patient  meets  the  ventilator 

recovery  process. 
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Ventilator  Management 

early  post-DMCS  implantation.  The  rapid  correc-

tion  of  electrolytes  can  be  expedited  by  nurse 

In  patients,  post  DMCS,  mechanical  ventilation 

driven  electrolyte 

replacement  protocols 

in 

should  be  minimized,  and  early  extubation  should 

patients  with  intact  kidney  function.  Many 

be  promoted  with  the  goal  to  extubate  within  6–8  h   patients  will  present  immediately  post-op  with 

post-surgery,  in  order  to  avoid  potential  infectious 

an  anion  gap  metabolic  acidosis  secondary  to 

or  hemodynamic  complications  and  avoid  using 

elevated  lactic  acid.  Careful  consideration  should 

sedation  medications.  Post-device  implantation 

be  paid  toward  additional  volume  resuscitation 

plans  to  prevent  hypoxia  and  hypercapnia  need  to 

with  normal  saline  which  can  cause  a  hyper-

be  instituted  because  both  can  promote  pulmonary 

chloremic,  non-anion  gap  metabolic  acidosis  and 

vascular  vasoconstriction  that  can  lead  to  worsen-

further  worsening  the  pH. 

ing  RV  function  (Saeed  et  a l. 2023). 

Severe  acidosis  can  predispose  to  arrhythmias, 

Patients  that  require  mechanical  ventilation  are 

increase  RV afterload  and  reduce  myocardial  con-

placed  on  lung  protective  ventilatory  strategy, 

tractility  (Stephens  and  Whitman  2015a).  There  is 

targeting  6–8  milliliters  (ml)/kilogram  (kg)  of 

no  data  regarding  bicarbonate  administration.  In 

ideal body weight, avoiding high positive end expi-

our  practice,  we  administer  bicarbonate  for  meta-

ratory  pressure  (PEEP)  and  as  soon  as  patients  can 

bolic  acidosis  with  a  pH  less  than  7.2.  In  the  initial 

be  weaned  off  the  ventilator,  pressure  support  trials 

postoperative  phase,  ventilator  needs  to  be 

should  be  instituted  immediately.  As  previously 

adjusted  in  order  to  help  compensate  the  existing 

mentioned,  we  favor  early  liberation from  mechan-

metabolic  acidosis. 

ical  ventilation  and  early  initiation  of  physical  ther-

apy  and  rehabilitation,  which  are  crucial  steps  for 

the  successful  recovery  of  these  individuals.  A 

Nutrition 

chest  x-ray  should  be  ordered  daily  to  monitor  for 

signs  of  pulmonary  vascular  congestion,  adequate 

All  DMCS  post-op  patients  are  placed  on  gastro-

Swan  Ganz  catheter,  as  well  as  endotracheal  tube 

intestinal  stress  ulcer  prophylaxis  with  a  proton 

placement.  Serial  arterial  blood  gases  should  be 

pump  inhibitor. 

obtained  every  4–6  h  immediately  in  the  postoper-

Consultation  with  nutritional  services  should 

ative  period  until  the  patients  are  extubated.  If  the 

be  obtained  at  the  time  of  implantation  with  ongo-

patients remain on inhaled pulmonary vasodilators, 

ing  follow-up  postoperatively,  to  ensure  nutrition 

this  should  not  delay  the  extubation  process  since 

goals  are  being  met  (Feldman  et  al. 2013). 

these  agents  can  be  continued  post  extubation  by 

Nutrition  should  be  regarded  as  a  very  impor-

using  high  flow  nasal  cannula  or  oxygen  masks. 

tant  element  in  the  care  for  adult  patients  receiving 

An incentive spirometer or an oscillatory positive 

DMCS  since  this  patient  population  can  have  a 

expiratory  pressure  therapy  device  should  be  pro-

prolonged  ICU  and  hospital  stay  and  have  varying 

vided  to  patients  and  proper  using  technique  needs 

degrees  of  malnutrition.  These  factors  should  be 

to  be  educated  on  its  use.  Pulmonary  toilet  is  crucial 

considered  when  developing  a  nutrition  plan. 

for  these  post-op  patients  in  order  to  minimize  the 

There  is  limited  evidence  as  to  the  energy  and 

risk  of  atelectasis,  impaired  mucous  clearance,  and 

protein  requirements  of  patients  who  are  receiving 

potential  risk  of  developing  pneumonia,  complica-

DMCS.  General  guidelines  for  energy  require-

tion  that  will  prolong  the  hospital  length  of  stay  and 

ments  should  be  followed,  starting  with  20– 

potentially  increase  the  morbidity  and  mortality. 

25  kcalories/kg.  Protein  requirements  should  be 

between  1.3  and  1.5  grams  (g)/kg  and  increased 

to  1.5–2.0  g/kg  if  the  patient  is  also  receiving 

Electrolyte  and  Acid  Base  Management 

continuous  renal  replacement  therapy  (CRRT). 

Nutrition  is  generally  initiated  early  in  the  course 

Electrolyte  repletion  with  particular  focus  on 

of  ICU  stay,  especially  if  there  is  an  anticipated 

potassium  and  magnesium  should  be  instituted 

prolonged  critical  care  unit  stay,  once  patient’s

31

ICU Care in the Care of the MCS Patient

525

vasopressor  requirements  are  improving  and  lactic 

removal  of  invasive  lines  and  urinary  catheters 

acid  is  down  trending.  In  patients  that  cannot  be 

will  further  minimize  the  risk  of  the  post  DMCS 

extubated  and  are  still  requiring  mechanical  venti-

recipients  to  develop  an  infection,  which  can  have 

lation,  early  placement  of  a  postgastric  feeding 

such  detrimental  effects  on  the  post-op  recovery, 

tube  and  initiation  of  enteral  nutrition  should  be 

increasing  their  morbidity  and  mortality. 

started  at  a  trophic  dose  (10  ml/h)  and  gradually 

In  our  practice,  many  of  the  patients  undergo-

advanced  as  tolerated.  Patients  that  required  pro-

ing  DMCS  present  with  peripherally  inserted  cen-

longed  course  of  mechanical  ventilation  should 

tral  catheters  (PICC)  since  many  of  these  patients 

undergo  a  post  extubation  swallow  evaluation  to 

were  on  continuous  home  inotropic  support. 

ensure  the  lack  of  aspiration  into  the  airway. 

These  PICC  lines  should  be  removed  ideally 

Pre-albumin  and  C-reactive  protein  levels  can  be 

prior  to  DMCS  implantation,  but  in  case  this  is 

monitored  weekly  to  track  the  nutritional  status  of 

not  done,  these  catheters  should  be  removed 

the  post-operative  patient.  As  nutrition  improves, 

promptly  on  ICU  arrival  post-op. 

pre-albumin  should  rise  and  C-reactive  protein 

should  decrease  (Feldman  et  al. 2013). 

Psychosocial  Support 

Prevention  Strategy  for  DMCS 

Psychosocial  support  is  a  central  component  of 

Infections 

care  in  the  patients  post  DMCS  since  frequently, 

these  patients  face  numerous  psychological,  emo-

Patients  undergoing  DMCS  implantation  receive 

tional,  and  social  challenges  post-device  implan-

antimicrobial  prophylaxis  at  the  time  of  LVAD 

tation.  Some  of  these  challenges  should  be 

implantation.  These  antimicrobial  regimens  should 

addressed  preoperatively  however,  postop,  by 

target  Staphylococcus  species,  and  coverage  against 

using  a  multidisciplinary  approach  to  these  com-

MRSA  can  be  considered  in  colonized  patients.  The 

plex  emotional  and  practical  needs  of  these 

duration  of  antimicrobial  prophylaxis  coverage 

patients  will  lead  to  improved  quality  of  life, 

should  not  be  extended  to  more  than  48  h  post-

adherence  to  the  recommended  treatment  and 

surgery  unless  there  is  another  indication.  Some 

overall,  potentially  better  long-term  outcomes. 

institutions  continue  antimicrobial  coverage  until 

Furthermore,  involving  the  patient  and  patient 

chest tubes are removed; however, current consensus 

families  in  the  multidisciplinary  team  discussions 

documents  do  not  recommend  that  approach  (Kusne 

can  improve  patient  satisfaction  and  provide  a 

et  al. 2017). Broader  gram-negative  and  antifungal 

better  understanding  of  the  plan. 

coverage  is  no  longer  routinely  recommended  and 

Routine  support  should  be  available  from 

should  be  used  only  in  selected  cases. 

social  workers,  psychologists,  or  psychiatrists  as 

Careful  attention  should  be  given  to  drive-line 

patients  and  families  adjust  to  life  changes  post 

care,  including  avoiding  trauma  to  the  exit  site, 

DMCS  (Feldman  et  al. 2013). Postoperatively, 

using  driveline  fixation  devices,  and  performing 

routine  surveillance  for  psychiatric  symptoms 

dressing  changes,  as  these  measures  are  crucial  in 

should  be  implemented. 

infection  prevention 

of  driveline 

infections 

(Koval  et  al. 2019). 

Leukocyte  count  should  be  checked  twice 

Conclusion 

daily  for  the  initial  post-op  period  and  fever  mon-

itored  closely,  with  low  threshold  in  sending 

In  summary,  the  immediate  ICU  postoperative 

blood,  sputum,  and  urine  cultures.  From  our  expe-

management  of  mechanical  circulatory  support 

rience,  the  use  of  rapid  identification  systems/ 

patients  is  extremely  complex  and  requires  a 

molecular  diagnostics  systems  on  respiratory 

multidisciplinary  team  approach  as  well  as  dedi-

specimens  are  very  helpful  in  the  early  identifica-

cated  intensivists  with  expertise  in  managing 

tion  of  pneumonia.  Furthermore,  the  early 

these  unique  patients.  As the demand for advanced
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heart  failure  devices  increases,  proper  management 

Gillies  M,  Bellomo  R,  Doolan  L,  Buxton  B.  Bench-to-

of  DMCS  patients  in  the  ICU  can  significantly 

bedside  review:  Inotropic  drug  therapy  after  adult  car-

diac  surgery  –  a  systematic  literature  review.  Crit  Care. 

improve  the  outcome  and  the  quality  of  life  of 

2005;9(3):266–79. 

these  patients.  Dedicated  multidisciplinary  teams 

Hajjar  LA,  Almeida  JP,  Fukushima  JT,  et  al.  High  lactate 

in  the  management  of  these  patients,  continuous 

levels  are  predictors  of  major  complications  after  car-

education  and  updated  guidelines  based  on  the 

diac  surgery.  J  Thorac  Cardiovasc  Surg.  2013;146(2): 

455–60. 

latest  evidence  are  crucial  for  maintaining  high 

Hawkins  RB,  Mehaffey  JH,  Guo  A,  et  al.  Postoperative 

standards  of  care. 

atrial  fibrillation  is  associated  with  increased  morbidity 

and  resource  utilization  after  left  ventricular  assist 

device 

placement. 

J 

Thorac 

Cardiovasc 

Surg. 
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Abstract 

variation, 

preventing 

complications, 

and 

Mechanical  circulatory  support  (MCS)  devices 

improving  patient  outcomes. 

have  become  widely  accepted  therapeutic 

options  for  cardiogenic  shock  and  medically 

Keywords 

refractory  advanced  heart  failure.  However, 

Protocols  ·  Complications  ·  Blood  pressure  · 

both  temporary  and  durable  MCS  devices  are 

Anticoagulation  ·  Ramp  study 

prone  to  a  wide  range  of  complications,  most 

notably  bleeding,  thrombosis,  neurological 

events,  hemolysis,  infection,  and  right  heart 

Introduction 

failure.  Standardized  protocols  in  the  areas  of 

blood  pressure  control,  anticoagulation,  hemo-

Mechanical  circulatory  support  (MCS)  devices, 

dynamic  optimization,  and  driveline  care  have 

both  temporary  and  durable,  have  become  widely 

the  potential  of  reducing  practice  pattern 

accepted  therapeutic  options  for  cardiogenic 

shock  and  medically  refractory  advanced  heart 

failure  (HF).  Short-term  MCS  devices  such  as 

percutaneous 

micro-axial 

ventricular 

assist 
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devices  are  often  used  to  temporarily  support  the 
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significantly  improve  survival  and  quality  of  life 

devices,  are  sensitive  to  afterload,  and  uncontrolled 

compared  to  medical  therapy  in  selected  advanced 

hypertension  is  a  common  reason  for  inadequate 

HF  patients,  whether  as  a  bridge  to  transplant  or 

flow  in  LVAD  patients.  Uncontrolled  BP  can  also 

destination  therapy.  However,  despite  their  bene-

exacerbate  aortic  insufficiency,  impair  left  ventricu-

fits,  both  temporary  and  durable  MCS  devices  are  lar  unloading,  and  trigger  ventricular  arrhythmia. 

prone  to  a  wide  range  of  complications,  most  nota-

With  uncontrolled  hypertension  being  recog-

bly  bleeding,  thrombosis,  neurological  events, 

nized as a detrimental condition for  LVAD patients, 

hemolysis,  infection,  and  right  heart  failure.  Com-

protocols  designed  to  optimize  BP  control  have 

plications  associated  with  MCS  devices  place  a 

been  evaluated  in  clinical  trials.  In  the  ENDUR-

heavy burden on patients and the healthcare system 

ANCE  Supplemental  Trial,  a  tight  BP  control  pro-

and  are  associated  with  worse  clinical  outcomes. 

tocol  was  implemented  to  reduce  mean  arterial 

Thus,  preventing  and  managing  complications  is 

pressure  (MAP)  to  ≤85  mmHg  in  patients 

essential  to  the  success  of  MCS  therapy. 

implanted  with  HeartWare  HVADs  (Milano  et  al. 

The  medical  management  of  MCS  devices  and 

2018).  The  trial  showed  that  a  tight  BP  control 

patients  with  them  is  highly  complex  and  requires 

protocol  significantly  reduced  the  incidence  of 

attention  to  a  wide  range  of  organ  systems.  For 

cerebrovascular  events,  especially  hemorrhagic 

durable  MCS  devices  such  as  LVAD,  the  system 

stroke.  Major  societal  guidelines  and  practice  con-

of  care  is  even  more  complex  as  it  spans  inpatient 

sensus  documents  also  endorse  BP  control.  The 

and  outpatient  settings  and  involves  patients,  cli-

International  Society  for  Heart  and  Lung  Trans-

nicians,  caregivers,  and  a  variety  of  healthcare 

plantation  (ISHLT)  and  European  Association  for 

services  that  the  patients  encounter.  In  such  a 

Cardiothoracic  Surgery  (EACTS)  guidelines  both 

complex  system,  in  order  to  provide  a  consistently 

recommend  BP  management  with  a  goal  mean 

high  standard  of  care,  it  is  necessary  to  reduce 

arterial  pressure  (MAP)  of  <80  mmHg  (Feldman 

unintended  and  potentially  harmful  practice  pat-

et  al. 2013;  Potapov  et  al. 2019).  A  recent  global 

tern  variation.  Standardized  protocols  governing 

best  practices  consensus  for  HVAD  also  recom-

various  aspects  of  MCS  care  assure  consistency, 

mend  a  goal  MAP  <80  mmHg  (Hayward  et  al. 

facilitate interdisciplinary  teamwork,  and improve 

2022).  In  our  program,  we  target  a  MAP  of 

the  efficiency  and  quality  of  care. 

~70  mm  Hg,  with  a  range  of  60–80  mm  Hg, 

which is ideal for contemporary centrifugal devices 

based  on  their  H-Q  relationship. 

Blood  Pressure  Protocol 

One controversial aspect of BP control in LVAD 

patients  has  been  the  question  of  how  to  accurately 

For  patients  implanted  with  durable  LVADs,  blood 

measure  BP  in  LVAD  patients  due  to  narrow  arte-

pressure  (BP)  control  is  one  of  the  most  important 

rial  pulsatility  caused  by  the  nature  of  continuous 

aspects  of  care  to  prevent  complications.  The  rela-

flow. The narrow arterial pulsatility presents a chal-

tionship  between  hypertension  and  increased  risk  of 

lenge  for  traditional  automatic  sphygmomanome-

stroke  in  LVAD  patients  was  shown  in  the  Evalua-

ter,  which  has  low  success  rates  of  obtaining  a  BP 

tion of the HeartWare Left Ventricular Assist Device 

reading  and  results  in inaccurate  BP readings (Ben-

for  the  Treatment  of  Advanced  Heart  Failure 

nett  et  al. 2010). As  a  result,  the  Doppler  BP 

(HVAD  ADVANCE)  trial  and  the  Interagency  Reg-

method  should  be  used  to  measure  BP  in  LVAD 

istry  for  Mechanically  Assisted  Circulatory  Support 

patients.  With  the  Doppler  BP  method,  a  Doppler 

(INTERMACS)  registry  (Acharya  et  al. 2017; 

ultrasound  probe  is  placed  on  the  brachial  artery 

Teuteberg  et  al. 2015). With  stroke  being  a  primary 

and  a  standard  cuff  is  inflated  proximally  on  the 

cause  of  death  in  LVAD  patients,  reducing  stroke 

ipsilateral  arm,  and  pressure  recorded  as  the  open-

risk  is  key  to  the  success  of  LVAD  therapy  (Kirklin 

ing  pressure  when  a  flow  signal  is  first  detected  as 

et  al. 2017).  Besides  stroke,  BP  also  affects  LVAD   the  cuff  is  deflated.  The  Doppler  BP  method  has performance  in  other  important  ways.  Continuous 

been  shown  to  have  an  excellent  correlation  for 

flow  LVADs,  especially  contemporary  cen trifugal routine  clinical  use,  and  data  suggest  that  the
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Doppler  opening  pressure  is  closer  to  MAP  than 

partial  thromboplastin  time  (aPTT)  has  historically 

systolic  BP  unless  the  arterial  pulsatility  is  unusu-

been  used  to  monitor  heparin  anticoagulation.  The 

ally  high  (>30  mmHg)  (Li  et  al. 2019, 2020). 

aPTT  measures  the  time  it  takes  plasma  to  clot 

In  select  patients  where  there  is  clinical  suspi-

when  recalcified  and  exposed  to  substances  that 

cion  that  the  Doppler  opening  pressure  may  not 

activate  the  contact-dependent  factors.  Unfortu-

correlate  to  MAP,  an  arterial  line  study,  in  which 

nately,  the  aPTT assay  is  affected by many  extrinsic 

the  Doppler  opening  pressure  is  compared  to  the 

factors  causing  it  to  have  poor  correlation  with 

arterial  MAP,  can  be  helpful  to  document  the  dis-

heparin’s  anticoagulant  effect.  These  factors 

crepancy.  Briefly,  a  radial  arterial  line  is  inserted 

include  hemolysis,  liver  disease,  the  presence  of 

under  local  anesthesia,  and  the  invasive  MAP  and 

lupus  anticoagulants,  and  warfarin  administration, 

pulse pressure are documented. A Doppler opening 

all  of  which  are  common  in  MCS  patients.  A  rela-

pressure  is  obtained  from  the  ipsilateral  extremity, 

tively  newer  assay  that  has  gained  popularity  more 

and the difference between the two values (Doppler 

recently  is  the  anti-Xa  assay.  The  anti-Xa  assay 

opening  pressure  versus  invasive  MAP)  documen-

specifically  measures  the  functional  activity  of  hep-

ted.  The  Doppler  BP  goal  can  then  be  adjusted 

arin,  thus  avoiding  many  confounders  described 

accordingly.  It  is  important  to  understand  that  the 

above.  Previous  studies  have  shown  that  in  patients 

Doppler  BP  versus  invasive  MAP  discrepancy  is 

with  MCS  devices  the  aPTT and  anti-Xa  assays  are 

not  static  but  can  be  affected  by  vasoactive  medi-

often  discordant,  with  the  aPTT  assay  showing  a 

cations, volume status, hypertension, etc. Thus, it is 

relatively  higher  level  than  the  anti-Xa  assay 

usually  most  helpful  to  do  the  arterial  line  study 

(Adatya  et  al. 2015;  Li  et  al . 2024).  Total  artificial 

when  the  patient  is  hemodynamically  optimized 

heart  and  durable  LVADs  are  more  often  associated 

and  euvolemic. 

with  discordant  aPTT/anti-Xa  levels  than  tempo-

rary  MCS  devices  (Li  et  al. 2024). 

For  anticoagulation  in  an  outpatient  setting  for 

Anticoagulation  Protocol 

patients  implanted  with  durable  LVADs,  the 

recommended  anticoagulation  protocol  is  to  dose 

Anticoagulation  is  a  necessary  component  of 

warfarin  to  maintain  an  international  normalized 

MCS  therapy  for  both  temporary  and  durable 

ratio  (INR)  between  2.0  and  3.0  for  the  HeartMate 

devices.  Inadequate  anticoagulation  increases  the 

II,  HeartWare  HVAD,  and  the  HeartMate  3.  The 

risk  of  device  thrombosis  and  embolic  stroke, 

INR  should  generally  be  checked  at  least  twice  a 

while  excessive  anticoagulation  increases  the 

week  to  maintain  INR  in  the  target  range.  This 

risk  of  bleeding.  For  temporary  MCS  devices 

monitoring  frequency  can  be  extended  at  the  dis-

and  for  parental  anticoagulation  for  durable 

cretion  of  the  clinical  team  if  the  patient  demon-

LVADs,  unfractionated  heparin  infusion  is  univer-

strates  clinical  stability.  If  the  INR  is  below  the 

sally  recommended  by  the  device  manufacturers 

target  range,  either  unfractionated  heparin  infu-

(Abbott  2022a, b; HeartWare  2022). Monitoring 

sion  or  low-molecular-weight  heparin  should  be 

anticoagulation  level  and  adjusting  heparin  infu-

used  to  bridge  patients  to  a  therapeutic  INR  level. 

sion  rate  to  maintain  steady  anticoagulation  level 

Given  the  inherent  thrombogenicity  of  current 

within  target  range  is  critically  important  to  min-

LVAD  designs,  it  is  important  to  avoid  reversing 

imize  complications.  Nurse-driven  heparin  moni-

anticoagulation  for  nuisance  bleeding  (mild  gas-

toring  and  adjustment  protocols  have  been  shown 

trointestinal  bleeding,  epistaxis,  etc.)  and  reserve 

in  various  settings  to  be  safe  and  effective  in 

reversal  for  life-threatening  bleeding  (intracranial, 

minimizing  complications,  including  in  LVAD 

etc.).  There  have  been  small  nonrandomized  stud-

patients  (Davis  et  al. 2016; Gannon  and  Simone 

ies  investigating  the  use  of  direct  oral  anticoagu-

2021).  An  example  heparin  anticoagulation  pro-

lants  (DOACs)  for  anticoagulation  for  LVAD 

tocol  for  MCS  therapy  is  attached  (Fig. 1). 

patients,  but  their  safety  and  efficacy  have  not 

One  consideration  for  heparin  monitoring  is 

been  adequately  established  (Whitehouse  et  al. 

which  laboratory  assay  should  be  used.  Activated 

2022). 

[image: Image 144]
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Fig.  1  MCS  heparin  anticoagulation  protocol 

Hemodynamic/Speed  Optimization 

confirming  adequate  anticoagulation,  the  LVAD 

Protocol 

speed  is  adjusted  in  100–200  RPM  increments.  At 

each  increment,  hemodynamic  parameters  includ-

ing  CVP,  PCWP,  MAP,  and  Fick  cardiac  index  are 

Despite  significant  symptomatic  improvement  in 

recorded  after  a  5-min  stabilization  period.  At  the 

the majority of patients after durable LVAD implan-

end of the study, a final  speed should be chosen that 

tation,  about  30%  of  patients  have  continued  poor 

best  optimizes  each  patient’s  hemodynamics  to  a 

quality of life during the first year after implantation 

goal  of  CVP  of  5–8  mmHg,  PCWP  <16  mmHg, 

(Arnold  et  al. 2015). Continued  heart  failure  symp-

and  Fick cardiac index >2.2  L/(minm2 )  (Fig.  2). A 

toms  are  a  main  contributor  to  poor  quality  of  life 

ramp  study  was  shown  to  be  feasible  and  safe,  and 

and  readmissions,  and  less  than  half  of  LVAD 

hemodynamically  optimized  patients  had  lower 

patients  have  normal  central  venous  pressure 

rates  of  readmission  (Imamura  et  al. 2019; Uriel 

(CVP)  and  pulmonary  capillary  wedge  pressure 

et  al. 2019).  Thus,  after  patients  have  been 

(PCWP)  (Uriel  et  al. 2016). An  invasive  LVAD 

discharged  home  and  adapted  to  the  outpatient 

speed  ramp  study  using  right  heart  catheterization 

setting,  approximately  1–3  months  post-LVAD 

is  helpful  in  optimizing  hemodynamic  parameters 

implantation,  it  is  reasonable  to  repeat  hemody-

in  LVAD  patients  and  mitigating  heart  failure 

namic  optimization  to  reduce  RV  failure  and 

symptoms  and  readmissions.  Protocols  for  LVAD 

readmissions.  Besides  invasive  hemodynamics, 

speed  optimization  have  been previously  published 

there  is  also  evidence  that  intermittent  aortic  valve

(Uriel  et  al. 2016,  2019). In  summary,  after 

[image: Image 145]
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Fig.  2  Hemodynamic 

optimization  goals.  RAP: 

right  atrial  pressure;  PCWP: 

pulmonary  capillary  wedge 

pressure 

opening  decreases  the  risk  of  thrombosis  in  LVAD 
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include  activation  of  the  coagulation  and  inflam-

Heart  (TAH),  approximately  20%  of  patients  expe-

matory  pathways  in  addition  to  cellular  elements 

rienced  a  major  gastrointestinal  (GI)  hemorrhage 

which  can  result  in  thrombotic  and  or  bleeding 

while  22.7%  experienced  a  thromboembolic  event 

complications.  Continuous  anticoagulation  of 

(stroke)  within  6  months  of  implantation  (Arabia 

the  patient  is  required  to  prevent  thrombus  for-

et  al. 2018). 

mation  in  the  cannula,  oxygenator,  and  circuit 

These  hemorrhagic  and  prothrombotic  adverse 

tubing  of  extracorporeal  membrane  oxygenation 

events  reflect  the  dynamic  and  complex  hemostatic 

(ECMO),  pump  thrombosis  in  ventricular  assist 

alterations  that  each  individual  patient  undergoes 

devices  (VAD),  and  to  prevent  thromboembolic 

once  introduced  to  a  mechanical  device.  Each 

complications  within  the  patient.  This  review 

patient’s  hemostatic  profile  is  influenced  by  their 

focuses  on  the  available  guidelines,  expert  opin-

own intrinsic hemostatic reaction (hypercoagulable) 

ion  statements,  and  author’s  personal  experience 

to  the  implant  and  the  hemostatic  abnormalities 

to  assess  the  overall  hemostatic  state  of  the  MCS 

created  by  the  specific  mechanical  circulatory  sup-

patient,  as  well  as  to  guide  the  treatment  of  adult 

port  device  (MCSD).  Hemostatic  alterations  can  be 

patients  supported  with  ECMO,  or  continuous 

further  influenced  by  the  presence  of  postoperative 

and  pulsatile  flow  MCSD.  Advantages  and  lim-

anemia,  hemolysis,  and  any  inherited  or  previously 

itations  of  the  use  of  conventional,  point  of  care 

acquired  underlying  coagulopathy.  To  counterbal-

(POC), and viscoelastic assays (VEA) to monitor 

ance  this  post-implant,  multi-factorial  hyper-

anticoagulation  are  also  discussed. 

coagulable  state,  which  also  may  be  accompanied 

by  an  acquired  vWF  deficiency,  it  is  of  essence  to 

implement  an  individually  tailored,  antithrombotic, 

Keywords 

and  pharmacological  regimen. 

Anticoagulation  ·  Mechanical  circulatory 

Over  the  last  decade,  there  has  been  increasing 

support  ·  Continuous-flow  left  ventricular 

use  of  extracorporeal  membrane  oxygenation 

assist  device  (CF-LVAD)  ·  Extracorporeal 

(ECMO)  as  bridge  to  heart  transplant  or  left  ventric-

membrane  oxygenation  (ECMO)  ·  Total 

ular  assist  device  (LVAD).  In  one  ELSO  registry 

artificial  heart  (TAH)  ·  Device  thrombosis  · 

analysis, over 22% of patients placed on ECMO as a 

Activated  clotting  time  (ACT)  ·  Activated 

bridging  strategy  to  LVAD  or  OHT  were  trans-

partial  thromboplastin  time  (aPTT)  ·  Anti-Xa 

itioned  to  LVAD  or  OHT  (Mastoris  et  al. 2022). 

(Anti-Xa)  ·  Viscoelastic  assays  (VEA) 

Despite  advances  in  technology,  including  antico-

agulant  coated  circuits,  bleeding  and  thrombosis 

continue  to  be  significant  complications  of  ECMO 

(Thomas  et  al. 2018;  Willers  et  al. 2021). ECMO 

Introduction 

induced  hemostatic  derangements  include  activa-

tion  of  the  coagulation  and  inflammatory  pathways, 

Recent  findings  from  the  Interagency  Registry 

in  addition  to  cellular  elements  which  can  result  in 

for  Mechanically  Assisted  Circulatory  Support 

thrombotic  and/or  bleeding  complications.  Contin-

(2020  INTERMACS  Annual  Report)  reveal  that 

uous,  individually  tailored  anticoagulation  of  these 

major  bleeding  is  the  second  most  common 

patients  is  required  to  mitigate  the  activation  of  the 

adverse  event  in  the  early  and  late  periods  fol-

hemostatic  system  and  ensure  the  patency  of  the 

lowing  continuous  flow  left  ventricular  assist 

ECMO  circuit. 

device  (CF  LVAD)  implantation  (early,  1.433; 

late,  0.347  events  per  patient-year).  Approximately 

50%  of  CF  LVAD  associated  bleeding  episodes  are 

Anticoagulants 

gastrointestinal  in  nature.  Conversely,  the  inci-

dence  of  stroke  has  declined  in  the  current  era 

Since  their  first  use  in  humans,  unfractionated 

(2015–2019)  to  12.7%  at  1  year  (Molina  et  al. 

heparin  (1937)  and  oral  vitamin  K  antagonists 

2021). For pulsatile flow SynCardia Total Artificial 

(1954)  were  the  major  anticoagulants  available
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for  clinical  use  until  the  introduction  of  direct  oral 

with  aPTT  or  Anti-Xa  activity.  When  very  high 

anticoagulants.  To  date,  they  remain  the  corner-

dose  doses  of  UFH  are  needed  (e.g.,  cardiopulmo-

stone  of  anticoagulation  management  in  MCS 

nary  bypass),  activated  clotting  time  (ACT)  is  used. 

patients.  As  these  drugs  have  complex  pharmaco-

ACT is also used as the primary test to monitor UFH 

kinetic  and  pharmacodynamic  properties,  along 

during  ECMO.  Prothrombin  time  (PT)  is  not  typi-

with  narrow  therapeutic  windows,  they  require 

cally  prolonged  by  UFH  due  to  heparin  neutralizers 

frequent  laboratory  monitoring  and  dose  adjust-

in  the  PT  reagent.  Currently,  none  of  the  tests  used 

ments.  The  ideal  test  to  monitor  anticoagulation 

for UFH monitoring has the desirable characteristics 

should  be  precise,  well  standardized,  inexpensive, 

of  the  ideal  test.  The  advantages  and  disadvantages 

readily  available,  and  have  a  well-defined  rela-

of  each  assay  will  be  discussed  below  (Eikelboom 

tionship  with  a  clinical  outcome. 

and  Hirsh  2006). 

Unfractionated  Heparin  Monitoring 

Activated  Partial  Thromboplastin  Time 

Unfractionated  heparin  (UFH)  is  the  mainstay 

The  aPTT  is  a  clotting  time  that  assesses  the  ade-

anticoagulant  for  ECMO  and  for  bridging  patients 

quacy  of  intrinsic  and  common  pathway  factors  in 

on  durable  MCS  devices.  It  is  inexpensive  drug 

plasma.  The  aPTT  reflects  thrombin  inhibition  by 

with  an  available  antidote  (protamine)  for  imme-

UFH  and  it  is  unaffected  to  minimally  prolonged  by 

diate  reversal  of  its  anticoagulant  effect.  Pro-

low  molecular  weight  heparins  which  predomi-

longed  heparin  exposure  increases  the  risk  for 

nantly  inhibit  factor  Xa.  Multiple  preanalytical  vari-

developing  heparin-induced  thrombocytopenia 

ables,  underlying  patient  conditions,  or  other 

(HIT)  via  an  immune  response  to  the  heparin-

concurrent  drugs  can  affect  the  baseline  aPTT 

PF4  complexes.  There  is  little  data  regarding  the 

resulting  in  over-or-underestimated  UFH  levels 

risk  of  developing  HIT  in  the  MCSD  population 

(Table  1). The  association  between  heparin  concen-

but  based  on  the  recently  published  study  there  is 

tration and aPTT prolongation is reagent dependent, 

increased  prevalence  of  HIT  in  patients  with  non-

so  no  standardized  measure  for  the  aPTT  is  avail-

durable  (5.3%)  versus  durable  (2.9%)  devices, 

able.  Because  aPTT  can’t  be  standardized,  to 

however  this  difference  is  not  statistically  signif-

improve  assay  performance,  the  College  of  Ameri-

icant  ( p  =  0.26)  (Halprin  et  al. 2022). 

can  Pathologists  (CAP)  requires  laboratories  to 

UFH  indirectly  inhibits  anticoagulation  by 

establish  their  therapeutic  range  by  identifying  the 

potentiating  the  effect  of  antithrombin  (AT)  which 

aPTT  values  corresponding  to  Anti-Xa  levels  of  0.3 

exerts  its  inhibitory  effect  on  several  coagulation 

and  0.7  IU/mL  (therapeutic  level).  Changes  in  lab-

proteins,  especially  on  thrombin  (factor  IIa)  and 

oratory  reagent  lots  (occurs  annually)  and/or  instru-

factor  Xa  (Hirsh  et  al. 2001). UFH  is  a  large 

mentation  requires  a  confirmation/revalidation  of 

negatively  charged  mucopolysaccharide  that  also 

the  therapeutic  range  (College  of  American  Pathol-

binds 

nonspecifically  to  positively  charged 

ogists  2007).  Despite  this  recommendation,  in  daily 

plasma  proteins  as  well  as  acute-phase  proteins. 

practice,  some  institutions  still  employ  “1.5  to  2.5  

The  latter  are  elevated  in  critically  ill  patients, 

times”  control  or  even  patients’  baseline  aPTT 

after  major  surgery  or  during  acute  infection. 

(McRae  et  a l. 2021).  The  clinical  relevance  of  this 

This  results  in  a  variable  anticoagulant  effect  and 

therapeutic  range  is  uncertain  because  it  has  not 

frequent  need  for  dose  adjustments. 

been  confirmed  by  randomized  trials. 

Activated  partial  thromboplastin  time  (aPTT), 

Anti-Xa  activity,  and  activated  clotting  time  (ACT) 

are  prolonged  in  the  presence  of  UFH  in  a  dose-

Chromogenic  Anti-Xa  Assay 

dependent fashion and are used as surrogate clotting 

time  tests  for  UFH  concentration.  Therapeutic  or 

The  Anti-Xa  assay  provides  a  measure  of  the 

low-intensity  UFH  dose  is  typically  monitored 

functional  level  of  UFH  in  plasma.  If  the  test
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Table 1 Factors interfering with aPTT, Anti-Xa, PT/INR, and VEA

Assay,  units 

Specimen 

of  measurement 

type 

Preanalytical variables

Patient condition

Concurrent drugs

aPTT,  seconds

Citrated 

1.  Residual  platelets  and 

1.  Lupus  anticoagulant  > 

1.  Warfarin,  direct  oral 

platelet 

delayed  testing  (PF4 

aPTT 

anticoagulants  >  aPTT 

poor 

neutralize  UFH) 

2.  Liver  disease,  factor 

plasma 

2.  Underfilled  tube,  may  > 

deficiency,  consumptive 

baseline  aPTT 

coagulopathy  >  aPTT 

3.  Elevated  acute  phase 

reactants  (e.g.,  F8, 

fibrinogen)  <  aPTT 

4.  Antithrombin 

deficiency  will 

underestimate  UFH  level 

Anti-Xa  assay, 

Citrated 

1.  Residual  platelets  and 

Underestimate  UFH 

1.  Presence  of  direct  Xa 

U/mL 

platelet 

delayed  testing  (PF4 

level: 

inhibitors  (e.g., 

poor 

neutralize  UFH) 

1.  Antithrombin 

rivaroxaban,  apixaban) 

plasma 

deficiency 

2.  Fondaparinux 

2.  Hemolysis 

3.  LMWH 

3.  Bilirubinemia 

>6.6  mg/dL 

4.  Triglyceride 

>360  mg/dL 

ACT,  seconds

Whole 

1.  Values  are  device-specific 

1.  Hemodilution 

1.  Abciximab  >  ACT 

blood 

even  if  the  same  activator  is 

2.  Hypothermia 

2.  Aprotinin  affects 

used 

3.  Platelet  count 

celite  ACT 

4.  Anemia 

5.  Antithrombin 

deficiency 

6.  Fibrinogen  deficiency 

7.  Lupus  anticoagulant 

POC  PT -INR

Capillary 

1.  Lupus  anticoagulant 

See  PT -INR 

whole 

when  recombinant  TF  is 

blood 

used  (usually  in  POC 

devices) 

2.  Liver  disease,  factor 

deficiency,  consumptive 

coagulopathy  >  PT/INR 

3.  Low  hematocrit 

(<30%) 

4.  Thrombocytopenia 

PT -INR

Citrated 

1.  Underfilled  tube,  may  > 

1.  Liver  disease,  factor 

Drugs  that  cause 

platelet 

baseline  PT 

deficiency,  consumptive 

prolongation  of  INR: 

poor 

coagulopathy  >  PT/INR* 

Antibiotics: 

plasma 

*  aPTT  will  be  also 

cotrimoxazole, 

affected 

macrolides, 

metronidazole,  and 

fluoroquinolones 

Antifungals:  azoles 

(fluconazole) 

Chemotherapeutics: 

imatinib,  Fluorouracil 

(5-FU) 

Amiodarone 

Allopurinol 

Serotonin  reuptake 

inhibitors  (fluoxetine, 

sertraline) 

(continued)
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Table  1  (continu ed) 

Assay,  units

Specimen 

of measurement

type

Preanalytical variables

Patient condition

Concurrent  drugs 

Drugs  that  may 

decrease  INR  value: 

Antibiotics: 

Dicloxacillin,  nafcillin 

Azathioprine 

Antiepileptics 

(Carbamazepine, 

phenobarbital, 

phenytoin) 

Saint  John’s  Wort 

Vitamin  K 

TEG  R  time, 

Whole

1.  Diluted  samples 

1.  Liver  disease,  factor 

1.  Warfarin,  LMWH. 

minutes 

blood

(underfilled  tubes)  can 

deficiency,  consumptive 

direct  oral 

ROTEM 

result  in  falsely 

coagulopathy  will 

anticoagulants  will

INTEM  CT, 

hypocoaguable  trace 

prolong  clot  formation 

prolong clotting time

seconds 

2.  Difficult  draw  or 

time

Quantra 

prolonged  tourniquet  can 

CT/CTH 

lead  to  platelet  activation 

ratio

and  may  affect  VEA 

3.  Pneumatic  tubing  can 

lead  to  platelet  activation 

4.  Delay  in  optimal  testing 

time  (within  2  h)  may  result 

in  falsely  abnormal  results 

5.  TEG  5000  loose  cup 

-false  fibrinolysis 

Abbreviations:  aPTT  activated  partial  thromboplastin  time,  UFH  unfractionated  heparin,  PF4  platelet  factor  4,  LMWH 

low  molecular  weight  heparin,  ACT  activated  clotting  time,  POC  point  of  care,  PT  prothrombin  time,  INR  international normalized ratio, TEG thromboelastogram, CT clotting time, VEA viscoelastic assay

uses  the  patient’s  endogenous  antithrombin  (AT) 

(EACTS)  consensus  statement  on  long-term  MCS 

as  most  assays  do,  and  the  patient  is  AT  deficient, 

anticoagulation management recommends simulta-

this  assay  will  underestimate  the  heparin  amount, 

neous  measurement  of  both  aPTT  and  Anti-Xa  or 


but  will  still  represent  the  actual  degree  of  anti-

ACT  assays  (Lequier  et  al. 2014; Potapov  et  al. 

coagulation  effect  within  the  patient.  Conditions 

2019).  Concurrent  use  of  aPTT and  anti-X  assay  to 

known  to  be  associated  with  acquired  AT  defi-

guide  heparin  therapy  may  be  misleading  as  the 

ciency  include  consumptive  coagulopathy,  liver 

correlation  between  the  assays  is  only  28.5% 

disease,  ECMO,  nephrotic  syndrome,  and  critical 

among  MCS  patients  (Saifee  et  al. 2018). The 

illness.  See  Table  1  for  other  conditions  affecting 

most  common  causes  of  discordancy  are  listed 

the  Anti-Xa  assay. 

below: 

1.  Differential  clearance  of  UFH  fractions  can 

Activated  Partial  Thromboplastin  Time 

cause  discordant  results.  High  molecular 

Versus  Chromogenic  Anti-Xa  Assay 

weight  fractions  measured  by  aPTT are  cleared 

Discordance 

faster;  retained  low  molecular  weight  fractions 

measured  by  Anti-Xa  assay  but  have  little 

Extracorporeal  Life  Support  Organization  (ELSO) 

effect  on  aPTT. 

anticoagulation  guidelines  for  ECMO  and  Euro-

2.  Factor  deficiency  and  lupus  anticoagulant  will 

pean  Association  for  Cardio-Thoracic  Surgery 

affect  aPTT  but  do  not  affect  Anti-Xa. 
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3.  Hemolysis  will  affect  Anti-Xa. 

sigma.  To  assess  heparin  presence  VEAs  are  usu-

4.  The  Anti-Xa  assay  may  show  discordant 

ally  performed  in  tandem  with  heparinase-

results  with  aPTT  in  patients  who  are  trans-

containing  VEAs.  The  heparinase-containing 

itioned  from  low-molecular-weight  heparins, 

VEA  assays  were  developed  to  monitor  heparin 

fondaparinux,  or  an  oral  factor  Xa  inhibitor 

reversal  by  protamine  after  cardiopulmonary 

(apixaban,  edoxaban,  rivaroxaban)  to  intrave-

bypass.  VEA  assays  can  distinguish  the  heparin 

nous  UFH  because  the  same  assay  but  with 

effect  via  the  addition  of  heparinase  which 

different  calibrators  is  used  for  all  those  drugs. 

removes  the  heparin  effect,  however,  these 

assays  have  not  been  validated  to  monitor  anti-

coagulation.  Only  a  limited  number  of  published 

Activated  Clotting  Time 

studies  have  examined  the  ability  of  the  TEG  to 

monitor  UFH  therapy  (Colman  et  al. 2019; 

Activated  clotting  time  (ACT)  is  a  whole-blood 

Hranjec  et  al. 2020;  Oskarsdottir  et  al. 2021; 

assay  performed  using  contact  activation  with 

Shinoda  et  al. 1990;  Traverso  et  a  l. 1995). 

celite,  kaolin,  or  particulate  glass.  Despite  the 

In  RoTEM  there  is  a  prolongation  of  clotting 

high  coefficient  variation  of  an  assay  (32%),  the 

time  (CT)  and  clot  firmness  time  (CFT)  of  the 

ACT  remains  the  predominant  test  to  manage 

INTEM  assay,  in  the  presence  of  UFH.  The  CT 

ECMO  patients  on  UFH  (Green  et  al. 1990),  in 

returns  to  normal  in  the  HEPTEM  assay  (INTEM 

part  because  it  is  a  point-of-care  (POC)  assay  that 

assay  +  heparinase)  and  the  comparison  of  the 

can  be  performed  quickly  at  the  patient’s  bedside 

INTEM  and  HEPTEM  can  indicate  the  presence 

by  nurses  or  perfusionists  allowing  real-time  anti-

of  heparin.  Similarly,  to  the  TEG,  there  is  only  a 

coagulation  management.  A  meta-analysis  by 

limited  number  of  published  studies  assessing  the 

Brown  et  al.  did  not  show  good  evidence  for 

ability  of  RoTEM  to  monitor  UFH  therapy  (Giani 

routine  use  of  ACT  in  post-cardiac  surgery 

et  al. 2021;  Prakash  et  al. 2016).  Relevant  to  this 

patients  in  the  ICU  (Brown  et  al. 2016). 

chapter  VEA  parameters  that  are  used  for  UFH 

ACT  values  (reference  and  therapeutic  ranges) 

assessment  are  described  in  Table  2. 

are  device  specific  and  vary  considerably. 

Plasma-based  aPTT,  Anti-Xa  level  and  whole 

Institutions  should  establish  their  own  ACT 

blood  ACT  only  measure  one  parameter  that  does 

ranges  and  must  recognize  that  ACT  devices  can-

not  reflect  the  complexity  of  hemostatic  alterations 

not  be  used  interchangeably  (Dalbert  et  al. 2006; 

in  MCSDs.  VEAs  on  another  hand  allow  the  mon-

Hussein  et  al. 2012). Like  the  other  heparin  mon-

itoring  of  the  viscoelastic  changes  occurring  in  the 

itoring  assays,  ACT  can  be  affected  by  heparin-

blood  clot  formation  process  (initiation,  kinetics, 

dependent 

and 

heparin-independent 

factors 

stiffness,  and  stability  termination  (fibrinolysis) 

(Table  1). 

under  low  shear  rate  forces  (venous  blood).  This 

property  of  VEAs  allows  clinicians  to  assess  the 

UFH  effect  on  the  overall  rate  of  thrombus  gener-

Effect  of  Heparin  on  Viscoelastic  Assays 

ation  and  clot  stiffness  as  well  as  to  reveal  the 

patient’s  underlying  hemostatic  profile  when  hep-

Viscoelastic  assays  (VEAs)  are  whole  blood-

arin  is  removed  with  heparinase.  ELSO  anti-

based  assays  usually  activated  with  contact  acti-

coagulation  guidelines  for  ECMO  recognized  the 

vator  kaolin  (TEG®  5000,TEG® 6s  and  Quantra® ) 

beneficial  role  of  VEAs  in  MCSD  patients’  hemo-

or  ellagic  acid  (INTEM  in  ROTEM®  delta, 

stasis  assessment  and  anticoagulation  monitoring 

ROTEM®  sigma  and  IN-test  in  ClotPro® ).  These 

but  do  not  provide  appropriate  anticoagulation  tar-

activators  are  like  ones  used  for  aPTT  or  ACT. 

get  goals  to  follow  (Lequier  et  al . 2014). 

VEAs  currently  approved  by  the  Food  and  Drug 

When  assessing  MCSD  patients’  hemostasis 

Administration  (FDA)  for  management  of  patients 

with  VEAs,  clinicians  must  be  aware  of  these 

undergoing  cardiovascular  interventions  are  TEG® 

assays’  limitations.  As  previously  discussed,  stan-

5000,TEG® 6s,  Quantra® ,  and  ROTEM®  delta  and 

dard  VEAs  are  activated  with  contact  factors
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Table  2  Viscoelastic  assay  parameters  that  are  used  for  heparin  assessment 

TEG®  5000

TEG®  6s

ROTEM®  delta

Quantra® 

Manufacturer

Haemonetics

Haemonetics

Werfen

HemoSonics 

Type  of  VEA 

CK  TEG 

GHC® 

INTEM  performed  in 

QPlus®  Cartridge: 

assay  to  assess 

performed  in 

cartridge: 

tandem  with  HEPTEM 

Clot  Time  (CT)  &  Heparinase 

heparin 

tandem  with 

CK  TEG  & 

or  KAOTEM* 

Clot  Time  (CTH) 

CKH  TEG 

CKH  TEG 

Activator

Kaolin  with  and 

Kaolin  with  and 

Ellagic  acid  with  and 

Kaolin  with  and  without 

without 

without 

without  heparinase 

heparinase 

heparinase 

heparinase 

Parameter

Reaction  time 

Reaction  time 

Clotting  time  (CT),  sec

CT,  CTH,  and  Clot  Time  Ratio 

(R),  min 

(R),  min 

(CTR  =  CT/CTH) 

Manufacturer 

5–10  min

4.6–9.1  min

122–208  s

CT:  104–166  s 

RI  for  US 

CTH:  103–153  s 

customersa 

CTR  <  1.4 

What  defines 

~CK  R—CKH 

~CK  R—CKH 

Correction  of  clotting 

CTR  >  1.4  indicates  the 

heparin 

R  ≥ 2  min 

R  ≥ 2  min 

parameters  in  the 

prolongation  of  the  intrinsic 

presence? 

HEPTEM  when 

pathway  clot  time  that  is  likely 

compared  to  the 

due  to  the  influence  of 

INTEM 

unfractionated  heparin 

Notes

No  limit  for  the 

Upper  AMR  for 

No  limit  for  the  CT  time 

QPlus®  cartridge  assay  run  will 

R  time  run 

R  is  17  min 

run 

stop  after  15  min 

Any  R  value 

beyond  17  min 

is  displayed  as 

“>17” 

Abbreviations:  VEA  viscoelastic  assay,  RI  reference  intervals,  US  United  States,  CK  TEG  citrated  kaolin  thromboelastogram,  Min  minutes,  GHC  global  hemostasis  cartridge,  AMR  analytical  measurement  range  (the  range  of  values  an instrument  can  report  directly  without  dilution  or  concentration) 

a US  based  manufacturer  reference  interval.  Each  laboratory  must  validate  reference  intervals  based  on  their  local population 

activators  like  ones  used  for  aPTT  or  ACT.  This 

information  on  clot  kinetics,  strength,  and  stabil-

makes  the  VEA  assay  more  sensitive  to  heparins, 

ity;  however,  results  produced  by  different  instru-

direct  thrombin  inhibitors,  or  deficiencies  of  fac-

ments cannot  be directly  compared. The following 

tors  in  the  intrinsic  (VIII,  IX,  XI,  and  XII)  path-

case  will  illustrate  common  issues  that  clinicians 

way,  but  less  sensitive  to  warfarin  or  deficiencies 

may  encounter  during  MCSD  anticoagulation 

of  the  extrinsic  pathway  factor  VII.  They  are  usu-

management  when  using  standard  coagulation 

ally  insensitive  to  the  effect  of  direct  Anti-Xa  oral 

assays  and  how  VEA  (TEG)  can  help. 

anticoagulants  (e.g.,  rivaroxaban  and  apixaban). 

VEAs  are  dependent  on  platelet  activation  by 

thrombin  generated  in  the  sample,  making  it 

Case  of  Discordant  aPTT  Versus  UFH 

insensitive  to  platelet  inhibition  by  antiplatelet 

Anti-Xa  Activity  Assay  Results 

agents  or  other  non-drug  related  platelet  qualita-

in  a  Patient  Implanted  with  HeartMate 

tive  defects  (e.g.,  renal  failure).  It  is  also  insensi-

III  (HMIII)  LVAD 

tive  for  von  Willebrand  factor  assessment  which 

requires  high  shear  rate  forces  and  collagen  for 

History 

activation.  Both  conditions,  platelet  dysfunction, 

A  71-year-old  male  with  a  history  of  non-ischemic 

and  acquired  VWF  loss  are  commonly  seen  in 

dilated  cardiomyopathy  implanted  with  HMIII 

ECMO  and  VAD  patients  contributing  to  bleeding 

LVAD  since 2017  presented  with  melena  and  occult 

but  are  not  detectable  with  standard  VEAs 

positive  stool.  His  antithrombotic  therapy  included 

(Goldfarb  et  al. 2018;  Van  Den  Helm  et  al. 

warfarin (INR on admission 2.4 with PT of 25 s) and 

2022).  The  purpose  of  all  VEAs  is  to  provide 

aspirin 325 mg. In  anticipation  of  the GI  endoscopy, 

[image: Image 146]
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the  patient  was  transitioned  to  UFH  without  a  base-

In  summary,  this  patient’s  discordant  aPTT 

line  aPTT.  Concurrent  aPTT  and  Anti-Xa  assays 

versus  UFH  Anti-Xa  activity  assay  results  were 

were  used  to  monitor  UFH  anticoagulation. 

likely  due  to  LA  and  residual  warfarin  effect  caus-

Because  of  increasingly  discordant  aPTT  versus 

ing  baseline  prolongation  of  the  aPTT,  while  anti-

Anti-Xa  assay  results,  a  coagulation  consult  was 

thrombin  deficiency  affected  the  Anti-Xa  level.  In 

requested  5  days  later.  Discordant  aPTT  and  Anti-

this  case,  neither  aPTT  nor  Anti-Xa  assay  was 

Xa  workup  included  conventional  laboratory  tests 

reflective  of  the  UFH  level.  Although  TEG  iden-

and  TEG. 

tified  a  degree  of  UFH  effect  that  does  not  appear 

Results  of  conventional  laboratory  tests  and 

to  be  supratherapeutic. 

TEG  are  shown  in  Table  3  and  Fig. 1. 

Results  interpretation:  TEG  data  show  the  UFH 

effect  (CK  R—58.2  min,  black  tracing),  which  does 

Agreement  and  Interchangeability 

not  appear  to  be  supratherapeutic  (CK  MA— 

Between  TEG  5000  and  TEG  6s 

48.9  mm),  close  to  the  lower  end  of  the  normal 

reference  interval  (50–70  mm).  After  UFH  removal 

TEG6s  and  TEG  5000  (Haemonetics  Corp,  Bos-

R  parameter  is  at  the  upper  end  of  the  reference 

ton  USA)  are  hemostasis  devices  that  are  products 

interval  of  5–10  min  (CKH  R—9.1  min,  green 

of  the  same  Manufacturer  that  have  similar  trac-

tracing)  indicating  possible  factor  deficiency. 

ings  and  parameters;  however,  each  uses  different 

Lupus  anticoagulant  (LA)  workup  detected  LA 

mechanisms  to  assess  similar  components  of  the 

using  aPTT- based  confirmatory  testing. 

coagulation  process.  The  TEG  5000  uses  a 

Despite  clear  evidence  of  heparin  effect  by 

mechanical  detection  system  (a  pin  suspended  in 

TEG,  the  Anti-Xa  assay  did  not  detect  heparin 

a  blood  sample  with  a  torsion  wire  that  is  moni-

due  to  low  antithrombin  activity. 

tored  for  motion).  The  TEG  6s  measures  clot 

viscoelasticity  throughout  the  coagulation  process 

Table  3  Laboratory  test  results 

by  using  resonance  technology,  exposing  the 

Laboratory  assay

Patient  results  Reference  interval 

blood  sample  to  a  fixed  vibration  frequency. 

PT,  seconds 

22.4 

11.0–14.4 

Concurrent  testing  with  TEG  5000  (Fig. 1)  and 

INR 

2.0 

TEG  6s  (Fig. 2)  was  performed  on  a  patient  show-

aPTT,  seconds

183

22–37 

ing  a  significant  difference  in  CK  R—58.2  min 

Ani  Xa  IU/mL

<  0.10 

(TEG  5000)  versus  16.7  min  (TEG  6s).  A  closer 

Lupus 

15.3

<  12 

correlation  was  observed  with  the  parameter 

anticoagulant, 

assessing  clot  strength  CK  MA—48.9  mm  (TEG 

seconds 

5000)  versus  59.7  mm  (TEG  6s).  Results  of  TEG 

Antithrombin,  %

56

80–120 

5000  and  TEG  6s  showed  the  presence  of  UFH

Fig.  1  VEATEG  5000  Thromboelastogram 

[image: Image 147]
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Fig.  2  Viscoelastic  Assay  TEG  6s  Thromboelastogram 

effect  as  well  as  underlying  factor  deficiency  when 

laboratory  PT/INR  and  POC  INR  is  acceptable 

heparin is  removed;  however, the disordinate values 

but  can  be  optimized  if  the  ISI  of  the  thrombo-

could  lead  to  a  different  decision  for  UFH  dose 

plastin  reagent  used  is  similar. 

adjustments.  Whether  the  TEG  5000  or  the  TEG6s 

A  typical  warfarin  therapeutic  range  is  INR  of 

is  more  closely  representative  of  true  anti-

2.0–3.0,  with  a  higher  INR  therapeutic  range  of 

coagulation  is  a  question  that  further  research  will 

2.5–3.5  used  in  patients  implanted  with  TAH  and 

need  to  elucidate. 

in  some  other  clinical  scenarios.  Due  to  its  effect  on 

coagulation  factors  VII  (PT  sensitive),  IX  (aPTT 

sensitive),  X,  and  II  (PT  and  aPTT  sensitive),  war-

Warfarin  Monitoring 

farin  affects  both  PT and  aPTT when  INR  is  within 

the  therapeutic  range  of  2.0–3.0  (Hauser  and  Rozek  

Warfarin  is  a  vitamin  K  antagonist  that  inhibits 

1986). At  INR  of  >3.5,  the  activity  level  of  all  four 

vitamin  K  epoxide  reductase  which  is  required  to 

factors  is  usually  <30%,  which  is  below  the  hemo-

produce  active  vitamin  K-dependent  coagulation 

static  range  (Gulati  et  al. 2011). Unlike  aPTT which 

factors  (factors  II,  VII,  IX,  and  X,  as  well  as  the 

is  often  affected  by  the  lupus  anticoagulant,  INR  is 

natural  anticoagulants  protein  C  and  protein  S).  It 

usually  less  sensitive  to  the  presence  of  LA.  Phos-

has  a  narrow  therapeutic  range  and  is  subject  to 

pholipid  concentrations  in  the  PT  reagent  are  much 

altered  metabolism  in  the  presence  of  activators  or 

higher  than  those  in  the  aPTT,  thus  suppressing  the 

inhibitors  of  cytochrome  P450,  which  metabo-

LA  activity.  The  INR  measured  with  POC  devices 

lizes  warfarin  and  dietary  vitamin  K  intake.  For 

could  be  variably  affected  by  the  LA  if  they  use 

these  reasons,  warfarin  also  requires  therapeutic 

recombinant  tissue  factor  (Tripodi  et  al. 2016). 

laboratory  monitoring  (Ageno  et  al. 2012).  Pre-

Despite  INR  standardization  in  many  patients 

analytical  variables,  patient  underlying  condi-

receiving  warfarin,  adequate  INR  control  is  difficult 

tions,  and  other  concurrent  drugs  affecting 

to  achieve.  Recent  studies  by  Oskarsdottir  et  al. 

baseline  PT  are  described  in  Table  1. 

indicate  that  this  may  be  explained  by  the  current 

Unlike  UFH  monitoring,  warfarin  monitor-

PT-based  INR  test  principle  (Oskarsdottir  et  al. 

ing  is  standardized  with  the  prothrombin  time-

2021). When  starting  warfarin  therapy,  the  first 

based  international  normalized  ratio  (INR) 

coagulation  factor  activity  to  become  reduced  is 

which  accounts  for  the  differing  sensitivities  of 

factor  VII  (shortest  half-life  of  4–6  h),  which  

PT  reagent  thromboplastins. 

accounts  for  the  initial  PT  prolongation.  Other 

PT/INR  may  be  measured  in  central  hospital 

PT-dependent  factors  are  also  reduced  at  a  rate  pro-

laboratories  on  automated  hemostasis  analyzers 

portional  to  their  half-lives  of  24  h  for  factor  X  and 

but  may  also  be  measured  on  a  variety  of  point-

60  h  for  factor  II.  Owing  to  the  longest  half-life  of 

of-care  testing  devices  (POC  INR).  In  patients  on 

factor  II,  the  INR  does  not  reflect  therapeutic  effi-

warfarin, 

the 

overall 

correlation 

between 

cacy  until  after  3–4  days.  The  early  prolongation  of
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the  PT  can  be  viewed  as  a  false  indication  of  anti-

bleeding  and  clotting  events  can  be  attributed  to 

coagulation  and  account  for  unnecessary  warfarin 

the  ECMO  circuit  in  addition  to  derangements 

dose  changes.  Experimental  studies  showed  that  the 

of  the  patient’s  physiology.  Continuous  anti-

actual  antithrombotic  effect  of  warfarin  is  explained 

coagulation  is  required  to  control  activation  of 

by  the  reduction  in  factors  X  and  II  and  reduc-

the  hemostatic  system  and  ensure  the  patency  of 

tions  in  factors  VII  and  IX  are  insignificant  for 

the  ECMO  circuit,  but  the  optimal  approach 

adequate  warfarin  effect.  Based  on  these  find-

remains  uncertain.  In  2014,  the  Extracorporeal 

ings,  Oskarsdottir  et  all  have  introduced  a  new 

Life  Support  Organization  (ELSO)  published  the 

PT-based  test  called  the  Fiix-PT  from  which  Fiix-

ECMO  Anticoagulation  Guidelines,  but  the 

NR  is  calculated  that  is  only  sensitive  to  reduc-

authors  were  not  able  to  endorse  the  optimal 

tion  in  factors  X  and  II.  Its  efficacy  has  been 

strategy  to  guide  anticoagulation  management. 

demonstrated  in  a  randomized  clinical  trial  and 

Instead,  it  was  recommended,  that  every  ECLS 

effectiveness  demonstrated  in  the  recently 

program  develop  anticoagulation  protocols  spe-

published  observational  study  (Onundarson 

cific  to  the  institution  and  patient  population. 

et  al. 2015;  Oskarsdottir  et  al  . 2021). Because 

According  to  ELSO  guidelines,  UFH  remains 

warfarin  remains  a  long-term  anticoagulant  of 

the  mainstay  anticoagulant.  The  therapeutic 

choice  for  patients  implanted  with  durable 

UFH  dose  for  ECMO  anticoagulation  were 

MCSD,  an  improved  method  of  warfarin  moni-

defined  as  an  ACT  range  of  180–220  s  or  Anti-

toring  is an important consideration. 

Xa levels between 0.3 and 0.7 IU/ml. Viscoelastic 

assays  (VEA),  thromboelastography  (TEG® , TEG), 

and  thromboelastometry  (RoTEM® ,  RoTEM)  were 

Effect  of  Warfarin  on  Viscoelastic 

recognized  as  assays  that  can  provide  information 

Assays 

relating  to  multiple  phases  of  coagulation  in  whole 

blood,  but  no  target  ranges  were  provided.  Simi-

As  discussed  above,  VEA  reagents  activate  coag-

larly,  for  the  therapeutic  aPTT range,  per  the  guide-

ulation  in  vitro  via  factor  XII,  making  them  more 

lines,  each  laboratory  should  establish  its  range. 

sensitive  to  deficiencies  of  factors  in  the  intrinsic/ 

Because each assay has advantages and limitations, 

common  pathway,  but  less  sensitive  to  deficiencies 

the  ELSO  guidelines  suggested  that  using  only  one 

of  extrinsic  pathway  which  is  activated  via  factor 

method  to  monitor  UFH  activity  is  not  optimal 

VII.  A  study  that  compared  tissue  factor  (TF)  acti-

(Lequier  et  al. 2014). 

vated  ROTEM  (EXTEM)  and  TEG -R  in  patients 

A  2017  international  survey  of  anticoagulation 

on  warfarin  and  in  healthy  controls  showed  that 

and  transfusion  practice  for  adult  ECMO  demon-

ROTEM  activated  by  TF  had  a  high  sensitivity 

strated  that  anticoagulation  monitoring  differs 

(89%)  and  specificity  (100%)  to  detect  INR  above 

widely  among  ECMO  centers  for  both  the  type 

1.2.TEG -R  also  correctly  classified  most  subjects, 

of  assay  used  and  the  target  goal  for  each  assay. 

but  with  less  accuracy,  sensitivity  (86%),  and  spec-

The  most  common  methods  of  UFH  monitoring 

ificity  (87%)  when  a  TEG-R  cutoff  of  8  min  was 

were  ACT  (41.7%)  with  targets  ranging  from 

used  (Schmidt  et  al. 2015). 

122  to  220  s  and  aPTT  (41.7%)  with  the  majority 

using  60–80  s  targets.  VEA  was  used  by  39.6% 

of  the  institutions  as  a  primary  or  adjunct  mea-

Extracorporeal  Membrane 

sure  for  anticoagulation  with  the  most  common 

Oxygenation  Anticoagulation 

method  being  TEG  (31.3%)  (Esper  et  al. 2017). 

Strategies 

Recently  published  studies  continued  to  show 

large  variations  in  anticoagulation  strategies 

Hemorrhagic  and  thrombotic  complications  are 

between  ECMO  centers,  globally  (Chung  et  al. 

common  within  the  ECMO  population,  often  pre-

2017;  Colman  et  al.  2019;  Delmas  et  al. 2020; 

sent  concurrently  with  each  other,  and  remain 

Mazzeffi  et  al. 2016;  Panigada  et  al.  2018) 

leading  causes  of  morbidity  and  mortality.  Both 

(Table  4).  Several  important  observations  can
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be  made  from  these  studies.  At  least  two  of  them 

tic workups on all VVECMO patients in the Cardiac 

(Colman et  al. 2019;  Delmas  et  a  l. 2020)  questioned  

Surgery  ICU  (18  patients,  164  workups  with  over 

current  ECMO  anticoagulation  practices  (therapeu-

2000 laboratory tests) for a 3-month period. Heparin 

tic  UFH  dose)  as  being  too  aggressive.  Moreover,  it 

was monitored with an ACT target of 120–140 s and 

has  been  recognized  that  ECMO  support  can  be 

TEG  5000  with  platelet  mapping;  however,  results 

safely  performed  for  several  days  even  without  sys-

of  the  concurrent  aPTT  and  Anti-Xa  assays  were 

temic  UFH  (Chung  et al. 2017).  Bivalirudin  is  a 

also  recorded.  The  target  dose  of  ACT was  reduced 

parenteral  direct  thrombin  inhibitor  that  has  been 

empirically  based  on  the  team  observations.  In  our 

used  as  an  alternative  to  UFH  anticoagulant  in 

experience  ACT,  aPTT,  and  Anti-Xa  assays  had  a 

ECMO  patients.  Recently  published  systematic 

poor  correlation  to  major  bleeding  and  clotting 

review  and  meta-analysis  study  showed  that  it  is 

events.  A  common  scenario  was  a  “therapeutic 

feasible  and  safe  anticoagulant  especially  for  hepa-

ACT,”  an  undetectable  level  of  heparin  with  Anti-

rin  resistance  and  heparin—induced  thrombocyto-

Xa  assay  and  abnormal  aPTT.  Lupus  anticoagulant, 

penia  cases  (Ma  et  al. 2022). 

which  affects  aPTT and  ACT was  detected  in  2/3  of 

Institutions  that  incorporated  VEA  into  their 

our  patients.  Low  antithrombin  and  hemolysis 

protocol  were  able  to  demonstrate  the  safety  of 

(51.1%)  were  also  present  affecting  the  Anti-Xa 

such  an  approach,  resulting  in  lower  UFH  dosing 

assay.  Also  common  in  this  group  were  anemia 

(Panigada  et  al. 2018), and  reduced  mortality 

(79.0%)  and  thrombocytopenia  (78.6%)  which 

(Colman  et  al. 2019). 

affected  ACT.  Other  identified  factors  that  contrib-

uted  to  bleeding  but  would  not  affect  plasma-based 

conventional  laboratory  assays  were  factor  XIII 

Personal  Experience 

deficiency  (66.7%,  affecting  clot  stability),  platelet 

dysfunction  identified  with  TEG-PM  (83.3%)  and 

The  severe  acute  respiratory  syndrome  caused  by 

vWF  multimers  loss  (94.4%)  affecting  primary 

coronavirus  2  (SARS-CoV-2),  has  resulted  in  an 

hemostasis  (Stradleigh  et  al. 2022). TEG-PM 

increased  number  of  COVID-19  patients  being 

examines  platelet  aggregation  in  the  presence  of 

supported  by  VV  ECMO,  which  has  created  a 

adenosine  diphosphate  (ADP)  or  arachidonic  acid 

crucial  need  for  the  rapid  assessment  of  a  given 

(AA)  and  may  provide  information  about  platelet-

patient’s  hemostatic  status  to  avoid  bleeding  and 

mediated risk factors  for  major  bleeding events that 

thrombotic  complications.  Our  initial  ECMO  anti-

have  been  observed  in  ECMO  patients  but  usually 

coagulation/transfusion  protocol  included  thera-

are  not  considered  during  their  anticoagulation 

peutic  UFH  dose  which  was  monitored  with  ACT 

management  (Van  Den  Helm  et  al. 2022). 

target  range  of  180–220  s,  hemoglobin  (Hgb) 

goal  of  >9  g/dL  (10  g/dL  if  SVO2  low  or  organ 

insufficiency),  platelet  count  of  >50  ×  109/L 

Durable  Devices  Anticoagulation 

(>  75  ×  109/L  if  bleeding)  and  fibrinogen  >100 

Strategies 

mg/dL  (>150  mg/dL  if  bleeding).  Because  of  the 

significant  number  of  hemorrhagic  complications 

Durable  intracorporeal  devices  include  left-, 

observed  in  our  VV-ECMO,  COVID-19  patients,  a 

right-,  or  bi-ventricular  assist  devices  (VADs) 

quality  improvement  (QI)  project  was  initiated  by 

with  continuous  blood  flow  and  the  total  artificial 

the  Department  Chair  to  understand  COVID-19 

heart  (TAH)  with  pulsatile  flow.  Continues  flow 

and  VV-ECMO-related  hemostatic  alterations.  In 

durable  devices  HeartMate  II  (HMII,  Abbott, 

addition,  our  aim  was  to  identify  patients  at  risk  for 

USA)  and  HeartMate  III  (HMIII,  Abbott,  USA) 

major  bleeding  or  clotting  events  through  analysis 

are  comparable  to  heart  transplant  survival  at 

of  standard  heparin  monitoring  assays  and  TEG 

2  years  (76%,  83%  and  82%  respectively);  how-

based  parameters. 

ever,  VADs  differ  from  heart  transplant  with 

To  better  understand  VV-ECMO  hemostatic 

respect  to  their  associated  complications  (Lund 

alterations,  we  performed  comprehensive  hemosta-

et  al. 2017; Mehra  et  al. 2018).  In  the  largest
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LVAD 

study 

(MOMENTUM 

3 

trial), 

the 

thrombotic  events  that  may  predispose  the  patient 

centrifugal-flow  HMIII  demonstrated  superior 

to  postoperative  complications. 

performance  and  better  hemocompatibility  com-

pared  to  the  axial-flow  HM  II  (Cleveland  and 

Goldstein  2018;  Mehra  et  al. 2018). Overall  inci-

Postoperative  Inpatient 

dence  of  stroke  was  significantly  reduced  with 

Anticoagulation  Management 

2-year  stroke  rate  9.9%  (vs.  19.4%  for  the  HM 

II).  Pump  replacement  was  less  common  in  the 

Vitamin  K  antagonists  (VKAs  e.g.,  warfarin) 

HM  III  group  2.3%  versus  11.3%  in  the  HM  II 

remain  the  standard  long-term  anticoagulant 

group.  The  numbers  of  events  per  patient -year  for 

while  low-intensity  UFH  is  the  mainstay  therapy 

major  bleeding  and  gastrointestinal  bleeding  were 

for  bridging  to VKAs. Like the  ECMO guidelines, 

lower  in  the  HM  III  group  (0.61  and  0.31  vs.  0.95 

there  is  lack  of  clear  guidance  for  the  ideal  man-

and  0.49)  (Mehra  et  al. 2018). 

agement  of  patients  implanted  with  durable  MCS 

Despite providing biventricular support and cre-

devices.  Guidelines  are  equivocal  and  supported 

ating  near  normal  physiology,  pulsatile  flow  Syn-

by  limited  number  of  observational  studies,  few 

Cardia  TAH  also  has  a  high  incidence  of  bleeding 

randomized  clinical  trials,  and  expert  opinions 

(GI)  and  thromboembolic  events  (stroke)  that  usu-

(Feldman  et  al. 2013;  Potapov  et  al. 2019). 

ally  occurs  within  the  first  6  months  after  implan-

The  recently  published  (2019)  European  Associ-

tation  (Arabia  et  al. 2018). The  need  to  manage 

ation  for  Cardio-Thoracic  Surgery  (EACTS)  expert 

both  hemorrhagic  and  thrombotic  complications, 

opinion  on  long-term  MCS  anticoagulation  man-

which  may  be  confounded  by  daily  alterations  in 

agement  recommends  early  postoperative  anti-

the  patient’s  underlying  hemostatic  state,  requires 

coagulation 

starting 

with 

intravenous 

UFH, 

long  term,  individualized  antithrombotic  therapy. 

followed  by  VKAs  (1C  Level  of  evidence).  Anti-

While  the  approach  to  antithrombotic  management 

coagulation  can  be  started  8  h  after  surgery  with  all  

in  patients  with  durable  MCS  devices  varies  by 

devices  if  bleeding,  quantified  by  chest  tube  output, 

institution  and  is  largely  influenced  by  patient/pro-

is  <50  ml/h.  For  UFH,  administration  can  begin 

vider  experience,  a  multi-targeted  antithrombotic 

immediately  post-operatively  with  a  recommended 

approach  including  anticoagulants,  antiplatelet 

initial aPTT target of 40 s, followed by a progressive 

agents,  and  device  management  considerations 

increase  to  55–60  s  within  48–72  h.  To  monitor 

aimed  at  reducing  hemolysis  are  used. 

UFH,  measurement  of  both  the  aPTT  and  anti -Xa 

are  recommended;  however,  the  recommended 

level  of  Anti-Xa  is  not  provided.  Oral  VKA  should 

Perioperative  Hemostasis 

be  initiated  once  the  clinical  condition  is  considered 

Management 

stable  and  oral  intake  is  possible.  For  the  VKAs  a 

postoperative  INR  target  between  2.0  and  3.0  is 

Preoperative  short-term  devices  (e.g.,  ECMO, 

recommended  (1C  Level  of  evidence).  Providers 

Impella)  require  anticoagulation  and  contribute 

are  referred  to  the  corresponding  device  Manufac-

to  perioperative  hemostasis  dysregulation  (e.g., 

turer  for  the  specific  INR  targets.  The  use  of  direct  

anemia,  thrombocytopenia,  hemolysis,  acquired 

oral  anticoagulants  (e.g.,  apixaban  or  rivaroxaban) 

vWF  loss).  A  significant  number  of  ECMO 

is  not  recommended (IIIB Level of evidence)

patients develop lupus  anticoagulant that  prolongs 

(Potapov et al. 2019). 

their  baseline  aPTT,  the  most  used  assay  for  post-

Published  in  2013,  the  International  Society  for 

operative  UFH  monitoring  (Stradleigh  et  al. 

Heart and Lung Transplantation (ISHLT) guidelines 

2022).  Normalization  of  hemostasis  is  essential 

for  mechanical  circulatory  support  recommend 

to  avoid  postoperative  bleeding,  minimize  blood 

starting  UFH  anticoagulation  on  postoperative  day 

products  transfusions,  and  volume  overload.  It  is 

1–2  with  higher  aPTT  and  INR  targets  for  the 

also  important  to  obtain  a  through  personal  and 

pulsatile  MCS  devices  (Feldman  et  al. 2013) 

family  history  to  identify  prior  bleeding  and 

(Table  5). 

33

Anticoagulation

553

Table  5  Postoperative  anti-coagulation  management.  (Adapted  from  2013  ISHLT  guidelines  for  mechanical  circulatory support) 

Device  type

Timing

Action

Target 

1.  Early  post-operative  anti-coagulation 

ICU 

No  action  required,  consider 

NA 

management  of  HeartMate  II  (1) 

admission— 

acetylsalicylic  acid 

2.  Implantable  centrifugal  pump 

24  h 

3.  Pulsatile  mechanical  circulatory 

support  devices 

Post-operative 

IV  heparin  or  alternative  anti-

PTT 

Day  1–2 

coagulation,  if  no  evidence  of  bleeding 

(40–60  s) 

Post-operative 

Continue  heparin

PTT 

Day  2–3 

(60–80  s) 

Start  warfarin  and  aspirin  (81–325  mg 

INR (2.0–3.0) 

daily)  after  removal  of  chest  tubes 

for  1  and  2 

INR (2.5–3.5) 

for  3 

Abbreviation:  ICU  intensive  care  unit,  IV  intravenous,  NA  not  available,  PTT  partial  thromboplastin  time,  INR  international  normalized  ratio 

Outpatient  Anticoagulation 

non-cardiac  surgical  procedures,  EACTS  recom-

Management 

mends  bridging  with  intravenous  heparin  if  the 

INR  is  <2.0.  Low-molecular-weight  heparin 

Per  ISHLT  guidelines,  patients  with  MCSDs 

may  be  considered  as  well  (Potapov  et  al. 2019). 

should  receive  anti-coagulation  with  warfarin  to 

Per  ISHLT  guidelines,  for  non-emergency  proce-

maintain  an  INR  within  a  range  as  specified  by 

dures,  warfarin  and  antiplatelet  therapy  may  be 

each  device  manufacturer:  INR  range  of  2.0–3.0 

continued  prior  to  procedures  with  low  bleeding 

for  HM  II,  HM  III  and  HVAD,  and  INR  2.5–3.5 

risk.  If  therapy  needs  to  be  stopped,  warfarin  and 

for  TAH  and  Thoratec  (B  Level  of  evidence) 

antiplatelet  therapy  should  be  held  as  determined 

(Feldman  et  al. 2013). A  single  center  prospective 

by  the  type  of  procedure  and  its  associated  bleed-

pilot  study  (MAGENTUM  1)  suggests  that 

ing  risks.  Bridging  with  heparin  while  a  patient  is 

low-intensity  anti-coagulation  targeting  an  INR 

off  warfarin  may  be  considered  (C  Level  of  evi-

between  1.5  and  1.9  is  safe  with  the  HM  III  in 

dence).  For  emergency  procedures,  warfarin  may 

the  short-term  phase,  6-months  post-implant 

need  to  be  reversed  with  fresh  frozen  plasma  or 

(Netuka  et  al. 2018). 

prothrombin  complex  concentrate  (B  Level  of 

For  routine  VKAs  outpatient  management, 

evidence)  (Feldman  et  al. 2013). 

EACTS  recommends  strict  anticoagulation  moni-

toring  with  frequent  INR  checks  using  home  INR 

monitoring.  However,  the  results  for  point  of  care 

Antiplatelet  Therapy 

(POC)  INR  devices  in  MCS  patients  should  be 

interpreted  with  caution  as  anemia  and  hemolysis 

Per  ISHLT  guidelines,  chronic  antiplatelet  therapy 

may  affect  result  accuracy  (Heilmann  et  al. 2009; 

with  aspirin  (81–325  mg  daily)  may  be  used  i  n

Van  den  Besselaar  et  al. 2015). 

addition  to  warfarin  in  patients  with  MCSD 

(C  level  of  evidence).  Antiplatelet  therapy  beyond 

aspirin  may  be  added  to  warfarin  according  to  the 

Periprocedural  Anticoagulation 

recommendations  of  specific  device  manufacturers 

Management 

(C level of evidence) (Feldman et al. 2013). EACTS 

only  recommends  aspirin  (Potapov  et  al. 2019). 

For  perioperative  management  in  MCSD  patients 

Neither  guideline  provide  recommendations  for  the 

undergoing  planned  invasive  procedures  or 

antiplatelet  effect  monitoring. 
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With  introduction  of  the  HMIII,  marked 

bleeding  and  pump  thrombosis)  were  also  in 

reduction  in  stroke  rates  and  pump  thrombosis, 

place.  Anticoagulation  therapy  was  centrally 

but  only  a  modest  decrease  in  bleeding  compli-

managed  by  specialized  pharmacists  (Levesque 

cations  was  achieved  (Mehra  et  al. 2018).  To  test 

et  al. 2019). 

the  hypothesis  that  aspirin  may  be  removed  safely 

from  the  antithrombotic  regimen  with  the  HM  III, 

Total  Artificial  Heart 

the  Antiplatelet  Removal  and  Hemocompatibility 

One  of  the  largest  TAH  studies  describing  anti-

Events  with  the  HeartMate  3  Pump  (ARIES  HMII) 

coagulation  protocols  with  a  very  low  rate  of 

is ongoing as an international  prospective, random-

neurologic  adverse  events  (0.016  event/patient-

ized,  double-blind,  and  placebo-controlled  trial 

month)  attributed  their  success  to  the  single,  so 

(Mehra  et  al. 2021).  Response  to  aspirin  will  be 

called,  “La  Pitie”  anticoagulation  protocol  which 

assessed  by  serum  thromboxane  B2  testing. 

included 

combination 

of 

heparin, 

aspirin, 

Unlike  the  non-device  patient  population,  which 

dipyridamole,  and  pentoxifylline.  This  strategy 

may  not  require  continuous  aspirin  monitoring, 

was  first  introduced  by  Szefener  at  La  Pitié  Hos-

patients  implanted  with  MCS  devices  are  subject 

pital  (Szefner  1995).  The  protocol  was  required  to 

to  conditions  that  may  cause  daily  fluctuations  in 

be followed by all physicians taking care of device 

platelet  function;  therefore,  they  require  frequent 

patients.  According  to  that  protocol,  the  hemo-

assessment  of  their  hemostatic  status.  This  is  espe-

static  status  of  each  patient  was  analyzed  through 

cially  important  during  the  first  2  weeks  of  the 

many  coagulation  assays  that  allows  for  very  spe-

immediate  postoperative  and  recovery  period 

cific  anticoagulation  management.  Copeland  et  al. 

when  the  risk  of  potentially  avoidable  adverse 

(Copeland  et  al. 2013)  published  similar  findings 

thromboembolic  and  hemorrhagic  cerebral  events 

on 

thrombosis 

and 

bleeding 

outcomes 

on 

is  highest  (Volod  et  al. 2018). 

99  patients  with  TAH  who  were  treated  with  aspi-

rin, 

UFH 

or 

warfarin, 

dipyridamole 

and 

pentoxifylline.  Strokes  were  observed  at  a  rate  of 

Examples  of  Individual  Centers 

2%,  gastrointestinal  bleeding  was  observed  in  4% 

Approaches 

of  patients,  intracranial  bleeding  at  2%,  and  late 

thoracic  bleeding  in  2%  (Copeland  et  al. 2013).  In 

Left  Ventricular  Assist  Systems 

both  groups,  heparin  therapy  adequacy  was 

A  recently  published  article  (2019)  by  the 

assessed  with  thromboelastogram  (TEG)  using 

Brigham  and  Women’s  Hospital  advanced 

target  to  keep  patients  “normocoagulable”  per 

heart  disease  MCS  group  (Boston,  MA,  USA) 

the  coagulation  index  (CI)  which  corresponded 

describes  their  detailed  approach  for  compre-

to  aPTT  <40  s.  Adequacy  of  platelet  function 

hensive  anticoagulation  management  of  patients 

and  antiplatelet  effect  were  assessed  with  light 

implanted  with  LVAD’s.  Their  quality  of  anti-

transmission  platelet  aggregometry. 

coagulation  management  was  assessed  using  the 

time  in  therapeutic  range  (TTR)  target.  Com-

Personal  Experience 

pared  to  the  TTR  benchmark  of  50%  in  LVAD 

When our institution was undergoing certification as 

patients,  their  patients  have  a  32%  increase  in 

one of  the TAH centers, SynCardia’s  antithrombotic 

mean  TTR.  This  was  attributed  to  the  group’s 

management  protocol  included  TEG  and  platelet 

unique  strategy  for  utilizing  a  centralized  anti-

aggregometry  as  a  prerequisite  to  start  the  TAH 

coagulation 

management 

approach. 

Multi-

Program.  However,  no  clear  TEG  targets  were  pro-

disciplinary  team  developed  a  set  of  guidelines 

vided, and TEG was required to be performed on the 

which  addressed  three  phases  of  anticoagulation 

native  blood  without  an  activator,  an  approach  that 

management  in  LVAD  patients:  perioperative, 

is  no  longer  used  in  the  US  or  Worldwide.  Later, 

subsequent  inpatients  admission,  and  routine 

SynCardia  dropped  the  requirements  for  both  TEG 

outpatient  management.  Detailed  management 

and  platelet  aggregometry.  This  led  to  several  pro-

guidelines  for  critical  complications  (e.g., 

jects  that  were  initiated  at  our  institution  to  assess  if
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TEG  can  be  useful  in  TAH  and  other  MCSD  anti-

clarified.  In  the  author’s  experience,  the  growing 

coagulation  management.  In  our  hands,  TEG  coag-

MA  Activator  phenomenon  is  frequently  present 

ulation  index  (CI)  indeed  appears  to  be  the  single 

in  MCS  patients  and  is  affected  by  the  preexisting 

most  statistically  significant  parameter  that  can  be 

conditions  (e.g.,  infection,  sepsis,  recent  surgery), 

used  to  designate  a  patient  as  normocoagulable. 

and  fluctuates  during  the  duration  of  the  implant 

Using  kaolin  activated  TEG,  CI  of ≤1.2  is  desirable 

(Volod  et  al. 2020). 

for  TAH  or  ≤1.5  for  VAD  (Volod  et  al. 2017). 

Our  experience  has  also  found  that  evaluat-

Coagulation  Index  is  calculated  from  R,  K,  Angle, 

ing  the  efficacy  of  antiplatelet  therapy  in  MCS 

and  MA  of  the  TEG  5000  and  is  not  available  on 

patients  is  important.  It  requires  examination  of 

TEG  6s. 

TEG  PM  parameters  at  least  twice  a  week  within 

In  ECMO  patients,  there  is  high  discordance 

the  first  2  weeks.  Even  if  there  is  an  adequate 

between  aPTT  and  anti-X  assays  when  both  are 

aspirin  response  (MA  AA  <50  mm),  but  MAADP 

used  to  guide  heparin  therapy.  In  our  experience, 

is  high,  another  antiplatelet  agent  (dipyridamole) 

lupus  anticoagulant  (42%),  underlying  factor  defi-

is  advocated.  Once  the  patient  is  stabilized,  TEG 

ciency  and  concurrent  warfarin  administration 

PM  can  be  performed  only  if  necessary  (in  case  of 

(37%)  are  the  main  causes  for  discordance  in 

infection,  bleeding,  or  thrombotic  event). 

MCS  patients  on  heparin  (Volod  et  al. 2022). In 

To  eliminate  the  growing  MA  Activator  effect 

such  circumstances,  TEG  with  and  without 

that  can  be  seen  in  TEG  5000  PM,  abciximab 

heparinase  in  combination  with  lupus  anticoagu-

(IIbIIIa  platelet  receptor  inhibitor)  is  added  to  the 

lant  and  AT  level  can  help  in  identifying  aPTT and 

TEG  6s  PM  (cartridge-based  assay). 

ant- Xa  discordancy  cause,  assess  overall  hemo-

stasis,  and  suggest  the  most  appropriate  assay  to 

monitor  heparin  (see  section  “Case  of  Discordant 

Conclusion 

aPTT  Versus  UFH  Anti-Xa  Activity  Assay 

Results  in  a  Patient  Implanted  with  HeartMate 

Despite  providing  improved  survival  and  quality 

III  (HMIII)  LVAD” describing  case  of  discordant 

of  life,  the  current  MCS  technology  is  not 

aPTT  versus  UFH  Anti-Xa  activity  assay  in  a 

“hemocompatible.” Both bleeding and thrombotic 

patient  implanted  with  HMIII). 

complications  are  multifactorial. 

Light  transmission  aggregometry  has  been  the 

There  is  still  significant  worldwide  practice  var-

gold  standard  for  the  evaluation  of  platelet  function. 

iation  among  institutions  regarding  anticoagulation 

The  assay  is  based  on  the  optical  measurement  of 

during  adult  MCS  support.  Current  guidelines  are 

platelet  aggregation  in  platelet-rich  plasma.  Hemo-

equivocal  and  are  based  on  expert  opinion  with 

lysis  is  present  in  all  MCS  patients,  therefore  mak-

limited  quality  evidence.  Even  among  the  experts, 

ing  LTA  an  unsuitable  method  for  monitoring 

there  is  uncertainty  regarding  the  optimal  treatment 

aspirin  therapy  in  this  patient  population.  Alterna-

regimen  and  the  best  way  to  assess  its  adequacy. 

tively,  TEG  PM  can  aid in assessment  of  the platelet 

Several  MCSD  related  hemostatic  derange-

potential and assessing the effect of antiplatelet ther-

ments  (anemia,  hemolysis,  antithrombin  defi-

apy  as  it  is  not  affected  by  hemolysis.  Maximal 

ciency,  and  lupus  anticoagulant)  make  ACT, 

amplitude  (MA  AA)  and  (MA  ADP)  rather  than 

aPTT  and  Anti-Xa  assays  unreliable  and  discor-

percent  (%)  AA  or  ADP  inhibition  should  be  used 

dant.  Incorporation  of  VEA  into  the  anti-

to  assess  the  antiplatelet  effect.  The  platelet  inhibi-

coagulation  monitoring  protocols  can 

allow 

tion  is  automatically  calculated  by  the  TEG  instru-

clinicians  to  have  tool  that  can  be  used  for  a  per-

ment  using  the following equation:  100 - [(MAAA 

sonalized  anticoagulation  management  strategy  to 

or MAADP - MA Activator)/(MACK - MA Acti-

assess  overall  hemostasis,  titrate  appropriate  anti-

vator)  ×  100]  =  %  inhibition.  When  the  MA  Acti-

coagulation  and  platelet  suppression.  Centers  that 

vator  of  TEG  5000  PM  is  >25  mm,  the  calculation 

demonstrate  a  low  incidence  of  hemorrhagic  and 

becomes  unreliable  and  misleading.  The  mecha-

thromboembolic  events  all  have  a  common 

nism  underlying  this  phenomenon  has  not  been 

approach,  which  is  a  standardized,  individually
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tailored  protocol  with  clear  guidelines  specific  to  

executive 

summary. 

J 

Heart 

Lung 

Transplant. 

the  device  type.  Additionally,  the  protocol  is 

2013;32(2):157–87. 

Fitousis  K,  Klasek  R,  Mason  PE,  Masud  F.  Evaluation  of  a 

followed  by  all  members  of  the  multidisciplinary 

pharmacy  managed  heparin  protocol  for  extracorporeal 

and  dedicated  team  of  experienced  provider s. 

membrane

oxygenation

patients. 

Perfusion. 
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Abstract 

continued  appreciation  of  the  complex  inter-

Significant  efforts  in  the  past  three  decades 

play  between  multiple  factors  in  these  patients, 

have  been  made  to  advance  the  treatment  of 

which  often  detracts  from  the  most  desirable 

patients  with  end-stage  heart  disease  using 

outcomes.  Optimizing  neurological  outcomes 

implantable,  durable,  mechanically  assisted 

in  the  situation  of  an  elective  implantation  of  a 

circulatory  support  technology.  Despite  many 

left  ventricular  assist  device  is  of  the  utmost 

advances  in  pump  technology,  there  is  a 

importance  not  only  for  patient  outcomes  but 

also  for  reassurance  to  providers  to  consider 

this  therapy  for  the  treatment  of  advanced  heart 

failure.  In  order  to  achieve  the  best  outcomes 

M.  Schimmel  ·  J.  M.  Stulak  (✉) 

possible,  the  provider  must  optimize  the 
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dynamic  and  highly  interconnected  system
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into  which  the  device  was  placed.  Herein,  we 

continues  to  hinder  more  widespread  referral 

describe  “The  Continuous-Flow  Pump  Dis-

and  adoption  of  this  technology  for  patients. 

ease”  as  a  biosystem  representing  a  great  par-

A  reflection  of  past  pursuits,  from  device  evo-

adox.  While  this  is  a  therapy  that  has  proven 

lution  through  the  ongoing,  current  refinement  of 

effective  and  durable  in  treating  advanced 

maintenance  of  these  patients  on  support,  is  typi-

heart  failure,  it  also  imparts  de  novo  and 

fied  by  several  important  philosophical  concepts 

unintended  clinical  conditions  requiring  opti-

that  are  critical  to  understanding  so  that  optimal 

mization.  Adverse  neurological  outcomes  are 

outcomes  can  be  achieved.  First,  as  prominent 

at  the  intersection  of  multiple  pump-,  provider-, 

authors  have  intimated,  while  the  intention  of 

and patient-related factors, which all have inher-

pumping  blood  from  the  left  ventricle  was  simple 

ent  challenges  to  obtaining  homeostasis.  How-

in  concept,  it  represented  a  “simple”  intervention 

ever,  in  any  complex  system,  the  more 

within 

a 

complex 

system 

with 

resultant 

understanding  and  predictability  that  exists,  the 

unintended  consequences  (Mehra  et al. 2014). 

less  that  an  outcome  is  left  to  chance  and  the 

Second,  these  unintended  consequences  are 

more  that  they  are  expected. 

directly  intertwined  with  one  another  and  are  a 

sequela  of  any  one  piece  of  directed  therapy.  This 

is  typified  by  Newton’s  third  law,  which  states, 

Keywords 

“for  every  action,  there  is  an  equal  and  opposite 

Mechanical  circulatory  support  ·  Left 

reaction”;  that  is,  for  every  interaction  with  some 

ventricular  assist  device  ·  Advanced  heart 

clinical  aspect  of  the  left  ventricular  assist  device 

failure  ·  Neurological 

(LVAD),  there  is  a  reflexive  effect  on  some  other 

aspect  of  the  system,  and  the  magnitude  of  that 

interaction  at  times  determines  the  outcome 

Introduction 

between  the  two  forces.  Third,  and  most  impor-

tantly,  three  main  ingredients  of  this  complex 

Significant  efforts  in  the  past  three  decades  have 

system  simultaneously  impact  general  outcomes 

been  made  to  advance  the  treatment  of  patients 

in  both  an  independent  and  connected  manner:  the 

with  end-stage  heart  disease  using  implantable, 

pump,  the  provider,  and  the  patient  (Fig. 1). 

durable,  mechanically  assisted  circulatory  sup-

With  this  understanding  of  the  entire  land-

port  technology.  The  conduct  and  subsequent 

scape,  this  chapter  focuses  on  the  neurologic  out-

analysis  of  multiple  randomized  clinical  trials 

comes  following  mechanical  circulatory  support 

(Rose  et  al. 2001; Slaughter  et  al. 2009;  Rogers 

(MCS),  which  will  center  on  chronic  support  with

et  al. 2017;  Milano  et  al. 2018; Mehra  et  al. 2019) 

and  contemporary  national  (Kormos  et  al. 2019) 

and  international  registries  (Goldstein  et  al. 

2019)  have  highlighted  the  intimate  partnership 

between  multidisciplinary  clinical  practitioners 

and  industry  to  develop,  implement,  and  improve 

technology  to  help  patients  with  end-stage  heart 

failure  live  longer  and  feel  better.  Despite  many 

advances  in  pump  technology,  there  is  a  contin-

ued  appreciation  of  the  complex  interplay 

between  multiple  factors  in  these  patients, 

which  often  detracts  from  the  most  desirable  out-

comes.  In  the  eyes  of  many,  there  is  an  anticipa-

tion  of  when  adverse  events  arise  rather  than  if 

they  occur.  Furthermore,  it  is  not  a  stretch  to  posit 

Fig.  1  The  three  main  ingredients  contributing  to  out-

that  this  “stigma”  is  the  major  driver  that 

comes  following  left  ventricular  assist  device  implantation
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durable,  implantable  device  therapy.  This  often 

neurologic  complications,  the  one  with  the  lon-

represents  an  elective  situation  where  the  balance 

gest  AND  deepest  impact  is  arguably  this  last  one. 

of  risks  and  benefits  is  undertaken  as  part  of 

Infection  may  result  in  chronic,  lifelong  antimi-

patient  selection.  Optimizing  neurologic  out-

crobial  therapy;  however,  the  disability  sustained 

comes  in  this  situation  is  vastly  different  than  in 

is  not  entirely  prohibitive  for  the  ongoing  quality 

the  clinical  scenario  of  emergent  use  of  extracor-

of  function.  Clotting  complications  ranging  from 

poreal  membrane  oxygenation  or  short-term  axial 

hemolysis  to  pump  thrombosis  are  readily  treated 

flow  devices.  These  devices  are  often  utilized  in  a  with  a  range  of  medical  and  surgical  interventions 

patient  salvage  situation  without  thorough  patient 

depending  on  the  spectrum  of  disease.  Even  frank 

selection  issues  other  than  impending  patient 

pump  thrombosis  with  major  device  malfunction 

demise.  There  are  numerous  confounding  factors, 

is  readily  treated  with  pump  exchange.  So,  while 

such  as preceding resuscitation  from  cardiac  arrest 

dramatic  and  potentially  emergent  in  nature,  swift 

and  an  unknown  neurologic  status  at  the  time 

treatment  often  yields  a  return  to  pre-thrombosis 

these  acute  devices  are  employed. 

quality  of  life.  Physiologic  or  nonsurgical  bleed-

ing  can  be  bothersome  and  require  frequent  inter-

vention,  but  significant  loss  of  function  is 

Adverse  Events:  Considerations 

typically  not  the  norm.  In  contrast,  neurologic 

and  Perspective 

complications  present  in  a  wide  array  of  clinical 

scenarios  ranging  from  sensory  or  motor  deficits 

Device-related  adverse  events  have  significantly 

that  are  transient  and  mild  to  devastating, 

decreased  throughout  the  evolution  of  MCS 

non-recoverable  intracranial  catastrophes  with 

design  and  technology  (Anwer  et  al. 2019).  Sur-

complete  loss  of  cerebral  function. 

vival  is  currently  an  expectation,  as  is  improve-

ment  in  heart  failure  symptoms;  therefore,  they 

are  not  necessarily  included  in  the  definition  of  “a 

“A  Complex  System”:  The  Interplay 

successful  LVAD  implant.”  Not  only  is  this  infor-

of  Factors 

mation  important  for  patient  counseling  prior  to 

embarking  on  this  therapy,  but  it  is  also  crucial  for 

Despite  significant  advances  in  pump  design  and 

provider  awareness  to  drive  referral  of  their 

management,  ischemic  and  hemorrhagic  stroke 

patients  who  may  otherwise  be  ideal  candidates. 

remain  not  only  prevalent  (Uriel  et  al. 2017)  but 

With  the  combination  of  increasing  heart  failure 

also  the  primary  concern  for  consideration  of  this 

prevalence  along  with  a  persistent  donor  organ 

therapy  for  advanced  heart  failure  due  to  the 

shortage  for  heart  transplantation,  the  number  of 

potentially  devastating  nature  and  the  subsequent 

patients who are candidates for this  therapy  is only 

impact  on  patient  function  (Stewart  et  al. 2015). 

thought  to  increase.  To  expand  the  widespread 

Because  of  the  “unnatural”  LVAD  system  within 

adoption  of  LVAD  therapy,  especially  destination 

the  overarching  complex  biological  system  men-

therapy  (DT),  it  is  vital  that  the  field  continues 

tioned  above,  it  follows  logically  that  neurologic 

improving  patient  outcomes  on  device  support. 

complications  do not exist  in  isolation  and  are  also 

More  robust  discussions  that  incorporate  granular 

the  consequence  of  interaction  between  the  pump, 

knowledge  of  postimplant  quality  of  life  and  func-

the  provider,  and  the  patient.  Furthermore,  no 

tion  may  allow  for  more  goal-directed  care  for 

discussion  about  neurological  events  can  take 

these  high-risk  patients  and  their  caregivers. 

place  in  a  vacuum  without  discussing  both 

From  a  broad  perspective,  any  discussion 

embolic  stroke  and  hemorrhagic  stroke  caused 

about  adverse  events  as  it  pertains  to  LVAD  ther-

by  nonsurgical  bleeding. 

apy  must  include  a  consideration  of  the  potential 

In  terms  of  “the  pump,”  a  historical  systematic 

for  disability  when  the  event  is  sustained.  As  we 

review  of  the  eight  most-implanted  LVAD  devices 

consider  the  broad  array  of  LVAD  complications, 

demonstrated  that  while  there  is  varying  risk 

such  as  infection,  pump  thrombosis,  bleeding,  and 

amongst  all  technologies,  the  significant  lessons
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learned  are  that  (1)  continuous  flow  technology 

perioperatively.  Once  the  operation  is  complete 

offers  a  lower  risk  of  stroke  compared  to  the  older 

and  the  patient  is  recovering,  “the  provider” 

pulsatile  flow  pumps  (Backes  et  al. 2012)  and 

plays  a  key  role  in  mitigating  all  adverse  events, 

(2)  ischemic  strokes  are  more  prevalent  than  hem-

not  just  neurologic  complications.  The  challenge 

orrhagic  strokes  (Backes  et  al. 2012;  Acharya 

with  ongoing  management  of  patients  on  device 

et  al. 2017).  Moving  into  the  current  era,  signifi-

support  lay  in  its  lack  of  standardization. 

cant  design  changes  were  employed  in  the  design 

Depending  on  their  inherent  approaches  to  these 

of  the  HeartMate  III,  which  showed  a  very  prom-

patients,  a  range  of  medically  related  parameters 

ising  reduction  in  hemocompatibility-related 

may  vary  from  practitioner  to  practitioner.  Navi-

adverse  events  and  improved  neurologic  out-

gating  alterations  in  medical  management  also 

comes,  as  noted  in  both  the  European  CE  mark 

represents  potential  for  complications,  such  as  if 

study  and  the  ELEVATE  observational  registry 

an  LVAD  patient  requires  cessation  of  anti-

(Gustafsson  et  al. 2018; Netuka  et  al. 2015).  Uti-

coagulation  for  a  non-LVAD  procedure  and  the 

lizing  a  fully  magnetically  levitated  centrifugal 

subsequent  approach  to  heparin  bridging.  Many 

flow  pump,  the  design  changes  were  engineered  examples  exist  in  this  regard,  so  the  recognition  of 

to  reduce  shear  stress  on  blood  elements  and  sub-

the  importance  of  “the  provider”  for  ongoing  suc-

sequently  (and  hopefully)  reduce  pump  thrombus 

cess  cannot  be  understated,  which  extends  far 

(Mehra  et  al. 2017).  The  research  and  develop-

beyond  device  selection,  surgical  implant  tech-

ment  behind  pump  engineering  has  yielded  sig-

nique,  or  early  preoperative  comorbidities.  This 

nificant  evolutions  through  time,  but  despite  this, 

represents  intensive  therapy  and  remains  a  bal-

the  device  remains,  by  nature,  an  artificial  entity 

ance  of  competing  threats  to  success  every  single 

introduced  into  a  biological  system.  Thus,  its  con-

day  while  on  device  support. 

tributions  to  adverse  events  can  be  mitigated  only 

Regarding  “the  patient,”  a  thorough  preopera-

to  a  finite  degree. 

tive,  multidisciplinary  assessment  of  potential 

In  terms  of  “the  provider,”  once  device  therapy 

candidates  for  LVAD  support  is  paramount  to 

has  been  decided  upon,  the  conduct  of  surgical 

identifying,  counseling,  and  supporting  patients 

implant  and  subsequent  medical  maintenance 

at  higher  risk  for  neurologic  complications. 

play  a  crucial,  ongoing  role  in  determining  a  suc-

While  not  typically  completely  preclusive  of  pro-

cessful  outcome  after  LVAD  implant.  Historically, 

ceeding  to  LVAD  implant,  there  needs  to  be  an 

surgeons  had  a  choice  of  pump  types  to  implant 

awareness  of  the  “milieu”  into  which  the  device  is 

depending  on  the  LVAD  era.  In  the  past,  the  deci-

being  placed,  which  allows  patients  and  providers 

sion  between  axial  or  centrifugal  flow  pumps  allo-

to  help  mitigate  those  risks.  For  instance,  if  a  prior 

wed  for  a  significant  degree  of  individualized 

history  of  a  hypercoagulable  state  is  known,  this 

therapy,  depending  on  the  other  factors  that  have 

would  impact  the  intensity  of  maintenance  anti-

already  been  mentioned.  For  instance,  if  a  patient 

coagulation.  There  are  many  risk  factors  that  are 

presented  with  a  certain  burden  of  comorbidities 

not  necessarily  reversible  or  treatable  to  an  extent 

that  raised  the  risk  for  stroke,  then  a  certain  device 

that  would  lessen  the  risk  significantly.  However, 

type  with  the  lowest  risk  profile  for  stroke  could 

optimization  of  those  conditions  may  favor  stroke 

be  considered.  However,  given  that  there  is  only 

less.  In  addition  to  medical  conditions,  there  may 

one  commercially  implantable  centrifugal  flow 

be  mechanical  conditions  that  raise  the  risk  of 

pump  in  the  current  era,  this  “tailoring  of  the 

stroke,  such  as  preexisting  carotid  artery  stenosis, 

pump to the patient”  approach is largely historical. 

known  as  intracerebral  aneurysm,  or  prior  ische-

The  trade-off  is  that  this  current  device,  the 

mic  or  hemorrhagic  stroke.  While  correction  of 

HeartMate  III,  does  represent  the  most  biocom-

the  former  two  entities  can  be  accomplished  with 

patible  pump  in  the  timeline  of  LVAD  technology. 

prior  intervention,  the  third  instance  represents  an 

Besides  device  selection,  the  provider  plays  a  key 

uncorrectable  physical  substrate,  which  can  lend 

role  in  mitigating  all  adverse  events,  not  just  neu-

itself  to  future  events.  Adding  further  complexity 

rologic  complications,  both  operatively  and 

to  the  patient’s  “milieu”  is  the  combination  of
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adverse  events  and  how  one  may  precede  and  lead 

edge”  between  the  competing  risks  of  embolic 

to  another.  For  instance,  gastrointestinal  bleeding 

phenomena  from  systemic  thromboembolism 

can  lead  to  an  increased  risk  of  thromboembolic 

and  bleeding,  both  of  which  can  result  in  differing 

events  (Stulak  et  al. 2014),  and  infection  can  lead 

types  of  intracerebral  strokes  (embolic  and 

to  hemorrhagic  stroke  while  on  device  support 

hemorrhagic). 

(Shah  et  al. 2019). Despite  utmost  diligence  and 

attention  to  the  patient’s  burden  of  comorbidities 

and  overall  condition,  the  patient  represents  the 

Device  Differences 

biological  system  into  which  the  device  is  intro-

duced,  and  his/her  interaction  with  the  device 

Moving  forward  in  the  consideration  of  device 

largely  determines  the  adverse  event  profile. 

therapy  for  the  treatment  of  advanced  heart  fail-

ure,  many  of  the  discussions  revolving  around 

device-specific  differences  in  neurologic  out-

The  Pump 

comes  are  historical,  mainly  at  this  point  owing 

to  the  current  LVAD  landscape  of  a  lone  commer-

Continuous-Flow  Pump  Disease 

cially  available  durable  continuous  flow  device 

for  patient  use.  However,  while  device  selection 

Since  the  first  implant  of  a  durable  LVAD  in  1994 

is  limited  to  a  lone  device,  thousands  of  patients 

(Stewart  and  Givertz  2012),  early  mechanical  cir-

still  followed  and  actively  maintained  support 

culatory  support  technology  evolved  from  the 

with  the  axial  flow  device  (HeartMate  II)  and  the 

more  physiologic  state  of  pulsatile  blood  flow 

recently  discontinued  centrifugal  flow  pump 

(Frazier  et  al. 1992)  to  continuous  flow  (Slaughter 

(HeartWare  HVAD). 

et  al. 2009). While  this  transition  was  necessary 

There 

are 

numerous 

challenges 

when 

due  to  the  minimal  durability  of  early  pulsatile 

interpreting  the  clinical  trial  and  commercial  use 

devices,  it  represented  the  entrance  into  an  era  of 

data  related  to  device-specific  neurologic  out-

novel  physiology  for  patients.  Continuous  flow 

comes.  Data  from  the  MOMENTUM  3  trial  dem-

devices  themselves  continued  to  evolve  from 

onstrated  a  significant  reduction  in  risk  of  stroke 

axial  flow  to  centrifugal  flow  technology  as  lesser 

for 

patients 

undergoing 

implantation 

of 

a 

surface  area  for  blood  contact  and  operation  at 

HeartMate  III  centrifugal  flow  pump  compared 

lower  speeds  were  promising  in  their  effort  to 

to  the  HeartMate  II  axial  flow  pump  (Mehra 

lower  adverse  event  profiles  with  improved 

et  al. 2018). This  trial  outcome  was  in  stark  con-

hemocompatibility  (Tang  and  Pagani  2018). 

trast  to  data  from  the  ADVANCE  and  ENDUR-

While  improvement  in  adverse  events  has  been 

ANCE  trials,  which  observed  a  significantly 

observed  with  continuous  flow  devices  compared 

higher  risk  of  stroke  for  the  centrifugal  flow 

to  pulsatile  devices,  this  unnatural  biologic  and 

HVAD  pump  compared  to  the  axial  flow 

physiologic  state  can  be  considered  a  disease  state 

HeartMate  II  (Aaronson  et  al. 2012;  Rogers  et  al. 

unto  itself  (“continuous-flow  pump  disease”)  and 

2017). As  such,  these  analyses  highlighted  that 

can  contribute  to  adverse  events.  There  is  a  need 

there  may  be  differences  among  the  differing  cen-

for systemic anticoagulation for patients on device 

trifugal  flow  pump  technologies.  However,  in  this 

support  as  the  majority,  if  not  all  in  some  circum-

regard,  direct  comparisons  or  even  inferences  of 

stances,  of  the  cardiac  output  traverses  the  artifi-

these  results  are  rendered  flawed  due  to  several 

cial  surfaces  of  the  device,  creating  an  inherent 

factors.  First,  there  were  major  overall  differences 

risk  of  system  thrombosis  because  of  this  interac-

in  all  trial  designs,  especially  regarding  inclusion 

tion.  Hence,  the  biocompatibility  of  devices 

and  exclusion  criteria. Second, the  MOMENTUM 

becomes  highly  relevant,  and  this  has  varied 

3 trial enrolled  patients  undergoing LVAD  implant 

from  device  to  device  depending  on  the  pump 

as  a  bridge  to  transplant  (BTT)  and  destination 

design  (axial  flow  versus  centrifugal  flow). 

therapy  (DT),  whereas  ADVANCE  singularly 

Patients  on  LVAD  support  balance  on  the  “razor’s 

evaluated  patients  with  implants  as  BTT,  and
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ENDURANCE  evaluated  patients  with  implants 

reciation  of  the  relationship  between  afterload 

as  DT  only.  Third,  because  these  trials  were 

and  stroke  in  the  HVAD  (Teuteberg  et  al. 2015). 

conducted  at  different  time  points  in  device  eval-

The  interaction  of  modern  technology  with  “the 

uation,  there  was  no  standard  definition  for  clas-

patient”  required  an  innovative  approach  to  man-

sifying  adverse  events.  Subsequent  clinical  trial 

agement  that  was  thought  to  have  been  optimized 

data  analyses  were  conducted  to  compare  “apples 

with  prior  axial  flow  technology.  As  such,  the 

to  apples.”  Most  notably,  a  subset  of  patients  from 

ENDURANCE 

Supplemental 

Trial 

was 

the  ADVANCE  and  ENDURANCE  trials  were 

conducted  by  introducing  an  intensive  blood  pres-

more  closely  matched  to  patients  from  the 

sure  management  protocol  (Milano  et  al. 2018). 

MOMENTUM  3  trial,  and  results  were  analyzed 

This  showed  stroke  improvement  and  laid  the 

(Mahr  et  al. 2019).  The  findings  of  this  study 

groundwork  for  postoperative  management  pro-

demonstrated  no  significant  difference  in  overall 

tocols.  The  importance  of  enhanced  antiplatelet 

neurologic  events  at  6  months  or  2  years.  How-

therapy  and  subsequent  device  refinements  due  to 

ever,  interpretation  of  these  results  is  also  chal-

thrombus  formation  on  the  smooth-sintered  inter-

lenging  as  the  authors  utilized  a  combined 

face  of  the  inflow  cannula  continued  to  improve 

endpoint  that  included  not  only  strokes  but  also 

neurologic  outcomes  of  the  HVAD  (Glass  et  al. 

a  variety  of  other  neurologic  events,  including 

2019). 

transient  ischemic  attack,  altered  mental  status, 

A  partnership  between  clinicians  and  industry 

seizure,  and  encephalopathy.  Solitary  case  reports 

has  consistently  demonstrated  the  secret  to  success 

also  observed  varying  results  in  stroke  amongst 

throughout medical  history.  However,  this relation-

the  centrifugal  flow  pumps,  with  the  HVAD  hav-

ship  is no more intimate  and  interdependent than  in 

ing  a  higher  stroke  risk  compared  to  HeartMate  III 

the  field  of  mechanical  circulatory  support.  Many 

(Chiang  et  al. 2020). 

lessons  have  been  learned  through  the  disparate 

eras  in  device  design,  including  that  automatic 

improvements  in  technology  did  not  automatically 

Responding  to  Technology 

translate  into  improved  patient  outcomes.  Only 

through  dogged  persistence  and  fortitude,  with 

Again,  while  historical,  it  is  important  to  note  how 

the  employment  of  new  and  emerging  technology 

changes  in  LVAD  technology  can  represent  a 

without  a  complete  understanding  of  risks  or  out-

major  improvement  concerning  patient  outcomes 

comes,  has  the  field  arrived  at  its  current  state  with 

and  a  perturbation  in  an  acquired  comfort  level. 

a  singular  device  that  is  thought  to  represent  the 

The  major  “jumps”  in  technology  occurred  from 

most  hemocompatible  configuration  in  history. 

evaluating  the  first-generation  pulsatile  flow 

devices  to  the  second-generation  axial  flow 

device.  The  HeartMate  II  remained  the  most  fre-

The  Provider 

quently  implanted  axial  flow  pump  of  this  era,  and 

a  vast  professional  experience  was  obtained 

Surgical  Technique  and  Intraoperative 

through  its  use.  The  next  great  “jump”  in  technol-

Factors 

ogy  was  from  axial  flow  to  centrifugal  flow  tech-

nology.  However,  this  transition  in  technology 

A  sizable  portion  of  the  postoperative  outcome 

from  HeartMate  II  to  HeartWare  HVAD  did 

after  LVAD  implantation  is  determined  by  the 

not  necessarily  come  with  immediate  improve-

conduct  of  the  operation.  This  is  especially  true 

ment  in  patient  outcomes.  Instead,  data  from  the 

as  it  pertains  to  the  risk  of  neurologic  complica-

HeartWare  HVAD  clinical  trials  demonstrated  a 

tions.  Anecdotally,  as  in  any  conventional  cardiac 

higher  risk  of  stroke  in  the  centrifugal  flow  pump 

operation,  minimizing  the  manipulation  of  the 

(ADVANCE  BTT  (Aaronson  et  al. 2012)  and 

aorta  during  cannulation  for  cardiopulmonary 

ENDURANCE  DT  (Rogers  et  al. 2017)).  Further 

bypass  is  one  of  the  first  tenets  to  avoid  embolism. 

analysis  of  the  trial  data  yielded  a  new  app-

In  addition,  the  need  for  concomitant  operations
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requiring  aortic  cross-clamping  can  also  contrib-

Heart  and  Lung  Transplantation  (Feldman  et  al. 

ute  to  the  risk  of  procedural  stroke  (Morgan  et  al. 

2013). However,  this  is  based  on  expert  opinion, 

2014).  Aortic  cross-clamping  with  cardioplegic 

and  there  is  no  standard  approach  to  postoperative 

arrest  is  typically  required  when  an  aortic  valve 

and  maintenance  antithrombotic  therapy  in  LVAD 

procedure  is  needed  to  address  significant  aortic 

patients.  The  importance  of  this  lack  of  standard-

valve  regurgitation.  In  this  setting,  if  the  surgeon 

ization  cannot  be  highlighted  enough,  as  the 

chooses  to  oversee  the  aortic  valve,  this  can  pro-

approach  to  this  therapy  represents  an  iatrogenic 

mote  stasis  in  the  aortic  root,  though  the  subse-

potential  for  embolic  stroke  in  these  patients.  In 

quent  risk  of  thromboembolism  is  increased 

the  prior  section,  “the  pump,”  we  discussed  how 

(Mehra  et  al. 2014).  This  balance  must  be  struck 

LVAD  patients  are  predisposed  to  pump  thrombus 

as  correction  of  aortic  valve  incompetence  is  nec-

simply  by  being  supported  on  a  CF-LVAD.  The 

essary  for  efficient  LVAD  unloading.  In  terms  of 

incremental  risk  of  inadequate  antithrombotic 

the  LVAD  implantation  itself,  the  inflow  cannula 

therapy  only  increases  the  overall  thromboem-

angle  and  outflow  graft  configuration  can  also 

bolic  risk.  The  risk  of  bleeding  can  substantially 

contribute  to  postoperative  stroke  (Mehra  et  al. 

alter  the  use  of  anticoagulation  and  can  result  in 

2014).  Conflicting  reports  exist  regarding  other 

the  subsequent  increased  risk  of  thromboembolic 

aspects  of  LVAD  implantation,  such  as  concomi-

events  (Stulak  et  al. 2014).  In  addition,  there  is  a 

tant  procedures  and  cardiopulmonary  bypass  time 

wide  variability  in  practices  in  this  regard.  Unfor-

(John  et  al. 2014).  The  approach  to  “total  intracar-

tunately,  analysis  of  such  variable  practices  is 

diac  repair”  at  the  time  of  LVAD  implant  is  more 

complicated,  as  numerous  series  have  disparate 

relevant  in  destination  therapy,  during  which  the 

findings.  For  instance,  the  lowest  postoperative 

patient  is  expected  to  spend  more  time  on  device 

bleeding  rates  were  seen  when  aspirin  therapy 

support  than  bridge  to  transplant.  This  is  also 

was  guided  by  platelet  function  testing  (Litzler 

anecdotal  and  varies  across  the  spectrum  of  surgi-

et  al. 2014), while  another  report  of  patients 

cal  practices  and  approaches.  There  is  certainly  a 

treated  without  aspirin  had  the  highest  incident 

balance  between  operative  time,  concomitant 

of  bleeding  (Mehra  et  al. 2017).  Another  major 

operations,  and  the  expected  benefit  of  concomi-

issue  when  analyzing  nonsurgical  bleeding  due  to 

tant  procedures  during  LVAD  implant.  Addition-

practices  related  to  anticoagulation  is  the  defini-

ally,  topical  hemostatic  agents  and  clotting  factors 

tion  of  major  bleeding.  In  patients  with  axial-flow 

to  control  surgical  bleeding  and  avoid  reoperation 

devices,  major  nonsurgical  bleeding  was  reported 

for  bleeding  must  be  weighed  against  the  risk  of 

in  6–58%  of  patients,  compared  to  8–44%  of 

pump  thrombosis.  However,  these  patients  often 

patients  with  centrifugal  flow  devices  (Baumann 

are  coagulopathic,  which  may  allow  some  protec-

Kreuziger  et  al. 2015).  Bleeding  often  compels 

tion  from  early  thrombosis.  Notably,  surgical  site 

physicians  to  discontinue  or  deescalate  anti-

bleeding  and  the  need  for  early  reoperation  have 

thrombotic  therapy,  but  this  is  typically  individu-

not  been  consistently  associated  with  a  higher  risk 

alized  to  the  patient  as  the  risk  of  thromboembolic 

of  stroke  (Frontera  et  al. 2017). 

events  is  weighed. 

The  delicate  balance  between  optimal  anti-

thrombotic  therapy  and  thromboembolic  risk  is 

Antithrombotic  Therapy 

undoubtedly  linked  to  the  control  of  warfarin 

levels.  The  approach  to  testing  is  also  quite  vari-

Embolic  stroke  and  pump  thrombosis  are 

able  and  is  likely  associated  with  variable  out-

devastating  complications  of  LVAD  therapy,  and 

comes  in  terms  of  bleeding.  It  has  been  well 

prophylactic  intervention  against  these  events 

demonstrated  that  LVAD  patients  spend  less  time 

includes  the  use  of  anticoagulation  and  anti-

in  the  therapeutic  range  than  other  patients  on 

platelet  therapy.  The  intensity  of  these  therapies 

similar 

anticoagulation 

regimens 

(Demirozu 

is  highly  variable  throughout  the  specialty,  though 

et  al. 2011; Karimi  et  al. 2014). Specifically, 

guidelines  exist  from  the  International  Society  of 

LVAD  patients  were  found  to  be  in  the  therapeutic
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range  31–51%  of  the  time,  compared  with 

regurgitation  has  recently  been  shown  to  be  asso-

64–81%  of  patients in  clinical  trials  studying  atrial 

ciated  with  greater  hemocompatibility-related 

fibrillation  stroke  prevention.  Understanding  the  adverse  events,  including  nonsurgical  bleeding 

relationship  between  maintenance  warfarin  con-

and  subsequent  stroke  (Bunte  et  al. 2013). 

trol  and  the  intuitive  risk  of  thromboembolic 

The  specific  mechanism  is  not  entirely  known, 

stroke  if  subtherapeutic  is  challenging;  however, 

but  significant  aortic  valve  regurgitation  creates 

a  lack  of  effective  control  may  be  associated  with 

an  inefficient  hemodynamic  loop,  which  results  in 

less-than-ideal  anticoagulation  and  subsequent 

less  effective  forward  flow.  This  could  lead 

risk  of  thromboembolic  events. 

to  secondary  right  ventricular  dysfunction  with 

subsequent  multi-organ  failure  and  acquired 

coagulopathy.  In  addition,  the  opening  of  the  aor-

Aortic  Valve  Opening 

tic  valve  washes  the  aortic  root  and  guards  against 

stasis  with  subsequent  thrombus  formation  in  the 

Aortic  valve  opening  during  LVAD  support  is 

sinuses  of  Valsalva. 

important  for  several  reasons  (John  et  al. 2014) 

and  may  lessen  nonsurgical  bleeding  through  two 

main  mechanisms.  These  are  enhancing  systemic 

The  Patient 

pulsatility  and  avoiding  significant  late  aortic 

valve  regurgitation.  Optimizing  the  speed  of  the 

Preoperative  and  Postoperative 

LVAD  is  based  on  several  factors  that  “the  pro-

Factors 

vider”  takes  into  consideration.  The  decision  to 

decrease  LVAD  speed  to  allow  aortic  valve  open-

Patient  milieu  most  certainly  contributes  heavily 

ing  must  be  considered  only  after  careful  analysis 

to  late  nonsurgical  bleeding  and  neurological 

of  the  optimal  unloading  of  the  patient.  If  hemo-

complications  (both  embolic  and  hemorrhagic), 

dynamics  are  favorable  at  a  lower  speed,  “the 

as  outcomes  are  intricately  linked  to  the  biocom-

provider”  may  opt  to  decrease  speed  to  allow 

patibility  of  the  pump  with  the  environment  into 

aortic  valve  opening.  This  maneuver  may  prevent 

which  it  is  introduced.  Several  patient-related  fac-

late  aortic  valve  cusp  fusion  and  progression  of 

tors  have  been  identified  as  increasing  the  risk  of 

aortic  valve  regurgitation.  In  addition,  with  aortic 

late,  nonsurgical  bleeding,  including  female  sex, 

valve  opening,  greater  pulsatility  has  been  dem-

age  >65  years,  and  preoperative  anemia  (Bunte 

onstrated  (Imamura  et  al. 2019), and  maintaining 

et  al. 2013).  In  addition,  past  medical  history  also 

some  semblance  of  enhanced  systemic  pulsatility 

impacts  bleeding  outcomes  after  LVAD  implanta-

could  have  the  theoretical  benefit  of  slowing  the 

tion;  specifically,  patients  with  a  prior  history  of 

development  of  angiodysplasia  of  the  gastrointes-

gastrointestinal  bleeding  were  more  likely  to  have 

tinal  tract,  as  discussed  previously.  The  intersec-

bleeding  after  implantation  (Muthiah  et  al. 2013). 

tion  between  aortic  valve  opening  and  decrease  in 

Preoperative  low  body  mass  index (<19)  has  been 

nonsurgical  bleeding,  of  course,  directly  impacts 

demonstrated  to  represent  a  risk  factor  for  signif-

the  risk  for  hemorrhagic  stroke  but  also  embolic 

icant  late  nonsurgical  bleeding  and  death  related 

stroke  because  of  decreased  rates  of  aortic  root 

to  bleeding  (Komoda  et  al. 2013). Etiology  of 

thrombus  with  subsequent  embolization  or  stroke 

heart  failure  has  also  been  noted  to  be  a  significant 

because 

of 

modification  of  antithrombotic 

risk  factor  for  late  nonsurgical  bleeding  after 

therapy. 

LVAD  implantation  (Boyle  et  al. 2014). Patient 

While  the  management  of  aortic  valve  opening 

factors  associated  with  gastrointestinal  bleeding 

is  variable  among  providers  in  the  specialty, 

in  the  ADVANCE  clinical  trial  included  ischemic 

allowing  aortic  valve  opening  to  prevent  late 

etiology,  elevated  preoperative  creatinine,  diabe-

progression  of  aortic  valve  regurgitation  could 

tes,  and  lower  body  surface  area  (Goldstein  et  al. 

be  helpful  to  prevent  late  nonsurgical  bleeding 

2015). Again,  the  importance  of  the  contribution 

and  aortic  root  stasis/thrombus.  Late  aortic  valve 

of  nonsurgical  bleeding  to  adverse  neurological
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outcomes  as  it  pertains  to  hemorrhagic  stroke 

less  time  in  the  therapeutic  range  (Henderson 

cannot  be  understated. 

et  al. 2019). It  is  important  to  recognize  what 

When specifically considering neurological out-

patients  are  at  risk  for  suboptimal  compliance 

comes  following  LVAD  implantation,  there  are 

and  adherence  to  remedy  and  supplement  what 

both  preoperative  and  postoperative  risk  factors 

the  gaps  are  to  avoid  complications. 

that  contribute  risk  to  the  development  of  adverse 

outcomes.  Assessment  of  these  risk  factors  begins 

during the multidisciplinary assessment of a patient 

Mitigation  Strategies,  Identification, 

for  candidacy  for  LVAD.  Again,  these  risk  factors 

and  Intervention 

are  not  necessarily  taken  in  isolation  as  a 

disqualifying  feature  of  their  assessment,  but  they 

From  the  patient’s  standpoint,  these  risk  factors 

certainly  could  be.  For  instance,  a  patient  with  a 

will  inevitably  be  present  to  some  degree  and  in 

history  of  a  prior  stroke  and  uncorrectable  carotid 

some  combination.  However,  the  goal  for  practi-

artery  disease  may  represent  an  extreme  example 

tioners  and  patients  should  be  mitigation  strate-

of  a  patient  who  has  a  preclusive  risk  for  devastat-

gies  to  optimize  outcomes  and  lessen  the  burden 

ing  neurological  outcomes  after  LVAD.  Many 

of  adverse  events.  Of  course,  it  is  incumbent  upon 

other  demographic,  past  medical,  and  clinical  sta-

any  candidate  evaluation  to  identify  those  risk 

tus  factors  contribute  a  more  subtle  risk  to  the 

factors,  but  it  is  extremely  important  to  set  expec-

development  of  adverse  neurological  outcomes, 

tations  even  before  LVAD  implantation,  as  this  is 

including  female  sex,  diabetes  mellitus,  prior 

intensive  therapy,  and  meticulous  attention  is 

stroke,  systemic  hypertension,  prior  or  current 

required  to  avoid  an  array  of  issues.  Once  preop-

tobacco  use,  malnutrition,  hyponatremia,  and  pre-

erative  factors  that  may  increase  the  risk  of  stroke 

operative  atrial  fibrillation  (Goodwin  et  al. 2018). 

are  identified,  it  is  important  to  evaluate  those  in 

Postoperatively,  there  are  also  a  myriad  of  ongoing 

the  context  of  whether  they  are  modifiable  or 

factors  that  deserve  clinician  and  patient  attention 

treatable.  Any  contributory  factors  listed  above 

in order  to optimize outcomes. The development  of 

should  be  addressed  and  optimized  before  and 

pump  thrombosis,  venous  thromboembolism,  and 

certainly  after  LVAD  implantation.  For  example, 

systemic  hypertension  >90  mm  Hg  have  all  con-

these  would  include  tighter  glucose  control  in 

sistently  been  shown  to  portend  a  higher  risk  of 

patients  with  diabetes,  more  aggressive  blood 

stroke  (Goodwin  et  al. 2018). 

pressure  control  in  patients  with  hypertension, 

In  addition  to  patient  clinical  characteristics, 

and  certainly  behavioral  issues,  such  as  smoking 

compliance  and  behavior  post-implant  are  critical 

cessation.  Some  programs  may  choose  to  be 

to  optimizing  outcomes.  As  discussed  previously, 

stricter  in  terms  of  considering  these  factors  as 

fluctuations  in  warfarin  control  and  time  in  a  ther- disqualifiers  for  LVAD  therapy,  but  this  conserva-

apeutic  range  can  significantly  impact  late  out-

tive  approach  to  lessening  adverse  outcomes 

comes,  including  bleeding.  While  in  the  hospital 

should  be  balanced  with  the  willingness  to  offer 

early  after  LVAD  implant,  providers  can  optimize 

this  therapy  to  sick  patients. 

adherence  to  medications,  diet,  and volume  status. 

Furthermore,  there  must  be  an  appetite  to  navi-

However,  after  hospital  dismissal,  the  patient’s 

gate  comorbidities  while  offering  this  therapy 

control  over  these  variables  may  be  less  depend-

because  these  comorbidities  often  accompany 

able  and  consistent.  Despite  close  follow-up  after 

patients  with  advanced  heart  failure.  Waiting  for 

LVAD  implant,  LVAD  patients  have  been  shown 

“the  perfect  candidate”  is  not  a  viable  approach  for 

to  have  difficulty  remaining  in  the  therapeutic 

a  program.  However,  this  needs  to  be  balanced 

range  for  warfarin.  Risk  factors  for  increased 

against  past  outcomes  and  the  volume  of  the 

time  in  the  therapeutic  range  included  older  age 

program. 

and  greater  distance  from  the  implanting  center. 

An  aggressive  ongoing  approach  to  following 

At  the  same  time,  female  sex,  diabetes,  and  prior 

these  patients  is  ideal,  as  many  patient  factors, 

warfarin  use  were  associated  with  significantly 

pump  monitoring,  and  provider  particularities
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directly  impact  neurological  outcomes.  It  is  also 

involved  with  the  patient  can  significantly  impact 

particularly  important  to  understand  the  period  of 

outcomes  as  “time  is  brain  tissue.”  The  differenti-

risk  in  which  the  patient  currently  resides  on  sup-

ation should be readily made between ischemic and 

port  and  the  timing  of  neurological  events.  There 

hemorrhagic  stroke  as  the  treatment  algorithms can 

are  certain  intervals  while  on  support  during  which 

vary  widely.  During  the  early  phase  of  any  treat-

the  patient  is  more  “at  risk”  for  stroke,  and  there  is 

ment  algorithm,  reducing  the  potential  for  second-

undoubtedly  a  disparate  timing  when  it  comes  to 

ary  stroke  or  stroke  extension  is  important.  In  the 

the  type  of  stroke.  With  the  assumption  that  all 

absence  of any  standardized treatment  protocols, in 

clinical  parameters  are  being  optimized,  some 

broad  terms,  this  includes  not  only  cessation  of 

reports  have  demonstrated  that  the  pure  risk  of 

anticoagulation  and  antiplatelet  agents  but  active 

stroke  is  highest  in  the  perioperative  phase.  Then, 

reversal  of  coagulation  derangement.  This  must  be 

another  spike of frequency occurs at approximately 

balanced by the patient’s condition and the inherent 

1-year  post-implant  (Harvey  et  al. 2015; Tsukui 

risk  of  pump  thrombosis,  but  in  general,  if  done 

et  al. 2007). The  causative  factors  resulting  from 

under  a  monitored  setting,  the  risk  for  this  is 

this timing are not certain, and these findings do not 

thought  to  be  low  (Jennings  et  al. 2014).  Once 

necessarily  reflect  all  programs  following  patients 

medical  management  has  been  undertaken  and  a 

on  LVAD  support.  However,  in  the  early  postoper-

differentiation  of  type  of  stroke  has  been 

ative  phase,  neurological  complications,  particu-

ascertained,  the  consideration  for  definitive  or  sur-

larly  stroke,  are  the  result  of  intraoperative  factors 

gical  intervention  is  now  given. 

such  as  valvular  operations  requiring  aortic  cross-

For  intracranial  hemorrhage  (ICH),  the  current 

clamping and cardiopulmonary bypass time (Smith 

practice  for  neurosurgical  intervention  is  largely 

et  al. 2015). While  exceedingly  difficult  to  assess 

based  on  studies  in  the  non-LVAD  population 

through  studies  and  statistics,  the  implantation  of 

(Hemphill  et  al. 2015;  Connolly  et  al. 2012). 

the  LVAD  itself  introduces  a  significant  risk  for 

While  infrequent,  neurosurgical  intervention  can 

early  embolic  stroke  primarily  from  improper 

be  considered  for  select  candidates  with  any  type 

de-airing  of  the  device.  Ensuring  that  intraoperative 

of  ICH.  The  outcomes  of  this  aggressive  approach 

echocardiography  evacuates  the  intracardiac  air 

are  hard  to  interpret,  likely  due  to  selection  bias, 

thoroughly  after  implantation  is  imperative.  After 

with  those  with  the  most  severe  injuries  being  a 

an  LVAD  implant,  some  patients  denote  “foggi-

more  likely  candidate  to  be  offered  surgery.  How-

ness,” which should be distinguished from an objec-

ever,  these  are  the  patients  who  potentially  have  a 

tive  finding  of  a  neurological  event.  Anecdotally,  in 

poorer  outcome.  Nonetheless,  for  patients  undergo-

these  patients  with  chronic  hypoperfusion  from 

ing  neurosurgical  management  of  ICH,  those  with 

heart  failure,  restoration  of  reliable  cardiac  output 

subdural  hematoma  tend  to  have  a  better  outcome 

may  introduce  cerebral  hyperperfusion  until  this  is 

compared 

to 

those 

undergoing 

surgery 

for 

autoregulated.  This  contradistinction  is  important. 

intraparenchymal  hemorrhage  (Lai  et  al. 2019; 

The delayed neurological events are more curious in 

Ibeh  et  al. 2021). 

terms  of  etiology,  but  many  of  the  aforementioned 

For  ischemic  stroke,  the  degree  of  infarcted 

factors  play  a  role  in  a  varying  manner.  Acknowl-

territory  in  the  affected  cerebral  hemisphere  is 

edging  the  patient  nearing  the  1-year  mark  could 

evaluated.  Suppose  the  onset  of  symptoms  was 

heighten  a  practitioner’s  vigilance  in  those  differing 

of  relatively  short  duration.  In  that  case,  if  the 

aspects  of  patient  maintenance. 

patient  is  absent  cortical  or  brainstem  symptoms 

Once  an  adverse  neurological  event  has  been 

and  has  a  significant  impairment,  the  patient 

clinically  suspected  and  objectively  diagnosed, 

should  undergo  a  CT  angiogram  of  the  neck  and 

definitive  intervention  depends  on  the  type  of 

brain  to  evaluate  for  large  vessel  occlusion.  If  this 

stroke  the  patient  has  sustained.  However,  the  stan-

is  present,  then  endovascular  intervention  can  be 

dard  initial  maneuver  includes  immediate  activa-

considered  (Willey  et  al. 2014). 

tion  of  the  institutional  acute  stroke  team,  and  the 

After  definitive  diagnosis  and  management, 

expediency  of  getting  the  appropriate  personnel 

ongoing  surveillance  of  imaging  is  obtained  as
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indicated  by  the  initial  injury.  CT scan  at  appropri-

Because  longer  patient  survival  is  expected  in  the 

ate  intervals  can  assess  any  extension  of  ICH  or 

current  era,  the  focus  on  successful  outcomes  has 

evolution  or  conversion  of  ischemic  stroke.  Once 

shifted  toward  improving  health-related  quality  of 

the  patient  is  thought  to  be  stabilized  and  the  man-

life.  Indeed,  a  systematic  review  of  these  outcomes 

agement  course  is  underway,  the  decision  to 

from  industry-funded  trials  and  case  series  demon-

reintroduce  anticoagulation  and  antiplatelet  ther-

strates  a  significant  improvement  in  patient  quality 

apy  should  be  individualized  with  the  general  prin-

of  life  by  6  months,  which  was  maintained  at  1  and 

ciple  continuing  to  be  the  balance  between 

2  years  after  LVAD  implantation  (McNamara  et  al. 

thrombotic  risk  in  the  LVAD  and  bleeding/hemor-

2021).  As  it  pertains  to  stroke,  quality  of  life  is 

rhagic  conversion  of  the  neurological  injury.  For 

expected  to  decline  depending  on  the  density  of 

patients  with  ischemic  stroke,  if  there  is  no  hemor-

neurological  deficit  and  the  attendant  need  for 

rhagic  conversion  noted  on  imaging,  antiplatelet 

intensive  and  potentially  protracted  physical  reha-

therapy  can  be  resumed  on  day  1  post-injury  with 

bilitation.  This  also  has  implications  for  cognitive 

warfarin  anticoagulation  slowly  reintroduced  at  the 

functioning  following  LVAD  implantation.  Like 

same  time  (Willey  et  al. 2014). For  ICH,  if  the 

the  functional  outcomes  mentioned  above,  both 

injury  is  stable  after  5–7  days  on  CT  imaging  of   early  (1–6  months)  (Petrucci  et  al. 2009)  and the head, then antiplatelet therapy can be reinitiated 

sustained  (1–2  years)  (Cho  et al. 2021)  improve-

with  warfarin  anticoagulation  starting  at  some  clin-

ments  have  been  noted  in  neuropsychological 

ically  appropriate  interval  following  this  initial  CT 

testing  for  most  patients  following  LVAD  implan-

scan  at  5–7  days  (Willey  et  al. 2014). 

tation.  However,  male  sex,  systemic  hypertension, 

and  stroke  were  associated  with  cognitive  decline 

throughout  follow-up  while  on  device  support. 

Implications 

These  impact  both  social  and  emotional  aspects 

of  the  quality  of  life  and  detract  from  the  intended 

The  importance  of  risk  mitigation,  prompt  diagno-

state  following  LVAD  implan t. 

sis,  and  expedient  definitive  management  of  stroke 

cannot  be  understated,  as  there  are  significant 

implications  for  patients  having  sustained  an 

Conclusion 

adverse  neurological  event  after  LVAD  implanta-

tion.  Primarily,  the  development  of  stroke  has  a 

The  pump,  provider,  and  patient  represent  a 

significant impact on patient survival. Furthermore, 

dynamic  and  highly  interconnected  system  that 

there  is  an  important  disparity  between  early  out-

requires  optimal  harmony  to  achieve  desirable 

comes  after  ischemic  versus  hemorrhagic  stroke, 

outcomes.  Understanding  factors  related  to  each 

with  the  latter  carrying  a  far  graver  prognosis  in 

major  part  is  critical  to  guide  intervention.  As 

terms  of  mortality  rate  following  injury  (Cho  et  al. 

described,  a  well-intentioned  and  clinically 

2017; Acharya  et  al. 2017).  In  terms  of  late  out-

guided  therapy  to  rectify  one  clinically  indicated 

comes  following  stroke,  this  was  also  found  to  be 

concern  may  result  in  an  undesirable  perturbation 

adversely  impacted  with  substantially  lower  sur-

of  a  coexisting  balance  within  another  area  of  the 

vival  at  2  years  (Harvey  et  al. 2015).  In  addition 

system.  The  “continuous-flow  pump  disease”  is  a 

to  an  increased  early  mortality  rate  and  long-term 

biosystem  representing a  great  paradox.  A  therapy 

death  risk,  stroke  also  significantly  reduces  the 

that  has  proven  effective  and  durable  in  treating 

chance  of  ultimately  receiving  a  heart  transplant 

advanced  heart  failure.  However,  it  also  imparts 

for  patients  in  whom  the  LVAD  was  implanted  as 

de novo and  unintended  clinical  conditions requir-

a  bridge  to  transplant  (Cho  et al. 2017). Again, 

ing  optimization. 

there  is  a  more  substantial  impact  in  this  regard 

As  illustrated,  adverse  neurological  outcomes 

with  hemorrhagic  strokes  compared  to  ischemic 

are  at  the  intersection  of  multiple  pump-,  pro-

strokes,  with  the  former  decreasing  the  likelihood 

vider-,  and  patient-related  factors.  Many  of  these 

of  transplant  even  further  (Willey  et  al. 2016). 

factors  are  well  understood,  and  others  are  much
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less  intuitive,  requiring  more  directed  investiga-

Bunte  MC,  Blackstone  EH,  Thuita  L,  et  al.  Major  bleeding 

tion.  However,  it  is  important  to  understand  the 

during  HeartMate  II  support.  J  Am  Coll  Cardiol. 

2013;62:2188–96. 

level  of  risk  the  patient  harbors  when  devising 

Chiang  YP,  Cox  D,  Schroder  JN,  et  al.  Stroke  risk  follow-

treatment  for  other  aspects  of  care.  Specific  t  o

ing  implantation  of  current  generation  centrifugal  flow 

optimizing  neurological  outcomes,  there  are  mod-

left  ventricular  assist  devices.  J  Card  Surg.  2020;35: 

ifiable  contributors  and  non-modifiable  factors. 

383–9. 

Cho  SM,  Moazami  N,  Frontera  JA.  Stroke  and  intracranial 

Device  design  shows  promise  with  greater 

hemorrhage  in  heartmate  II  and  HeartWare  left  ventric-

hemocompatibility,  but  this  does  require  ongoing 

ular  assist  devices:  a  systematic  review.  Neurocrit  Care. 

refinements  of  patient  maintenance  and  optimiza-

2017;27(1):17–25. 

tion  of  other  patient  factors.  While  so  much 

Cho  SM,  Floden  D,  Wallace  K,  et  al.  Long-term 

neurocognitive  outcome  in  patients  with  continuous 

unpredictability  exists  within  this  complex  biol-

flow  left  ventricular  assist  device.  J  Am  Coll  Cardiol 

ogy,  turning  as  much  uncertainty  into  certainty  is 

Heart  Fail.  2021;9:839–51. 

necessary.  Standardization  of  preoperative  patient 

Connolly  ES,  Rabinstein  AA,  Carhuapoma  JR,  et  al., 

selection  depends  on  patient-related  factors,  and 

American  Heart  Association  Stroke  Council;  Council 

on  Cardiovascular  Radiology  and  Intervention;  Coun-

standardization  of  data-driven  postoperative  treat-

cil  on  Cardiovascular  Nursing;  Council  on  Cardiovas-

ment  algorithms  is  crucial  for  lessening  undesir-

cular  Surgery  and  Anesthesia;  Council  on  Clinical 

able  outcomes.  In  any  complex  system,  the  more 

Cardiology.  Guidelines  for  the  management  of  aneu-

understanding  and  predictability  that  exists,  the 

rysmal  subarachnoid  hemorrhage:  a  guideline  for 

healthcare  professionals  from  the  AHA/ASA.  Stroke. 

less  that  an  outcome  is  left  to  chance  and  the 

2012;43(6):1711–37. 

more  that  they  are  expected. 

Demirozu  ZT,  Radovancevic  R,  Hochman  LF,  et  al.  Arte-

riovenous  malformation  and  gastrointestinal  bleeding 
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Abstract 

associated  with  significantly  worse  outcomes 

MCS  (mechanical  circulatory  support)  signifi-

and  requires  systematic  active  steps  to  prevent 

cantly  modifies  the  hemodynamic  balance  of 

its  occurrence.  Other  complications  include 

implanted  patients  with  an  unavoidable  impact 

lung  ischemia  due  to  the  loss  of  the  trans-

on  lung  function.  MCS  patients  are  critically  ill 

pulmonary  gradient,  among  other  causes. 

and  are  particularly  exposed  to  all  possible 

Lung  ischemia  is  directly  involved  in  the  syn-

pulmonary  complications  in  the  ICU.  How-

drome  of  acute  lung  injury  occurring  after 

ever,  specific  complications  of  MCS  exist. 

implantation  of  a  long-term  MCS  in  patients 

The  most  specific  and  common  pulmonary 

who  are  under  VA  ECMO.  Chronical  compli-

complication  in  short-term  MCS  is  induced 

cations  of  long-term  MCS  include  functional 

VA  ECMO  (veno-arterial  extracorporeal  mem-

pulmonary  limitations  mainly  due  to  the  size  of 

brane  oxygenation)  lung  edema,  which  is 

the  device  in  the  thorax  and  to  the  surgical 

consequences  on  the  diaphragmatic  mechan-

ics.  RVADs  (right  ventricle  assisting  devices) 

are  more  directly  related  to  pulmonary  hemo-
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dynamics  than  the  LVADs  (left  ventricle 
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pulmonary  edema  and  hemorrhage  in  the  pro-

afterload  increase,  resulting  in  a  non-opening  aor-

cess.  This  chapter  is  an  overview of  the  specific 

tic  valve  and  an  absence  of  arterial  pulsatility. 

pulmonary  complications  following  MCS. 

These  specific  patients  may  suffer  from  lung 

edema  and  thrombo-embolic  events  secondary  to 

blood  stagnation  and  thrombosis  of  the  aortic 

Keywords 

valve  and  the  LV.  Moreover,  VA  ECMO  leads  to 

Acute  lung  injury  ·  Pulmonary  edema  ·  Lung 

a  non-physiologic  decrease  of  transpulmonary 

ischemia  ·  MCS  pulmonary  complications  · 

flow  and  thus  can  impair  lung  perfusion. 

Pulmonary  hemorrhage  ·  Transpulmonary 

To  avoid  such  complications  associated  with 

gradient 

worse  outcomes,  systematic  prevention  of  pulmo-

nary  edema  with  LV  passive  unloading  is  neces-

sary  before  it  gets  installed.  Multiple  studies  have 

Introduction 

associated  early  LV  unloading  with  a  higher  rate 

of  recovery  or  bridge  to  advanced  therapies 

Although  patients  requiring  MCS  (mechanical  cir-

(Pappalardo  et al. 2017), more  successful  weaning 

culatory  support)  are  critically  ill  and  have  a  mul-

from  VA  ECMO  (Aso  et  al. 2016), and  lower 

titude  of  potential  sources  of  pulmonary  and 

in-hospital  mortality  (Grandin  et  al. 2022). 

pleural  inconvenience,  such  as  pulmonary  infec-

Clinical, 

hemodynamic, 

and 

echocardio-

tion, atelectasis, pleural effusion, and so forth, there 

graphic  predictors  of  increased  afterload  are  rou-

are  some  specific  complications  related  to  the 

tinely  used  to  manage  patients  on  VA  ECMO 

unphysiological  hemodynamic  changes  induced 

(Ezad  et  al. 2023).  For  example,  patients  with 

by  MCS.  Foremost,  left  ventricle  (LV)  distention 

chronic  heart  failure  have  increased  PCWP  (pul-

in  VA  ECMO  (veno-arterial  extracorporeal  mem-

monary  capillary  wedge  pressure)  at  baseline, 

brane  oxygenation)  leading  to  pulmonary  edema  is 

making  them  particularly  vulnerable  to  increased 

the  most  frequent  and  specific  pulmonary  compli-

afterload  and  with  significant  benefit  from  pro-

cation  of  MCS,  associated  with  increased  mortality 

phylactic  unloading  with  IABP  (Chung  et  al. 

(Truby  et  al. 2017). This  chapter  will  debate  this 

2014). Lack  of  arterial  line  pulsatility  (pulse  pres-

issue,  among  a  few  others,  which  treatment  and 

sure  <15  mmHg)  and  PCWP  (>15  mmHg)  are 

prevention  is  a  constant  subject  of  discussion 

reliable  hemodynamic  markers  predicting  hydro-

when  implementing  a  VA  ECMO. 

static  pulmonary  edema  (Mourad  et  al. 2020; 

Petroni  et  al. 2014).  Transthoracic  echocardiogra-

phy  also  provides  valuable  information  on  LV 

Pulmonary  Complications  in  Short-

distension,  aortic  valve  opening,  and  the  presence 

Term  MCS  (ECMO) 

of  “sludge”  due  to  blood  stasis  or  thrombus,  in 

which  case  more  aggressive  active  treatment  is 

LV  Distension  and  Lung  Edema 

needed. 

Introduction 

Prevention  of  Pulmonary  Edema 

The 

unphysiological 

retrograde 

flow  of  a  The  aortic  valve  opening  is  an  important  predic-

VA  ECMO  in  the  aorta  is  not  without  conse-

tive  criterion  of  pulmonary  edema.  At  least  low 

quences  on  the  heart  and  lungs.  The  increased 

doses 

of 

inotropes 

such 

as 

milrinone 

or 

afterload  in  hearts  with  impaired  LV  function 

dobutamine,  when  not  contraindicated  due  to 

systematically  induces  an  LV  overload  that 

arrhythmias,  must  be  systematic  in  patients  with 

increases  filling  pressures  in  the  pulmonary 

VA  ECMO  to  assist  in  left  ventricle  ejection. 

venous  circulation  and  can  result  in  hydrostatic 

Inotropes  associated  with  an  intra-aortic  balloon 

pulmonary  edema  (Ezad  et  al. 2023).  This  phe-

pump  (IABP)  to  ensure  aortic  valve  opening  are 

nomenon  is  even  more  pronounced  in  the  most 

the  gold  standard  treatment  for  the  prevention  of 

deteriorated  LVs,  which  cannot  overcome  this 

VA  ECMO-induced  pulmonary  edema  and  are
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considered  to  be  systematic  in  some  teams  since 

Impella®  Heart  Pumps  (Abiomed,  Danvers, 

LV  venting  using  IABP  has  proven  to  increase 

Massachusetts)  allow  active  unloading  of  the  LV 

hospital  patient  survival  (Danial  et  al. 2023). 

and  are  extensively  described  in  a  previous  chap-

However,  some  debate  the  systematic  use  of 

ter  (Short-term  Support:  Abiomed  Concepts).  It 

IABP  because  of  its  association  with  cases  of  limb 

can  be  associated  with  VA  ECMO  (ECPella)  for 

ischemia,  especially  in  patients  with  small  vessels 

RV  (Right  Ventricle)  evaluation  as  a  bridge  to 

and  high  doses  of  vasoactive  drugs.  We  recom-

LVAD  (Left  Ventricle  Assisting  Device)  or  for 

mend  close  clinical  monitoring  of  the  limb’s  per-

the  treatment  of  VA  ECMO-induced  lung  edema. 

fusion.  In  case  of  early  signs  of  limb  ischemia, 

Correct  positioning  of  Impella®  is  crucial  to  avoid 

setting  up  a  reperfusion  catheter  in  the  superficial 

suction  and  hemolysis.  Concomitant  implantation 

femoral  artery  supplied  by  the  contralateral 

of  Impella®  on  top  of  VA  ECMO  improves  the 

ECMO  arterial  cannulae  can  allow  the  limb  to  be 

survival  of  patients  with  cardiogenic  shock 

perfused  and  keep  the  IABP  in  place  correctly. 

(Pappalardo  et  al. 2017). It  unloads  the  LV  during 

Moreover,  the  timing  of  LV  unloading  also  sig-

VA  ECMO  support,  increasing  total  aortic  flow, 

nificantly  impacts  outcomes.  Early  active  LV 

reducing  RV  afterload,  and  facilitating  RV output 

unloading  has  proven  to  be  associated  with 

and  pulmonary  blood  flow  with  improved  gas 

30-day mortality  and successful weaning from ven-

exchange  (Lim  2017).  Moreover,  several  ongoing 

tilation. Most  importantly, the mortality risk and the 

trials,  such  as  the  REVERSE  (NCT03431467) 

likelihood  of  successful  weaning  from  ventilation 

and  UNLOAD  ECMO  (NCT05577195),  are  eval-

decrease  proportionally  with  the  time  interval 

uating  the  benefits  of  an  efficient  LV  unloading 

between  VA  ECMO  implantation  and  delayed  ini-

with  Impella®  on  the  heart  during  VA  ECMO 

tiation of  active LV unloading (Schrage et al. 2023). 

supposing  a  better  myocardial  recovery  due  to 

the  prevention  of  LV  distention  and  decreased 

Treatment  of  Installed  Lung  Edema 

myocardial  oxygen  consumption  (MVO2). 

In  cases  of  greatly  impaired  LV  function  and  lung 

Depending  on  the  patients’ specificities  and  the 

edema  already  installed,  passive  LV  unloading 

team’s  habits,  other  less  common  techniques  can 

with  IABP  may  not  be  enough.  In  these  cases, 

also  be  used  to  relieve  lung  congestion  in  VA 

more  aggressive  treatment  is  required.  Several 

ECMO.  Drainage  catheters  can  be  inserted  surgi-

options  are  available,  with  pros  and  cons  for 

cally  through  the  LV  apex  by  thoracotomy  or 

each.  They  are  mostly  chosen  according  to  the 

percutaneously  into  the  LV  cavity,  left  atrium,  or 

team’s  technical  habits  and  the  ward’s  practical 

pulmonary  artery  and  connected  to  the  inflow 

organization.  None  has  proven  superior  to  others. 

cannula  of  the  VA  ECMO  circuit.  Pigtail  catheters 

Balloon atrioseptostomy  (Rashkind procedure) 

(7F)  inserted  into  the  LV under  fluoroscopic  guid-

is  a  percutaneous  technique  for  passive  unloading 

ance  have  been  used  to  achieve  transaortic 

of  the  LV  under  fluoroscopic  or  transesophageal 

unloading  with  a  reduction  in  LV  dimensions 

echocardiographic  guidance  used  to  treat  installed 

and  volume  (Barbone  et  al. 2011).  However,  the 

VA  ECMO-induced  lung  edema.  It  is  affordable 

size  of  percutaneous  catheters  limits  the  maxi-

and  widely  available;  it  does  not  introduce  artifi-

mum  flow  that  can  be  achieved. 

cial  bodies  in  the  heart  cavities  and  allows  a 

Double  central  ECMO  used  as  a  BIVAD  is  the 

reduction  in  left  atrial  pressure  and  resolution  of 

most  radical  treatment.  It  is  used  in  heart  trans-

LV  distention  and  pulmonary  edema  (Pasrija  et  al. 

plantation  in  patients  with  severe  primary  graft 

2018).  However,  the  decreased  LV  preload 

dysfunction  but  also  more  rarely  in  medical 

reduces  the  LV  stroke  work  and  volume  and  may 

patients.  It  consists  of  a  right  ECMO  (inflow  in 

contribute  to  an  unloaded  but  non-ejecting  left 

the  right  atrium,  outflow  in  the  pulmonary  artery) 

ventricle,  with  the  potential  development  of 

and  a  left  centrifugal  pump  without  oxygenator 

intracavitary  or  aortic  root  blood  stasis  and, 

(inflow  in  the  LV apex  and  outflow  in  the  ascend-

hence,  a  high  risk  for  thrombus  formation 

ing  aorta).  Double  central  ECMO  is  the  most 

(Hireche-Chikaoui  et  al. 2018). 

efficient  technique  for  LV  unloading,  especially
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in  stoned  hearts,  preventing  intracavitary  or  aortic 

alveolar hypoxia, may lead to persistent  pulmonary 

root  blood  stasis  and  preserving  transpulmonary 

ischemia  (Suresh  and  Shimoda  2016). 

blood  flow.  Its  main  limitation  is  its  invasiveness, 

as  it  requires  a  full  sternotomy. 

Structural  Changes  in  Lung  Parenchyma 

Although  no  studies  have  specifically  analyzed  the 

pulmonary 

histological 

consequences 

of 

VA 

Other  Pulmonary  Complications 

ECMO, data from animal models and autopsy series 

in  VA  ECMO 

have  shown  several  pathological  alterations.  Patho-

logical  data  show  pulmonary  edema,  hyaline  mem-

Harlequin  Syndrome 

branes,  alveolar  hemorrhage,  thrombi,  and  focal 

Harlequin  syndrome  is  an  oxygenation  complica-

necrotic  changes.  The  occurrence  of  diffuse  fibrosis 

tion  of  peripheral  VA  ECMO  with  femoral  arterial 

lesions  has  been  described,  as  well  as  pulmonary 

cannulation.  It  leads  to  the  coronary  and  cerebral 

lobar  necrosis  and  endothelial  and  smooth  muscle 

circulations  being  exposed  to  deoxygenated  blood 

cell  hyperplasia.  ECMO  seems  mainly  associated 

when the LV has recovered an efficient contraction. 

with  signs  of  protein-rich  edema,  alveolar  hemor-

This  can  lead  to  altered  upper  body  oxygenation  in 

rhage,  tissue  necrosis,  and  fibrosis,  as  seen  in  acute 

the  context  of  respiratory  failure  since  the  blood 

lung  distress  syndromes  (Koul  et  al. 1991). These 

exiting  the  LV  is  deoxygenated.  Areas  supplied  by 

changes  are  probably  the  result  of  a  combination  of 

the  brachiocephalic  artery,  such  as  the  right  side  of 

inflammatory  damage,  pulmonary  congestion,  and 

the  face  or  the  right  upper  extremity,  should  be 

hypoxia, with the progressive development of endo-

monitored  in  case  of  suspicion  of  Harlequin  syn-

thelial damage, increased vascular permeability, and 

drome.  Arterial  blood  gas  analysis,  pulse  oximetry, 

interstitial collagen deposition (Matthay et al. 2019). 

or tissue oximetry are usually performed to monitor 

In  addition,  a  certain  degree  of  angiogenesis  and 

oxygenation.  As  arterial  blood  gas  sampling  at 

vascular  remodeling  may  also  play  a  role,  as  alveo-

various  locations  provides  different  PaO2  values, 

lar  hypoxia  and  chronic  ischemia  can  activate  sev-

a  right  radial  arterial  line  should  be  recommended 

eral  pro-angiogenic  cascades  in  alveolar  cells 

to  detect  coronary  and  cerebral  hypoxemia.  Sup-

(Fröhlich  et  al. 2013).  Such  alterations  could  lead 

pose  the  VA  ECMO  can’t  be  weaned  because  of   to  long-term  changes  in  pulmonary  vascular  physi-

RV  and  pulmonary  failure.  In  that  case,  the  treat-

ology,  with  possible  adverse  consequences  for  the 

ment  involves  implementing  an  outflow  cannula  in 

right  ventricle. 

the  jugular  vein  to  inject  oxygenated  blood  into  the 

RV and  obtain  a  VVA  ECMO  configuration . 

Pulmonary  Complications  in  Long-

VA  ECMO-Related  Pulmonary  Ischemia 

Term  MCS 

Under  VA  ECMO,  venous  blood  is  extracted  from 

the  inferior  vena  cava  and  right  atrium  through  the 

Surgical  Pulmonary  Complications 

venous  cannula.  This  results  in  reduced  right  ven-

tricular  filling,  pulmonary  arterial  blood  flow,  and 

Surgical  pulmonary  complications  are  not  to  be 

pulmonary  arterial  pulsatility  and  gradient.  At  the 

underestimated  when  implementing  an  LT-MCS 

same  time,  high  PEEP  (Positive  End  Expiratory 

(long-term  MCS).  Surgeons  must  be  attentive  to 

Pressure)  can  alter  pulmonary  blood  flow  through 

pulmonary  parenchyma  breaches,  specifically  in 

compression  of  alveolar  vessels.  Alveolar  hypoxia 

redo  patients.  Pulmonary  parenchyma  breaches 

reduces  local  NO  production,  and  inflammatory 

allow  pulmonary  germs  to  enter  the  mediastinal 

mediators  are  responsible  for  vasoconstriction, 

space  and  are  highly  associated  with  mediastinitis 

increased  pulmonary  arterial  resistance,  and 

and  device  infections.  In  addition  to  dissecting  the 

decreased  pulmonary  blood  flow.  Hemodynamic 

tissues  carefully  to  avoid  creating  these  breaches 

variations  may  be  responsible  for  hypoperfusion 

and  suturing  them  if  they  occur,  the  surgeon  must 

of  pulmonary  vessels,  which,  together  with 

prevent  them  by  protecting  the  areas  at  risk  of

35

Pulmonary Complications Following MCS

577

adhesion  in  all  patients  undergoing  surgery  and 

patients  with  preoperative pulmonary hypertension, 

likely  to  receive  an  LT-MCS.  Hemothorax  is  also 

they show a substantial decrease in the overall mean 

not  unusual,  especially  in  patients  implanted  with 

spirometric  measures  (pulmonary  volumes,  bron-

LVAD  by thoracotomy.  In  those  patients, the LVAD 

chial  outputs,  and  gas  exchanges)  (Sajgalik  et  al. 

is in direct contact with the pulmonary parenchyma, 

2019).  The  long-term  decrease  of  forced  vital 

which,  in  the  absence  of  a  protective  interface,  will 

capacity  in  post-LT-MCS  patients  can  partly  be 

particularly  adhere  to  the  lungs  and  will  lead  to 

explained  by  the  anatomical  limitations  and  lung 

breaches  and  infections  in  case  of  reoperation  for 

restrictions  related to  the occupation  of  the  intratho-

heart  transplantation  or  device  exchange. 

racic  space  by  the  MCS  device.  These  limitations 

are even more marked in small  patients, particularly 

in  patients  implemented  with  a  TAH  (total  artificial 

Acute  Lung  Injury  Post  LT-MCS 

heart)  which  occupies  more  volume  than  LVADs 

Implementation 

and  are  hence  more  often  associated  with  pulmo-

nary  atelectasis.  In  addition,  a  constellation  of 

Implantation  of  an  LT-MCS  device  in  patients  on 

mechanical  and  physiological  mechanisms  com-

VA  ECMO  can  result  in  severe  ALI  (acute  lung 

promises  the  diaphragmatic  functions,  such  as 

injury),  which  is  associated  with  worse  outcomes. 

sternotomy,  thoracic  scaring,  and  respiratory  mus-

Its  incidence  is  estimated  to  one-fourth  of 

cle  weakness  due  to  cardiac  cachexia  (Olson  et  al. 

implanted  patients  and  is  associated  with  a  high 

2013).  Indeed,  current  technologies  in  LVAD  and 

mortality  rate  (90%)  (Boulate  et  al. 2013). Risk 

most  TAHs  do  not  allow  an  adaptive  output  to 

factors  for  postimplant  ALI  include  pulmonary 

physical  exercise.  Herein,  patients  with  LT-MCS 

edema  while  under  VA  ECMO,  mechanical  ven-

are  less  likely  to  build  muscle  and  improve  their 

tilation,  incomplete  recovery  of  renal  and  hepatic 

pulmonary  capacities  in  comparison  to  heart  trans-

functions,  and  the  number  of  red  blood  cell  units 

planted  patients.  One  can  argue  that  spirometric 

transfused  at  the  time  of  surgery  (Boulate  et  al. 

changes  observed  in  post-LVAD  patients  could  be 

2013).  ALI  requires  immediate  reinstalment  of 

a  transient  decline  of  the  pre-existing  lung  disease 

VA  ECLS  or  VV-ECMO.  This  specific  complica-

and  might  not  have  long-term  consequences,  how-

tion  is  defined  by  its  early  (<48  h)  occurrence 

ever,  to  this  day,  none  has  explored  the  long-term 

after  MCS  implantation.  It  has  a  multifactorial 

effects  of  LT-MCS  and  continuous  flow  on  the 

origin;  it  can  be  the  consequence  of  preexisting 

pulmonary  parenchyma.  However,  on  the  other 

but  unrecognized  lung  injury  under  VA  ECMO.  It 

hand,  LT-MCS  has  proved  to  efficiently  reduce 

can  also  be  the  result  of  VA  ECMO-related  lung 

sleep-related breathing disorders and central apnoea 

ischemia  and  parenchymal  damage,  as  described 

in  implemented  patients,  allowing  better  breathing 

above,  with  pulmonary  shunting  and  reduced 

during  sleep  and  reduced  morbidity  related  to  the 

transpulmonary  blood  flow.  Patients  who  suffer 

intermittent  hypoxemia  and  re-oxygenation  which 

from  ALI  also  receive  more  blood  products  at  the 

is 

associated 

with 

general 

vasoconstriction, 

time  of  implantation  of  the  long-term  device, 

increases  in  heart  rate,  and  heightened  peripheral 

suggesting  that  ALI  is,  in  part,  transfusion  related. 

vascular  resistance  (Akkanti  et  al. 2017). 

Pulmonary  Function  Post  LT-MCS 

RVAD  Management  and  Pulmonary 

Implantation 

Function 

Few  studies  have  explored  the  effects  of  LVADs  on 

RVAD  (Right  ventricle  assisting  device)  implanta-

the  functional  performance  of  the  lungs.  Although 

tion  is  much  less  frequent  than  LVAD  but  is  more 

the  pulmonary  hemodynamics  are  generally  signif-

directly related to pulmonary function. Uncontrolled 

icantly  improved  in  post-LVAD  patients  with 

RVAD  output  produces  pulmonary  hypertension, 

decreased  PCWP  and  pulmonary  resistance  in 

increases pulmonary vascular resistance, and creates
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pulmonary  edema  and  hemorrhage  in  the  process 

extracorporeal  membrane  oxygenation  on  mortality  of 

(Toporoff  et  al. 1988). Lung  biopsies  in  RVAD-

cardiogenic  patients:  an  analysis  using  a  nationwide 

inpatient  database.  Crit  Care  Med.  2016;44:1974–9. 

supported 

patients 

reveal 

perivascular, 

peri-

https://doi.org/10.1097/CCM.0000000000001828. 

bronchial,  and  intraalveolar  hemorrhages  (Akkanti 

Barbone  A,  Malvindi  PG,  Ferrara  P,  Tarelli  G.  Left  ventri-

et  al. 2017).  Therefore,  the  most  significant  reason 

cle  unloading  by  percutaneous  pigtail  during  extracor-

to  limit  RVAD  output  relative  to  the  LVAD  and/or 

poreal  membrane  oxygenation.  Interact  Cardiovasc 

Thorac  Surg.  2011;13:293–5. https://doi.org/10.1510/ 

native  left  ventricular  output  is  to  avoid  the  rapid 

icvts.2011.269795. 

onset  of  acute  pulmonary  congestion  when  the  total 

Boulate  D,  Luyt  CE,  Pozzi  M,  et  al.  Acute  lung  injury  after 

right-side  output  exceeds  the  systemic  output.  It  is 

mechanical  circulatory  support  implantation  in  patients 

believed  that  RVAD  support  should  be  up  to  30% 

on  extracorporeal  life  support:  an  unrecognized  prob-

lem.  Eur  J  Cardiothorac  Surg.  2013;44(3):544–50. 

lower 

than 

the 

desired 

cardiac 

output 

in 

https://doi.org/10.1093/ejcts/ezt125. 

univentricular  support  and  30%  lower  than  the 
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genation.  ScientificWorldJournal.  2014;2014:393258. 
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specific  complications  of  MCS  exist.  The  most 

device. 

Ann 

Thorac 
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Abstract 

of  patients  within  1  year  of  LVAD  implant. 

Right  ventricular  failure  (RVF)  after  durable 

While  often  multifactorial  in  etiology,  RVF  in 

continuous-flow  left  ventricular  assist  device 

the  early  postoperative  period  usually  results 

(LVAD)  implant  is  an  important  cause  of 

from  progression  of  preexisting  clinical  or  sub-

patient  mortality  and  morbidity,  including  pro-

clinical  right  ventricular  (RV)  dysfunction. 

gressive end-organ dysfunction, persistent dys-

During  the  chronic  support  phase,  RVF  may 

pnea,  and  poor  quality  of  life.  While  survival 

be  chronically  progressive  or  de  novo  in  etiol-

on  durable  LVAD  support  has  improved  with 

ogy,  the  latter  of  which  is  often  the  conse-

each  subsequent  generation  of  device  technol-

quence  of  an  underlying  LVAD  complication. 

ogy,  the  frequency  of  RVF  complicating  dura-

The  diagnosis  of  RVF  is  derived  from  informa-

ble  LVAD  support  has  not,  impacting  30–40% 

tion  gleaned  from  the  clinical  patient  encoun-

ter,  laboratories,  echocardiography,  and/or 

hemodynamic  parameters  that  support  the 

presence 

of 

reduced 

right 

ventricular 

J.  A.  Cowger  (

(RV)  stroke  volume  with  or  without  signs  of 

✉) 
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congestion  and  organ  dysfunction.  Once  the 
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diagnosis  is  established,  management  of  RVF 
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is  directed  at  identifying  and  treating  any 
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decongestion,  pulmonary  hypertension  man-

support  during  LVAD  implant  [often  referred  to  as 

agement,  and  optimization  of  LVAD  speeds. 

upfront  right-sided  assist  device  (RVAD  support)] 

Inotrope  support  or  temporary  RV  mechanical 

complicates  4–8%  of  durable  LVAD  surgeries,  con-

support  can  be  employed  to  assist  RV  stroke 

ferring a mortality of 25–44% at 1 year (Mehra et al. 

volume  until  wall  stress  is  optimized.  The 

2019,  2021;  Slaughter  et  al  . 2009;  Kormos  et  al  . 

chapter  herein  will  review  the  pathophysiol-

2019;  Rich  et  a  l. 2017;  Shah  et a  l. 2018;  Farag  et al. 

ogy,  diagnosis,  and  management  of  RVF  in 

2021). In  a  multicenter  study  of  patients  supported 

the  durable  LVAD  patient.  The  chapter  will 

with 

concomitant 

durable 

right 

and 

left 

also  highlight  the  challenges  in  RVF  prediction 

[biventricular  assist  device  (BiVAD)]  support,  mor-

in  those  being  considered  for  durable  LVAD 

tality  at  1  year  was  26%  when  the  durable  RVAD 

support. 

was  placed  during the  same  LVAD  operation versus 

60%  in  those  receiving  staged  (RVAD  implant 

median  15  days  post  LVAD)  RV  support  (Shah 

Keywords 

et  al. 2018).  Whether  the  inferior  outcomes  with 

Right  ventricle  ·  Heart  failure  ·  LVAD  · 

delayed  RVAD  were  related  to  worsening  clinical 

Pulmonary  hypertension  ·  Cardiomyopathy 

condition  from  ongoing  RV  failure,  risks  of  a  repeat 

surgery,  or  selection bias are  not  known.  Regardless 

of  implant  timing,  complications  occurring  in 

Introduction 

patients  on  durable  BiVAD  support,  including 

renal  failure  (33–65%),  infection  (40–59%),  and 

Right  ventricular  failure  (RVF)  is  a  common  com-

RVAD  thrombosis  (31–37%),  are  frequent  (Shah 

plication  encountered  in  patients  on  durable  LVAD 

et  al. 2018;  Farag  et  al. 2021). 

support.  Like  heart  failure  in  general,  RVF  in  the 

RVF  occurring  outside  the  operative  window  is 

acute  or  chronic  phases  of  durable  LVAD  support 

sometimes  referred  to  as  delayed  or  late  RVF, 

has  variable  levels  of  severity,  thereby  conferring 

occurring  at  an  incident  frequency  of  8–10% 

highly  variable  impacts  on  patient  morbidity  and 

(Table  1)  (Rame  et  al. 2021;  Rich  et  al. 2017; 

mortality.  The  reported  incidence  of  early  postoper-

Kapelios et al. 2015; Ruiz-Cano et al. 2021; Takeda 

ative  RVF  in  clinical  study  and  national  registry 

et  al. 2015;  Wagner  et  al. 2020; Kiernan  et  al. 

ranges  from  25%  to  38%  (Table  1)  (Mehra  et  al  . 

2017).  Delayed  RVF  may  arise  de  novo  following 

2019; Slaughter  et  al. 2009;  Rame  et  al  . 2021; 

LVAD  support  or  may  present  as  a  progression  of 

Teuteberg  et  al. 2020;  Rogers  et  a  l. 2017), with  the 

preexisting  clinical  or  subclinical  preoperative  RV 

wide  margins  of  incidence  related  to  differences  in 

dysfunction.  Like  early  postoperative  RVF,  the 

the  definition  of  RVF  applied.  While  survival  on 

criteria  used  to  define  delayed  RVF  are  highly 

durable  LVAD  support  has  improved  over  time,  the 

variable  between  studies.  Additionally,  there  is 

occurrence  of  RVF  has  not  lessened.  In  the 

marked  variability  in  the  time  horizon  used  to 

MOMENTUM  3  clinical  trial,  which  randomized 

define  delayed  RVF,  ranging  from  RVF  occurring 

patients  with  advanced  systolic  heart  failure  to  the 

outside  the  operation  (Rame  et  al. 2021), RVF 

HeartMate  3  (Abbott,  Inc,  Abbott  Parkway,  IL) 

occurring  after  index  LVAD  discharge  (Takeda 

versus  HeartMate  II  (Abbott,  Inc),  continuous-

et  al. 2015),  RVF  occurring  after  30–90  days  of 

flow  LVAD  support,  RVF  (defined  as  persistent  LVAD  support  (Rame  et  al. 2021;  Rich  et  al. 2017; 

RV  dysfunction  requiring  RVAD  or  more  than 

Ruiz-Cano et al. 2021; Wagner  et al. 2020), or RVF 

1  week  of  inhaled  nitric  oxide  or  inotrope  therapy 

occurring  after  a  year  of  LVAD  support  (Kapelios 

any  time  after  LVAD  implant)  occurred  in  34%  of 

et al. 2015). Despite these limitations, delayed RVF 

HeartMate  3  and  28%  of  HeartMate  II  patients  by 

unsurprisingly  is  associated  with  outcomes  as  bad 

2  years  (Mehra  et  al. 2019,  2021). In  clinical  trial, 

or  perhaps  worse  than  early  RVF.  In  an  analysis  of 

multicenter  study,  and  the  Society  of  Thoracic  Sur-

Intermacs  data  examining  patients  undergoing 

geons’  Intermacs  registry,  early  RVF  requiring 

durable 

LVAD  implant 

between 

2014  and 

application  of  temporary  or  durable  RV  mechanical 

2017,  patients  with  mild  RVF  (managed  with
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Table  1  Studies  examining  right  ventricular  failure  incidence  after  left  ventricular  assist  device  implant 

RVF 

Time  frame 

Author,  study

RVF  definition

Sample  size 

frequency 

of  follow-up 

Slaughter  et  al. (2009), 

RVF  requiring  either 

134 HMII and 66 XVE 

HMII  20% 

2  years 

HMII  DT  Trial 

RVAD  implantation  at  any 

(4%  RVAD) 

time  or  inotropic  therapy 

XVE:  27% 

>14  days  following 

(3%  RVAD) 

implant 

Rich  et  al.  (2017),  Late 

Early  RVF:  RVF  with  need 

637  HMII  LVAD

Early  RVF: 

2  years 

RVF  in  HMII  DT  trial 

for  RVAD  or  >14  days  of 

11% 

consecutive  inotrope  use 

Late  RVF: 

or  need  to  re-initiate 

15%  at  61–180 

inotropes  before  discharge 

days 

with  survival  to  discharge 

27%  at  181– 

Late  RVF:  RVF  requiring 

365  days 

readmission  and  initiation 

59%  at  >365 

of  inotropes  >30  days 

days 

after  index  implant 

Kiernan  et  al. (2017), 

Need  for  RVAD  within  14 

9976  CFLVAD 

3.9%  RVAD

14  days 

registry  analysis 

days  of  surgery 

patients,  386  with 

RVAD 

Rogers  et  al.  (2017), 

RVAD  or  requiring  inhaled 

296  HVAD  and  149 

HVAD:  39% 

2  years 

HVAD  DT  trial 

nitric  oxide  or  inotrope 

HMII 

(2.7%  RVAD) 

duration of >1  week at  any 

HMII:  27% 

time  after  LVAD 

(3.4%  RVAD) 

Kormos  et  al.  (2019), 

RVAD  or  >1  week  of 

25,145  patients  on 

2.6%  RVAD

Mean  20 

Intermacs  registry 

inhaled  nitric  oxide  or 

CFLVAD 

months 

inotrope  therapy  any  time 

667  had  RVAD 

after  LVAD  implant 

Mehra  et  al. (2019),  HM3 

RVAD  or  >1  week  of 

516  HM3  and  512 

HM3:  34% 

2  years 

trial 

inhaled  nitric  oxide  or 

HMII 

(4.1%) 

inotrope  therapy  any  time 

HMII:  28% 

after  LVAD  implant 

(4.2%) 

Rame  et  al. (2021), 

Elevated  CVP  and  clinical 

6116  on  CFLVAD

3  months: 

90  days  to  12 

Late  RVF  in  Intermacs 

manifestations  (peripheral 

None:  90% 

months 

edema,  ascites,  worsening 

Mild  RVF:  5% 

hepatic  or  renal  function) 

Moderate 

with  onset  after  90  days 

RVF:  5% 

Severe  RVF 

0.2% 

12  months: 

None:  91% 

Mild  RVF:  6% 

Moderate 

RVF:  3% 

Severe  RVF: 

0.0% 

Kapelios  et  al.  (2022), 

Elevated  CVP  and  clinical 

5537  on  CFLVAD

De  novo  RVF: 

12  months 

Intermacs  RVF 

manifestations  (peripheral 

24%  at  one 

edema,  ascites,  worsening 

month 

hepatic  or  renal  function) 

5.1%  at  3 

months 

4.8%  at  6 

months 

Abbreviations:  CFLVAD  continuous  flow  left  ventricular  assist  device,  CVP  central  venous  pressure,  HM3  HeartMate  3 

(Abbott,  Inc,  Abbott  Parkway,  IL),  HMII  HeartMate  II  (Abbott,  Inc),  HVAD  (Medtronic,  Inc,  Minneapolis,  MN),  RV right ventricle,  RVF  right  ventricular  failure,  RVAD  right  ventricular  assist  device,  XVE  HeartMate  XVR  (Abbott,  Inc)
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diuretics/admission)  versus  moderate–severe  RVF 

clinical  findings  (elevated  RV  filling  pressures, 

(managed  with  inotropes  or  RVAD)  with  onset  at 

lower  extremity  edema,  ascites,  reduced  LVAD 

90  days  post  LVAD  had  a  1-year  mortality  of  17% 

flows),  the  presence  of  RVF-induced  organ  dys-

and  28%, respectively,  versus 7% for  those  without 

function  (hepatic  congestion  or  cardiorenal  syn-

RVF  (Rame  et  al. 2021). Patients  with  RVF  also 

drome),  need  for  RV  mechanical  support,  and 

demonstrated  increased  frequencies  of  stroke  and 

timing  of  RVF  onset  post-LVAD  (early  acute, 

gastrointestinal  bleeding  (Rame  et  al. 2021). In  a 

early  postimplant,  late)  (Kormos  et  al. 2020). It  is 

study  of  patients  undergoing  HeartMate  II  implant 

hopeful  that  trials  going  forward  will  apply  this 

for  destination  therapy  (DT)  support  as  part  of 

definition to allow for examination of RVF burdens 

clinical  trial,  3-year  survival  in  patients  with  late 

during  all  time  frames  of  LVAD  support  and  afford 

RVF  (onset  at  least  30  days  after  LVAD  implant) 

consistency  in  RVF  definition  utilization  across 

was  36%  versus  56%  in  those  without  RVF,  and 

studies 

for 

the 

purpose 

of  RVF 

outcome 

RVF  patients  had  shorter  6-min  walk  test  distance 

comparisons. 

(-100  m),  reduced  quality-of-life  scores,  and 

greater  frequency  of  rehospitalizations  (Rich  et  al. 

2017). When survival in patients with late RVF was 

Pathophysiology  of  RVF 

compared  to  that  of  patients  with  early  RVF 

(<30  days),  the  late  RVF  cohort  had  inferior  sur-

In  order  to  understand  the  pathophysiology  and 

vival  at  3  years  (36%  vs.  59%),  findings  that  may 

management  of  RVF  following  LVAD  implant,  it 

be  related  to  survivorship  bias. 

is  important  to  appreciate  the  differences  in  RV 

Due  to  the  variability  in  definitions  used  for 

and  left  ventricular  (LV)  anatomy,  receptor  den-

RVF  and  marked  heterogeneity  in  the  timing  of 

sity,  and  response  to  preload,  afterload,  and  med-

RVF  onset  after  LVAD  implant,  an  Academic 

ical  intervention.  Management  of  RV  dysfunction 

Research  Consortium  met  in  2018  and  provided 

must  not  be  extrapolated  from  LV  management; 

an  updated  definition  of  the  global  RVF  adverse 

rather, the RV should  be  managed in  the context of 

event  (Table  2)  that  has  since  been  adopted  by  the 

its  own  unique  ultrastructure  and  response  to  wall 

Intermacs  registry  for  RVF  event  capture.  The 

stress.  From  its  origin,  cells  forming  the  RV  and 

ARC/Intermacs  definition  of  RVF  is  based  on 

LV  are  exposed  to  some  similar,  yet  several

Table 2 The Academic Research Consortium defini-

6.1, June 2022) and is the preferred definition to be applied

tion and categorization of right ventricular failure after

in clinical studies going forward. (Adapted from Kormos

left ventricular assist device implant. This is the present

et al, J Heart Lung Transplant 2020;39:735–50)

Intermacs definition of right ventricular failure (Version

Early  acute  RVF

• Implantation  of  a  temporary  or  permanent  RVAD  prior  to  leaving  the  operating  room  during  LVAD  implant 

Early  post-implant  RVF

• Implantation  of a temporary  or permanent  RVAD  within  30  days following  LVAD  implant  but not simultaneous  with the  LVAD  implant  operation

• Inotrope,  vasopressor,  or  inhaled  nitric  oxide  initiation  or  continuance  >14  days  but  <30  days  following  LVAD 

implant

• Death  occurring  within  30  days  of  LVAD  with  a  clinical  diagnosisa  of  RVF 

Late  RVF

• Implantation  of  a  temporary  or  permanent  RVAD  >30  days  following  LVAD  implant

• Clinical  RVFa  >30  days  after  LVAD  implant  requiring  use  of  intravenous  diuretic  or  inotrope  support  for  at  least  72 

hours

• Death  occurring  >30  days  following  LVAD  implant  with  a  clinical  diagnosisa  of  RVF 

Abbreviations:  LVAD  left  ventricular  assist  device,  RVAD  right  ventricular  assist  device,  RVF  right  ventricular  failure a Clinical  signs  of  RVF  could  include  ascites,  jugular  venous  distention,  lower  extremity  edema,  elevated  creatinine, bilirubin,  or  hepatic  transaminases,  reduction  in  LVAD  flows,  etc. 

[image: Image 149]
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different,  transcription  factors  that  guide  differ-

actin–myosin–troponin  interactions  (Overgaard 

ences  in  ventricular  development.  In  utero,  the 

and  Dzavik  2008). In  the  human  heart,  the  density 

RV and  LV arise  from  two  different  sets  of  neural 

of  β1  receptors  is  much  greater  in  the  LV  than  in 

crest  cells.  The  first  set  of  cells  establishes  the  first 

the  RV.  In  the  setting  of  acute  LV  dysfunction,  the 

heart  field,  which  gives  rise  to  the  LV and  left  and 

RV  compensates  through  upregulation  of  RV  β1-

right  atria.  The  second  heart  field  follows,  giving 

receptors,  becoming  a  hyperdynamic  RV  state. 

rise  to  the  RV,  pulmonary  artery,  and  aortic  out-

Over  time,  chronic  LV  dysfunction  is  believed  to 

flow  (Fig. 1)  (Srivastava  2006).  Differences  in  RV  trigger  downregulation  of  RV  β1-receptors.  In and  LV  signaling  lead  to  dissimilarities  in  the 

in vitro study, the downregulation of RV β1-recep-

density  of  ventricular  αand  β  receptors.  Alpha1 

tors  is  accompanied  by  an  upregulation  of  RV  α1 

(α1)  receptors  are  G-protein-coupled  receptors 

receptors  (Piao  et  al. 2012;  Chen  et  al. 1999). 

that  increase  intracellular  calcium  through  activa-

These  differences  in  receptor  density  lay  the  foun-

tion  of  inositol  trisphosphate  (IP3).  Experimental 

dation  for  recommendations  on  post-LVAD  RV 

evidence  suggests  that  α1A-receptor  stimulation 

failure  management  discussed  later  herein. 

augments  cardiac  contractility,  promotes  adaptive 

The  differences  in  embryologic  signaling  also 

hypertrophy,  induces  ischemic  preconditioning, 

contribute  to  structural  differences  between  the 

and  prevents  cardiac  myocyte  death  (Zhang  et  al. 

RV  and  LV.  Because  the  LV  pumps  against  high 

2021).  Additionally,  studies  have  shown  that 

afterload,  LV  mass  (and  therefore  muscle  fiber 

mRNA  expression  and  the  binding  affinity  of  α1 

density  and  size)  is  greater  than  that  of  the 

subtypes  are  preserved  or  even  increased  on 

RV.  In  contrast,  the  RV  is  a  high-capacitance, 

human  failing  myocardium,  suggesting  a  com-

low-resistance  circuit  that  evolutionarily  allows 

pensatory  role  for  α1A  receptors  in  heart  failure 

for  a  lower  density  of  muscle  fibers,  of  which  a 

(Zhang  et  al. 2021).  β1  receptor  stimulation,  in 

greater  proportion  are  arranged  in  series  than  par-

contrast,  increases  myocyte  calcium  through  acti-

allel.  When  the  pressure–volume  relationship  of 

vation  of  adenyl  cyclase,  leading  to  enhanced 

the  RV  and  LV  is  compared  (Fig. 2a), the  lower

Fig. 1  Embryological  development  of  the  left  and  right 

formation,  the  FHF  and  SHF  are  exposed  to  some  similar 

ventricles.  Two  mesodermal  heart  fields,  the  first  heart 

and  many  different  transcription  factors  which  help  guide 

field  (FHF,  red/pink)  and  the  second  heart  field  (SHF, 

heart  development.  Figure  adapted  from  Srivastava  et  al. 

yellow),  contribute  cells  for  cardiac  development  in 

(2006  Cell).  Abbreviations:  A  atrium,  Ao  aorta,  AS  aortic 

utero.  The FHF gives  rise  to the primitive  heart  tube around 

sac,  CNC  cardiac  neural  crest  cells,  CT  conotruncus,  LA 

week  3  in  humans,  later  forming  the  LV.  The  SHF  then 

left  atrium,  LV  left  ventricle,  PA  pulmonary  artery,  PI 

migrates  in  and  moves  anterior  to  the  FHF,  giving  rise  to 

pulsatility  index,  RA  right  atrium,  V  ventricle 

the  outflow  tracts,  future  RV,  and  the  atria.  During 

[image: Image 150]
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a) 

RV: Less Contractility 

LV: Long isovolumic 

contraction period 

RV: Lower systolic 

pressure 

LV: Long isovolumic 

relaxation period 

RV: Higher end diastolic 

volume pressure 

Adapted from Right Ventricular Pressure-Volume Measurement in Animals | ADInstruments 

b) 

Maladapve 

remodeling: 

↑ RVEDP 

↓ Stroke volume 

Adapted from European  Respiratory  Journal  2019  53:  1801900; DOI:  10.1183/13993003.01900-2018 

c) 

Low 

pulsatility 

Low 

pulsatility 

index (PI) 

Low LVAD 

flow 

Very Low pulsatility 

Fig.  2  Pressure-volume  loops  for  the  right  and  left  ven-

pressure  elevations  (blue  PV  loop).  (Adapted  from  https:// 

tricles.  (a)  The  normal  RV  functions  at  lower  pressures  and 

www.adinstruments.com/blog/why-pvloops-for-cardiovascu 

thus  lacks  the  isovolumic  phases  of  contraction  and  relaxation 

lar-research  with  permission).  (b)  When  the  RV  faces  chronic during  systole  and  diastole,  respectively.  Comparatively,  the 

elevations  of  afterload  (e.g.,  pulmonary  hypertension),  RV 

RV  has  a  higher  steady-state  volume  compared  with  the 

adaptation  occurs.  The  RV  dilates  and  functions  at  higher 

neighboring  LV,  making  it  more  tolerant  of  volume  than 

volumes,  allowing  for  preserved  stroke  volume  and

36

Right Ventricular Failure After LVAD Placement

587

afterload  circuit of the RVallows  the  normal  RV to 

structural  differences  of  the  RV  versus  LV  make 

be  largely  devoid  of  isovolumic  contraction  and 

the  RV  much  more  intolerant  of  increased  in 

isovolumic  relaxation  phrases.  Rather,  the  RV 

afterload  than  preload.  In  the  normal  heart,  the 

functions  at  higher  end-diastolic  volumes  com-

RV  will  fail  if  acutely  faced  with  a  mean  pulmo-

pared  to  the  LV  with  lower  overall  contractile 

nary  artery  pressure  >  40  mmHg.  In  those  with 

capacity.  Given  the  lower  number  and  density  of 

chronic  pulmonary  hypertension,  however,  the 

myocardial  cells  and  lower  energy  requirements 

RV  has  had  time  to  adapt  to  progressive 

of  the  RV,  RV  capillary  density  is  lower  than  that 

increases  in  afterload  with  development  of  RV 

of  the  LV  (Bogaard  et  al. 2009;  Ryan  and  Archer 

hypertrophy,  reducing  RV  wall  stress.  The 

2014).  While  the  lower  pressure  state  of  the  RV 

pressure–volume  loop  of  the  adapted  RV  in 

allows  it  to  receive  coronary  perfusion  during 

patients  with  chronic  pulmonary  hypertension 

both  diastole  and  systole,  acute  or  chronic  eleva-

develops  an  appearance  similar  to  that  of  the 

tions  of  pulmonary  pressures  can  lead  to  a  phasic 

LV,  functioning  at  higher  pressures  with  adap-

distribution  of  blood  flow,  similar  to  that  of  the  LV 

tive  increases  in  RV  end-diastolic  volumes 

(Crystal  and  Pagel  2018). With  lower  capillary 

(Fig. 2b)  (Vonk  Noordegraaf  et  al. 2019). 

density,  the  RV  becomes  especially  prone  to 

These 

adaptations 

allow 

preservation 

of 

ischemia  and  subsequent  fibrosis  when  supply 

ventriculo-arterial  coupling.  If  RV  afterload 

mismatch  occurs,  such  as  states  of  hypervolemia 

and/or  preload  rise  to  the  point  where  the  RV  is 

or  reactive  pulmonary  hypertension  (Ryan  and 

no  longer  able  to  compensate  (especially  if  sud-

Archer  2014, 2015; Crystal  and  Pagel  2018; 

den),  RV  stroke  volume  and  overall  contractility 

Andersen  et  al. 2019; Gorter  et  al. 2018;  Harjola 

markedly  drop,  and  ventriculo-arterial  un-

et  al. 2016). In  those  with  right  coronary  artery 

coupling  occur  (Gorter  et  al. 2018). This  is 

disease  and  pulmonary  hypertension,  dysfunction 

manifested  in  hemodynamic  tracings  as  a  drop 

occurs  at  an  even  lower  threshold. 

in  pulmonary  artery  systolic  and  mean  pressures 

and  a  rise  in  right  atrial  pressure.  In  the  patient 

Right  Ventricle  Wall  Stress 

on  LVAD  support,  this  is  often  manifested  as  a 

Ventricular  wall  stress  is  derived  from  the  for-

drop  in  systemic  arterial  pulse  pressure,  a  reduc-

mula  =  p*r/t,  where  p  is  the  RV afterload  (pres-

tion  in  LVAD  flows,  and  a  reduction  in  LVAD 

sure),  r  is  the  RV  radius,  and  t  is  the  RV  wall 

flow  pulsatility  (Fig. 2c)  due  to  reduced  LV 

thickness.  While  the  formula  applies  best  to  the 

filling. 

more  spherical  LV,  the  associations  persist  in  the 

RV  and  should  guide  RV  management  in  the 

Septal  Contribution  to  Right  Ventricular 

LVAD  candidate  and  LVAD  patient.  Any  pertur-

Contraction 

bations  in  RV  wall  stress  through  increases  in 

Finally,  RV  function  is  heavily  influenced  by 

RV  congestion,  pulmonary  insufficiency,  and/or 

septal  movement  and  LV  contraction.  In  the 

tricuspid  regurgitation  should  be  targets  for  ther-

unsupported  heart,  ventricular  interdependence 

apeutic  intervention.  Importantly,  however,  the 

arises  due  to  septal  dispersion  and  pericardial

➤

Fig. 2 (continued) maintenance of ventriculo-arterial cou-

reduced LV preload. Upon standing, LV filling is reduced

pling (green RV loop). When the RV is no longer able to

and pulsatility may drop further, leading to dizziness and/

adapt to afterload increases, the RV stroke volumes drop

or low flow alarms. Abbreviations: Ea arterial elastance, 

(reduced Ees) and filling pressures rise (purple PV loop). 

t time constant of ventricular relaxation, ESRPVR end-

This is manifested as ventriculo-arterial uncoupling. 

systolic pressure volume relationship, Ees end-systolic

(Reproduced from Vonk Noordegraaf et al. with permis-

elastance, LV left ventricle, LVAD left ventricular assist

sion). (c) On LVAD interrogation, RV failure may be

device, PV pressure volume, RV right ventricle, RVEDP

manifested as reduction in flow pulsatility (<2 L difference

RV end diastolic pressure

in flow pulse) or a drop in pulsatility index, along with a

drop in LVAD flows and arterial pulse pressure, all due to

[image: Image 152]
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constraint.  While  the  LV  squeezes  from  apex  to 

pulling  the  RV  inward  toward  the  septum  and 

base  in  a  “wringing”  motion,  over  60%  of  the 

down  from  the  base  toward  the  apex  (Fig. 3a) 

ejection  fraction  of  the  RV  comes  from  inferior 

(Gorter  et  al. 2018;  Harjola  et  al. 2016; 

displacement  of  longitudinal  RV  muscle  fibers, 

Buckberg  and  Hoffman  2014).  This  is  the  basis

60-80% of RV ejection fraction: 

a 

longitudinalstrain 

20-40% of 

RV ejection 


fraction: 

b 

Fig.  3  Fiber  distribution  and  septal-dependent  right 

Buckberg,  J  Thorac  CV  Surgery  2014;148:3166–71).  (b) 

ventricular  contraction  pattern.  (a)  The  right  ventricle 

When  LVAD  speeds  are  excessive,  the  interventricular 

(RV)  has  two  sets  of  fibers:  a  superficial  oblique  set  with 

septum  can  shift  toward  the  LV,  increasing  RV  wall  stress 

fibers  positioned  circumferentially  and  a  deep  longitudinal 

through  increases  in  RV  radius.  *On  LVAD  support,  WP 

set  of  fibers.  The  longitudinal  fibers  contribute  most  to  RV 

may  drop  below  standard  15  mmHg  threshold  in  patients 

ejection.  Ventricular  interdependence  of  the  RV  and  LV 

with  cPC-PH.  Abbreviations:  cPC-PH  combined  pre- and 

arises  due  to  septal  dispersion  and  pericardial  constraint. 

post-capillary  pulmonary  hypertension,  LV  left  ventricle, 

During  LV  contraction,  the  septum  is  pulled  down  and 

LVAD left ventricular assist  device, mPAP mean pulmonary 

inward  toward  the  LV  (green  arrow),  drawing  the  RV 

pressure,  PVR  pulmonary  vascular  resistance,  RV  right 

longitudinal  fibers  inward  and  down  (contraction  is  from 

ventricle,  VT  ventricular  tachycardia,  WP  wedge  pressure

base  to  apex  of  RV)  in  a  helical  manner.  (Adapted  from 
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behind  echocardiographic  tricuspid  annular 

the  RV  during  treatment  of  shock.  While  support 

plane  of  excursion  (TASPE)  measurement. 

is  often  directed  primarily  at  management  of  LV 

When  interference  of  normal  septal  contraction 

dysfunction,  many  patients  are  often  suffering 

and  displacement  occurs,  RV  stroke  volume  is 

concomitant  RV ischemic  and/or  congestive  myo-

simultaneously  impaired  (Buckberg  and  Hoff-

cardial  dysfunction  that  is  being  treated  alongside 

man  2014).  In  the  LVAD  patient,  pathological 

LV  failure.  Renal  dysfunction  prior  to  LVAD 

changes  in  septal  function  may  occur  when  the 

implant  is  an  important  marker  of  post-LVAD 

LVAD  inflow  cannula  is  improperly  angulated 

RVF  risk,  a  correlation  likely  attributed  to  the 

toward  the  septum  or  when  LVAD  speeds  are 

fact  that  most  renal  dysfunction  prior  to  LVAD  is 

excessive,  leading  to  adverse  septal  shift  toward 

driven by cardiorenal  syndrome (vs.  shock-related 

the  LV  (Fig. 3b).  The  intrapericardial  and  apical 

tubular  necrosis)  related  to  venous  renal  hyperten-

placement  of  present  centrifugal  flow  LVADs 

sion  from  RV  dysfunction.  Similarly,  preoperative 

leads  to  fixation  of  the  LV apex,  preventing  nor-

coagulopathy,  hypoalbuminemia,  and  elevated 

mal  apical  to  basilar  LV  contraction  and  septal 

bilirubin  and  hepatic  transaminases  (signs  of 

movement  (Addetia  et  al. 2018).  These  detri-

hepatic  congestion  or  ischemic  hepatopathy)  are 

mental  changes  in  RV  wall  stress,  as  well  as 

consistent  RVF  risk  correlates,  signaling  the 

systolic  and  diastolic  functional  changes  during 

impact  of  RV  dysfunction  on  the  liver  (Shah  and 

continuous-flow  LVAD  support  have  been 

Cowger  2018; Ravichandran  and  Cowger  2015). 

appreciated  in  3D  transesophageal  renderings 

Cardiopulmonary  hemodynamics  and  echocar-

of  RV  and  LV  volumes  over  a  range  of  LVAD 

diographic  data  can  further  assist  in  RVF  risk 

speeds  and  with  pressure–volume  loop  analyses 

assessment,  yet  important  limitations  to  informa-

(Addetia  et  al. 2018;  Brener  et  al. 2021). 

tion  gleaned  must  be  appreciated  (Harjola  et  al. 

2016).  Several  studies  have  shown  increased  RVF 

risk  in  patients  with  low  preoperative  pulmonary 

Preoperative  Assessment  of  RV 

artery  (PA)  pulsatility  index  (PAPi,  (PA  systolic  – 

Function 

PA  diastolic)/right  atrial  pressure),  high  right  atrial 

(RA)  to  wedge  pressure  (WP)  ratio  (RA:WP),  or 

Several  risk  models  have  been  developed  over  the 

reduced RV stroke work index (RVSWi, [(mean PA 

last  decade  for  RVF  risk  prediction  (Table  3) 

–  RA))*cardiac  index)]/heart  rate).  The  key  limita-

(Atluri  et  al. 2013; Matthews  et  al. 2008;  Soliman 

tion of defining a  discrete value  for  “abnormal”  lies 

et  al. 2018;  Cowger  and  Grafton  2018;  Shah  and 

in  needing  to  interpret  the  values  in  the  context  of 

Cowger  2018;  Ravichandran  and  Cowger  2015). 

baseline  RV  function.  At  baseline,  patients  with 

While  the  models  only  demonstrate  moderate 

chronic  heart  failure  usually  function  at  higher 

accuracy  (area  under  the  curve  0.56–0.68)  and 

RV  and  LV  preload  and  lower  cardiac  index  with 

cannot  be  used  in  isolation  (Frankfurter  et  al. 

greater  oxygen  extraction  than  patients  without 

2020),  in  aggregate  they  reveal  consistent  markers 

cardiac  dysfunction  (Lim  and  Howell  2017). In 

of  risk  and  these  risk  factors  should  be  identified 

the  setting  of  cardiogenic  shock,  these  baseline 

when  undertaking  surgical  planning.  One  of  the 

differences  are  amplified  when  hemodynamic 

highest  risk  features  for  postoperative  RVF  is  the 

values  are  compared  to  patients  suffering  acute 

presence  of  preoperative  RVF.  Patients  requiring 

cardiac  dysfunction  with  a  preexisting  normal 

temporary  RV  mechanical  circulatory  support  are 

heart (e.g., myocardial infarction) (Lim and Howell 

extremely  high  risk  for  post-LVAD  RVF.  The 

2017).  While  defining  thresholds  for  abnormal  in 

other  very  high-risk  patient  populations  are  those 

those  with  previously  normal  hearts  offers  reason-

being  treated  for  cardiogenic  shock  with  require-

able accuracy for  PAPi, RA:WP, and RVSWi, these 

ment  for  extracorporeal  membrane  oxygenation, 

same  variables  and  their  associated  thresholds  are 

high-dose  inotropes,  or  vasopressor  support.  In 

likely  to  be  less  accurate  in  patients  with  baseline 

these  patient  populations,  assessment  of  true  RV 

cardiac dysfunction, especially those on inotrope or 

function  is  confounded  by  the  support  provided  to 

ventilatory  support.  Finally,  it  is  important  to
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Table 3 Right ventricular failure risk scores. Many

and hepatic dysfunction, preoperative clinical instability

risk scores have been developed in an attempt to predict

(need for multiple inotropes, vasopressors, Intermacs pro-

early RVF after LVAD implant. None offer sufficient dis-

file 1–3, tachycardia))

crimination or calibration, but risk correlates overlap (renal

Michigan 

CRITT 

HMII  RVF 

Pitt 

scorea 

scoreb 

scorec 

scored 

Euromacs  RVF  scorec 

(n  =  197) 

(n  =  218) 

(n  =  484) 

(n  =  183) 

(n = 2088)

RVF 

RVAD,  inotrope 

RVAD

RVAD,  inotrope 

RVAD

RVAD,  inotrope  >14  days, 

definition 

>14  days,  iNO 

>14  days  or  late 

iNO  ≥48  h 

≥48  h 

inotrope 

RVF 

N  =  68  (35%)

N  =  51

N  =  98  (20%)

N  =  27

N  =  433  (22%) 

incidence 

(23%)

(15%)

Device(s)

Pulsatile  and 

Pulsatile 

All  HeartMate  II 

All  continuous  flow  (40% 

continuous  flow 

and 

continuous  flow 

HeartMate  II,  9%  HeartMate 

continuous 

3,  50%  HVAD) 

flow 

Risk  factors

Vasopressor 

PA  >15 

RA:WP  >0.63 

TPG  >7, 

RA:WP  >0.54 

AST  ≥80  IU/L 

mmHg 

Ventilator 

↑RA 

≥3  inotropes 

Creatinine  ≥2.3 

Ventilator 

support 

>1 

Severe  RVF  on  echo 

mg/dL 

support 

BUN  >39  mg/dL 

Inotrope 

Intermacs  profile  1–3 

Bilirubin  ≥2.3 

Severe  RVF 

↑Age 

Hemoglobin  ≤10  g/dL 

mg/dL 

on  echo 

ALT 

CPB  time  >100  min 

Severe  TR 

>35, 

on  echo 

INR 

Heart  rate 

>2.6 

>100 

Heart 

rate 

>110 

↑WBC 

AUC 

0.73  (0.65– 

0.80  (0.72– 

0.68  (NR) 

0.87 

0.70  (0.67–0.73) 

derivation 

0.91) 

0.88) 

0.61  [0.51–0.64] 

(NR) 

0.65  [0.63–0.67] 

(95% 

0.61  [0.45– 

0.63  [0.60– 

0.53 

confidence) 

0.74] 

0.74] 

[0.52– 

AUC 

0.54] 

validationf , 

median 

[range] 

Abbreviations:  AST  aspartate  amiontransferase,  ALT  alanine  aminotransferase,  BUN  blood  urea  nitrogen,  CPB  cardiopulmonary  bypass,  echo  echocardiogram,  iNO  inhaled  nitric  oxide,  INR  international  normalized  ratio,  LVAD  left ventricular  assist  device,  NR  not  reported,  PA  pulmonary  artery,  RA  right  atrial,  RVAD  right  ventricular  assist  device, RVF  right  ventricular  failure,  TPG  transpulmonary  gradient,  TR  tricuspid  regurgitation,  WBC  white  blood  cell  count,  WP 

wedge  pressure 

a Matthews  et  al. (2008), 

b Atluri  et  al. (2013) 

c Kormos  et  al.  (2010) 

d Wang  et  al.  (2012) 

e Soliman  et  al.  (2018) 

f Frankfurter  et  al.  (2020) 

consider  the  pressure–volume  relationship  of  the 

failure.  Thus,  patients  with  high  preoperative  PA 

normal  and  dysfunctional  RV  (Fig. 2). While  a 

systolic pressures  should not necessarily be consid-

higher  PA  systolic  pressure  implies  a  compensated 

ered  at  low  risk  for  postoperative  RVF. 

RV,  additional  wall  stress  through  volume  loading, 

Echocardiographic assessment of the heart  prior 

increased  RV  preload  during  LVAD  initiation,  or 

to  LVAD  implant  is  important  for  operative  plan-

increased  RV afterload  in  the  postoperative  setting 

ning and RVassessment. RVenlargement, tricuspid 

may  provoke  RV  ischemia  and  post-LVAD  RV 

insufficiency  to  due  to  annular  and/or  RV
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dilatation,  and  reduced  contractile  function  based 

Preoperative  Optimization  of  the  Right 

on  visual  inspection,  RV  fractional  area  change, 

Ventricle 

TAPSE  and  other  Doppler  measures  (S′,  R  

V

index  of  myocardial  performance),  or  longitudinal 

The  best  way  to  impact  the  development  of  RVF 

RV  strain  imaging  may  assist  in  identifying  an  RV 

after  durable  LVAD  implant  is  to  try  and  prevent  it 

with  preoperative  pathology,  as  discussed  in  the 

through  aggressive  preoperative  patient  optimiza-

accompanying  chapter  herein.  To  date,  however, 

tion.  Management  should  be  directed  at  reducing 

data  obtained  from  echocardiographic  imaging  has 

preoperative  RV  wall  stress  (stress  =  P*r/thickness) 

not  demonstrated  sufficient  utility  to  apply  in  iso-

and  improving  RV  contractile  function.  Agents  that 

lation  for  RVF  risk  prediction.  In  addition  to  the 

reduce  pulmonary  pressures,  including  nitro-

limitations  from  imaging  difficulties  and/or  chal-

prusside,  milrinone,  and  oral  nitrates,  may  be  used 

lenges  assessing  the  function  of  the  nonspherical 

to reduce RVafterload. Diuresis with a goal  approx-

RV,  echocardiography  is  often  performed  in  the 

imate  RA  pressure  <  13  mmHg  prior  to  operative 

preoperative  period  when  patients  are  on  inotrope 

room  entry  should  be  undertaken  to  reduce  RV 

support  or  at  RV  preload  or  afterload  states  that 

filling pressures. Due to the increased preload deliv-

may  be  very  different  from  those  present  in  the 

ered to the RV upon initiation of LVAD support, it is 

intraoperative  or  postoperative  settin g. 

also  critical  to  optimize  left-sided  filling  pressures 

In  summary,  the  limitation  of  RVF  risk  predic-

prior  to  LVAD  with  a  goal  preoperative  pulmonary 

tion  models,  echocardiographic  and  hemody-

capillary  wedge  pressure  <  20  mmHg.  Inotropes, 

namic  measures  of  RV  function  for  RVF  risk 

vasodilators  (in  the  absence  of  hypotension),  and/or 

prediction  are  multifactorial  in  etiology,  including 

temporary  mechanical  support  may  be  applied  to 

an  inability  to truly assess  RV function  at  baseline, 

assist  with  RV  and  LV  optimization.  Due  to  fluid 

especially  in  patients  who  are  low  output  or  on 

shifting,  it  is  important  to  be persistent  in  diuresis  as 

inotrope  or  ventilatory  support;  the  inability  to 

improvement  in  right- and  left-sided  cardiac  filling 

predict  complications  during  an  operative  course 

pressures  may  be  transient  until  extravascular  fluid 

that  may  impact  RV  function  (hypoxia,  pulmo-

is  depleted.  Finally,  assessment  of  tricuspid  and 

nary  hypertension,  or  volume  loading  from  trans-

pulmonary  valvular  competence  is  necessary  for 

fusion);  and  the  inability  to  foretell  how  the  RV 

operative  planning.  Data  supporting  TV  annulo-

will  respond  to  increased  preload  and  septal  dis-

plasty  in  patients  undergoing  LVAD  implant  are 

placement  during  longer-term  LVAD  support. 

conflicting  (Deo  et  al. 2012;  Mullan  et  al  . 2020; 

Multimodality  assessment  of  patient  clinical  sta-

Tie et al. 2022; Brewer et al. 2014; John et al. 2023). 

tus,  preoperative  laboratories,  and  echocardio-

Randomized trials examining this question are pres-

graphic  and  hemodynamic  data  are  needed  to 

ently  lacking  and  analyses  are  not  without  notable 

make  a  best  estimate  of  RV  function  with  an 

confounding and/or bias.  Based  on  available  data,  it 

appreciation  that  RVF  may  occur  in  even  the 

is  reasonable  to  surgically  address  tricuspid  valves 

seemingly  low-risk  LVAD  recipient.  Regardless 

that  demonstrate  moderate-to-severe  insufficiency, 

of  a  patient’s  anticipated  risk  for  RVF,  all  patients 

especially  those  with  trapped  or  damaged  leaflets 

considered  for  LVAD  support  should  be  engaged 

due  to  pacemaker/defibrillator  wires. 

in  shared  decision-making  discussions  in  the  pre-

operative  setting  to  touch  on  care  wishes  if  the 

patient  suffers  severe  right-heart  dysfunction. 

Intraoperative  Management  of  the  RV 

While  this  discussion  will  need  to  recur  as  clini-

cally  relevant  in  the  postoperative  setting,  it  is 

Meticulous  planning,  prompt  management  of 

important  to  know  preoperatively  how  a  given 

hemodynamic  perturbations  that  occur  during 

patient  would  perceive  their  quality  of  life  with 

and  following  the  LVAD  implant  procedure,  and 

two  controllers,  home  inotropes  for  RV  support, 

rapid  escalation  of  RV  support  are  important  to 

and/or  if  they  would  consider  long-term  renal 

ensure  good  outcomes  in  this  patient  population. 

replacement  therapy,  which  often  coincides  with 

It  is  prudent  to  make  a  final  assessment  of  RV 

severe  right-heart  dysfunction. 

function  in  the  operating  room  immediately  prior
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to  sternotomy,  with  particular  attention  paid  to 

to  reduced  capillary  density,  cardioplegic  solu-

measurements  of  RV  function  on  intraoperative 

tions  may  still  insufficiently  saturate  the  right 

transesophageal  echocardiogram  (TEE),  as  well 

heart,  making  the  RV  prone  to  ischemic  injury. 

as  RA  and  PA  pressures  on  the  Swan-Ganz  cath-

There  are  growing  data  to  suggest  that  opera-

eter. These  data further enhance  anticipation of the 

tive  approach  may  impact  the  development  of  RV 

degree  of  RV  support  required  in  the  immediate 

dysfunction  during  LVAD  implant.  Some  studies 

post-bypass  period.  We  advocate  a  stepwise 

have  shown  that  patients  undergoing  lateral  tho-

approach  to  patient  management  based  on  the 

racotomy  LVAD  placement  are  less  prone  to  RVF, 

degree  of  RV  dysfunction  noted.  In  those  with 

making  this  approach  attractive  to  those  at  per-

mild-to-moderate  RV  dysfunction,  continuous 

ceived  higher  risk  for  RVF  (Wieselthaler  et  al. 

low  tidal  volume  ventilation  throughout  the 

2021). The  precise  mechanisms  underlying  RV 

bypass  period  may  be  all  that  is  needed  to  prevent 

benefit  from  a  lateral  thoracotomy  approach  are 

the  development  of  reactive  pulmonary  hyperten-

unclear  but  likely  multifactorial,  including  less 

sion  and  increased  RV afterload  in  the  post-pump 

disruption  of  the  pericardium  (affording  less  sep-

period.  Those  with  moderate-to-severe  RV  dys-

tal  dysfunction),  fewer  risks  for  RV ischemia,  and 

function  may  benefit  from  upfront  initiation  of 

fewer  blood  product  transfusions  (Wieselthaler 

inhaled  epoprostenol  or  nitric  oxide  to  reduce 

et  al. 2021). Clinical  data  demonstrating  benefit 

RV  afterload.  Diuresis  is  continued  throughout 

from  a  thoracotomy  approach  are  presently 

the  operative  period  to  combat  hypervolemia. 

conflicting.  In  a  propensity-matched  Intermacs 

Finally,  in  those  for  whom  RVAD  support  is 

analysis  (n  =  1956  patients),  no  reduction  in 

highly  anticipated,  prophylactic  placement  of  a 

RVF  was  noted  in  those  who  underwent  thoracot-

Dacron  graft  onto  the  pulmonary  artery  is  reason-

omy  versus  sternotomy  LVAD  (Lampert  et  al. 

able,  allowing  for  rapid  initiation  of  RVAD  sup-

2021). In  a  propensity  matched  single  center 

port  if  necessary. 

study  of  45  patients  who  underwent  lateral  thora-

Once  the  decision  has  been  made  to  proceed 

cotomy  with  68  patients  who  underwent  median 

with  LVAD  implantation,  sternotomy  and  cardio-

sternotomy,  there  were  no  differences  in  lengths 

pulmonary  bypass  expose  the  heart  to  several 

of  stay,  ventilator  days,  or  inpatient  mortality. 

hemodynamic  stressors  and  inflammatory  media-

While  patients  who  underwent  lateral  thoracot-

tors  that  can  impact  RV  and  LV  Function.  In 

omy  had  significantly  less  early  right  ventricular 

patients  with  known  RVF,  every  effort  should  be 

failure  (24.4%  vs  53.7%,  P  =  .004)  they  had  more 

made  to  avoid cross-clamping the  aorta  and  arrest-

follow-up  tricuspid  regurgitation  (17.6%  vs  0%, 

ing  the  heart  due  to  deleterious  effects  on  RV 

P  =  0.030)  and  volume  overload  readmissions 

function  after  cardioplegic  arrest.  Beyond  this, 

(=  0.0005)  (Vinogradsky  2022). In  a  recent 

techniques  for  totally  off-pump  LVAD  placement 

meta-analysis,  lateral  thoracotomy  approach  was 

have  been  described  (Potapov  et  al. 2017). 

associated  with  significantly  decreased  need  for 

Avoiding  cardioplegic  arrest  and  bypass  alto-

blood  products,  reoperation  for  bleeding,  and 

gether  has  theoretical  benefits  for  RV  function  in 

postoperative  RVAD  (Relative  Risk:  0.53;  95% 

the  early  postoperative  period.  However,  these 

CI:  0.36–0.77)  implantation  (Ribeiro  et  al. 

approaches  are  not  always  feasible.  Off-pump 

2022). The  thoractomy  approach  is  less  facile  in 

techniques  may  be  limited  by  surgeon  and  center 

patients  requiring  complex  concomitant  interven-

experience  as  well  as  patient  tolerance.  Aortic 

tions  (value  replacement,  bypass)  and  does  not 

cross-clamping  may  be  mandatory  for  concomi-

afford  rapid  placement  of  temporary  surgical 

tant  procedures  such  as  aortic  valve  replacement 

RVAD  support.  Available  data,  however,  would 

in  the  patient  with  aortic  insufficiency.  In  those 

support  thoracotomy  approach  for  LVAD  implan-

patients,  it  has  been  well  established  that  the  addi-

tation  by  surgeons  with  ample  experience  such 

tion  of  retrograde  to  antegrade  cardioplegia 

that  inflow  and  outflow  placement  remain  metic-

reduces  myocardial  injury  during  bypass,  espe-

ulous.  Until  the  results  of  the  Implantation  of  the 

cially  in  those  with  coronary  artery  disease.  Due 

HeartMate  3  in  Subjects  With  Heart  Failure  Using
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Surgical  Techniques  Other  Than  Full  Median 

regurgitation,  with  tricuspid  valve  intervention 

Sternotomy  trial  (NCT04548128)  are  out,  guid-

considered  in  those  with  significant  insufficiency 

ance  is  lacking  to  support  this  thoracotomy 

that  is  not  likely  to  improve  following  deconges-

approach  as  a  general  recommendation  for  all 

tion.  Residual  mitral  insufficiency  after  LVAD 

LVAD  patients  or  specifically  in  patients  who  are 

implant  has  been  associated  with  increased  fre-

deemed  at  the  highest  risk  for  RVF. 

quency  of  RVF  during  longer-term  LVAD  support 

Major  bleeding  is  another  perioperative  com-

(Jain  et  al. 2022; Ertugay  et  al. 2017).  However, 

plication  that  can  have  a  negative  impact  on  RV 

data  are  presently  insufficient  to  support  or  refute 

function.  Transfusions  impose  a  volume  load  on 

mitral  intervention  in  those  with  residual  second-

the  RV,  may  cause  noncardiogenic  or  cardiogenic 

ary  mitral  insufficiency  during  full  pump  support 

pulmonary  edema  and/or  hypoxia,  and  can  induce 

(John et al. 2023;  Ertugay  et  al. 2017;  Pawale  et al. 

cytokines  that  potentiate  reactive  pulmonary 

2019). Given  the  rise  in  percutaneous  mitral  valve 

hypertension  or  hypotension.  Careful  volume 

interventions,  assessment  of  mitral  inflow  gradi-

management  in  the  pre- and  intraoperative  care 

ents  is  also  imperative  to  identify  those  with  ste-

phases  as  well  as  meticulous  surgical  hemostasis 

notic  mitral  lesions  that  may  promote  pulmonary 

and  anticoagulation  reversal  following  bypass  is  a 

hypertension  development. 

requisite.  Ultrafiltration  of  plasma  while  on  car-

In  patients  with  pulmonary  hypertension 

diopulmonary  bypass  is  frequently  useful  in  these 

and/or  RV  dysfunction,  LVAD  flows  may  fail  to 

patients  to  mitigate  the  effect  of  excess  volume 

augment  during  intraoperative  speed  increase. 

from  transfusions  and  the  cardiopulmonary 

Administration 

of 

inhaled 

nitric 

oxide 

or 

bypass  prime. 

epoprostenol  with  milrinone  may  assist  in  reduc-

Finally,  attention  to  detail  during  the  LVAD 

ing  RV  afterload.  If  reasonable  LVAD  flows  on 

implant  portion  of  the  procedure  is  critical  for 

inotrope  support  are  unable  to  be  maintained  due 

reducing  the  risk  of  RVF.  The  LVAD  inflow  can-

to  RV  dysfunction,  escalation  to  temporary  RVAD 

nula  should  be  directed  toward  the  mitral  valve 

is  indicated  and  should  not  be  delayed. Case  series 

inflow,  avoiding  anterior  or  posterior  directionality 

have  shown  that  temporary  RVAD  support  can 

that  may  cause  inflow  occlusion  and  poor  LV 

allow  time  for  postoperative  fluid  and  afterload 

offloading.  Importantly,  cannula  direction  should 

optimization,  allowing  for  successful  RVAD 

not  be  directed  at  the  septum  and  septal  position 

explant  in  many  (Ravichandran  et  al. 2018; 

during  initiation  of  LVAD  support  should  be  mon-

Anderson  et  al. 2015). Delays  in  the  application 

itored  to  avoid  excessive  leftward  septal  shift.  Care 

of  RVAD  support  are  associated  with  higher  mor-

should  be  taken  to  position  the  outflow  graft  along 

tality  and  longer  lengths  of  stay  than  those  receiv-

the  RV and  lateral  to  the  RA  to  eliminate  the  poten-

ing  upfront  intraoperative  BiVAD  implant  (Shah 

tial  for  compression  of  the  RV  by  the  outflow  graft. 

et  al. 2018).  While  there  are  many  possible  con-

Upon  initiation  of  LVAD  support,  continuous 

figurations of  RVAD  support,  percutaneous access 

transesophageal echocardiography  should be  used 

with  a Dacron  conduit from  the PA tunneled  out of 

to  monitor  septal  position,  RV  size,  RV  function, 

the  chest  and  femoral  venous  cannulation  have  the 

and  valve  competence  during  LVAD  speed 

advantage  of  avoiding  resternotomy  at  the  time  of 

increase.  While  end-organ  perfusion  is  the  ulti-

RVAD  removal.  If  fluoroscopy  is  available 

mate  goal  of  LVAD  support,  this  should  not  be 

intraoperatively,  percutaneous  temporary  RVAD 

done  at  the  expense  of  RV  function.  In  the  imme-

placement  (such  as  Impella  RP;  Abiomed,  Inc, 

diate  post-bypass  period,  titration  of  LVAD  speed 

MA;  and  Protek  Duo,  Liva  Nova,  Inc,  TX)  is 

should  be  done  at  a  rate  that  ensures  adequate 

also  a  feasible  alternative  and  allows  for  simple 

organ  perfusion  while  simultaneously  allowing 

explant  in  the  postoperative  period. 

for  gradual  RV  loading,  avoidance  of  adverse 

In  the  subgroup  of  patients  for  whom  durable 

septal  shift,  and  avoidance  of  suction  events.  Dur-

right  ventricular  assist  device  (RVAD)  support  is 

ing  full  LVAD  support,  the  TEE  imaging  should 

undertaken,  several  important  considerations 

be  examined  for  the  presence  of  tricuspid 

must  be  had.  First,  given  the  high  morbidity  and
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mortality  noted  in  patients  on  biventricular  assist 

Early  Postoperative  Management 

device  support  and  the  very  high  associated  costs 

of  the  RV 

of  dual  device  support,  the  application  of  durable 

RVAD  support  is  best  reserved  for  select  patients 

The  early  postoperative  period  requires  close 

who  are  likely  to  become  transplant  candidates. 

hemodynamic  and  end-organ  monitoring.  Due  to 

The  decision  to  place  the  RVAD  inflow  cannula  in 

the  increased  preload  faced  by  the  RV,  diuresis 

the  right  atrium  (RA-RVAD)  versus  right  ventricle 

should  be  undertaken  to  achieve  an  eventual  goal 

(RV-RVAD)  is  often  one  of  surgical  preference. 

RA  pressure  <  12  mmHg.  Excessive  RV  conges-

For  patients  undertaking  RV  placement,  the  dura-

tion  will  negatively  impact  wall  stress  and  may 

ble  RVAD  inflow  must  be  free  of  obstruction  by 

provoke  RV  ischemia,  even  in  those  without  coro-

trabeculae  and/or  tricuspid  papillary  muscles.  In 

nary  disease.  Thus,  ultrafiltration  may  be  consid-

those  with  VAD  placement  in  the  right  atrium, 

ered  in  those  with  hypervolemia  not  responding 

fixation  of  the  device  to  a  rib  is  often  needed  to  briskly  to  intravenous  diuretic  therapy  and  should 

avoid  compression  of  the  low-pressure  right 

not  be  delayed  in  those  with  oliguria.  Inotrope 

atrium.  Additionally,  felt  spacers  are  often  applied 

support  is  often  needed  in  the  early  postoperative 

at  the  cannula  insertion  site  to  reduce  the  depth  of 

period  to  assist  RV  contractility.  There  are  no  data 

the  inflow  cannula  within  the  right  atrium,  reduc-

to favor  dobutamine over milrinone  for  RV  support 

ing  suction  risks.  For  both  RA-RVAD  and 

except  in  those  with  pulmonary  hypertension 

RV-RVADs,  many  surgeons  will  tailor  down  the 

(favoring  the  use  of  milrinone,  which  has  pulmo-

outflow  cannula  diameter  to  5–7  mm  to  reduce 

nary  vasodilatory  properties)  or  those  with  renal 

RVAD  flows  without  sacrificing  rpm  speed, 

failure  and  hypotension.  In  the  latter  patient  popu-

decreasing  the  risk  of  pulmonary  hyperperfusion. 

lation,  the  active  phosphodiesterase  metabolites  of 

Finally,  a  careful  inspection  of  pulmonic  valve 

milrinone  may  accumulate  and  can  potentiate 

competency  upon  initiation  of  RVAD  support  is 

hypotension.  Thus,  dobutamine  may  be  preferen-

required  to  ensure  there  is  no  substantial 

tial.  Alternatively,  some  surgeons  or  intensivists 

recirculation  of  flow  through  an  incompetent 

will  add  low-dose  epinephrine  (2–4  mcg/kg/min) 

valve. 

to both support the alpha receptors that are predom-

Managing  the  RVAD  speed  in  the  operative 

inant  in  the  RV  (as  discussed  above)  and  offset 

suit  is  facile.  In  patients  with  marked  right-sided 

hypotension  induced  by  milrinone.  Wall  stress 

congestion,  the  RVAD  is  often  initially  set  at  a 

can  be  further  increased  postop  by  reactive  pulmo-

speed  aiming  to  deliver  ~0.5  L  more  flow  than 

nary hypertension, often triggered by cardiopulmo-

that  of  the  LVAD.  In  patients  without  right-sided 

nary  bypass,  transfusions  of  blood  products, 

congestion  and  during  long-term  support  in  a 

volume  resuscitation,  or  hypoxemia  (Harjola  et  al. 

euvolemic  patient,  biventricular  support  settings 

2016).  Initiation  of  epoprostenol  or  inhaled  nitric 

should  be  selected  that  allow  for  matching  of 

oxide  may  help  reduce  pulmonary  pressures  in 

transpulmonary  flow  delivered  by  the  RVAD  to 

those  on  ventilatory  support  (Sabato  et  al. 2017). 

the  LV and  systemic  flow  delivered  by  the  LVAD 

Following  extubation,  ongoing  volume  and  RV 

back  to  the  RA.  Evaluating  filling  pressures  in 

afterload  optimization,  and  avoidance  of  hyper-

the  long  term  can  be  a  challenge  in  patients  on 

carbia  or  hypoxia  are  critical  to  reduce  provocation 

durable  BiVAD  support.  While  right-heart  cath-

of  RVF.  Early  patient  mobilization,  avoidance  of 

eterization  can  be  undertaken  in  skilled  hands, 

central  active  drugs  that  can  depress  respiratory 

the  risk  of  catheter  or  wire  ingestion  into  the 

drive  (e.g.,  narcotics,  anxiolytics,  etc.),  treatment 

right-sided  VAD  inflow  should  not  be  ignored. 

of  sleep  apnea,  and  prompt  treatment  of  arrhyth-

In  this  unique  cohort,  placement  of  a  PA  sensor 

mias  that  may  impact  RV  function  are  also  critical. 

prior  to  surgery  may  assist  in  monitoring  left-

While  LVAD  flow  is  negatively  impacted  by 

sided  filling  pressures  while  the  IVC  size  on 

hypertension,  hypotension  should  be  avoided  in 

echo  may  assist  with  estimating  right-sided  fill-

patients  with  RVF  after  LVAD  implant.  As 

ing  pressures. 

discussed  above,  the  reduced  capillary  density
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within  the  RV  makes  the  ventricle  highly  suscep-

2021). For  similar  reasons,  patient  systemic  blood 

tible  to  global  ischemia.  RV  perfusion  is  driven  by 

pressure  may  exhibit  a  reduction  from  baseline  in 

the  difference  in  arterial  blood  pressure  and  RV 

mean  arterial  pressure  and/or  a  reduction  in  arterial 

preload  (during  diastole)  and  afterload  (during 

pulse  pressure.  Laboratories  in  patients  with  RV 

systole).  Elevated  RA  pressure  and/or  PA  pres-

dysfunction  may  reveal  new  or  worsening  eleva-

sures,  respectively,  may  lead  to  a  reduction  in  RV 

tions  in  bilirubin  (marker  of  hepatic  congestion), 

perfusion.  Likewise,  renal  perfusion  pressure  is 

blood urea nitrogen or serum creatinine (cardiorenal 

driven  by  the  difference  between  systemic  blood 

syndrome),  b-type  natriuretic  peptides,  and/or 

pressure  and  right  atrial  pressure  (renal  perfusion 

reductions  in  platelets  from  sequestration.  In 

pressure  =  mean  arterial  pressure  –  right  atrial 

devices  with  visible  flow  waveforms  or  a  pulsatility 

pressure),  aiming  for  a  value  >60  mmHg.  Thus, 

surrogate  measure,  RVF  is  manifested  as  both  a 

patients  with  RVF  (especially  those  with  higher 

reduction in LVAD flows (due to reduced LV filling) 

RA  pressures)  may  benefit  from  higher-than-nor-

and  a  reduction  in  LVAD  flow pulsatility (Fig. 2c). 

mal  systemic  arterial  pressures  after  LVAD 

implant  (goal  MAP  of  80–90  mmHg),  and  persis-

Pulmonary  Hypertension  Management 

tent  hypotension  and  hypervolemia  should  be 

Based  on the  information  above,  it  should  come  as 

treated  promptly.  To  overcome  the  impact  of 

no  surprise  that  the  presence  of  pulmonary  hyper-

hypertension  on  LVAD  flows,  LVAD  speed 

tension  prior  to  LVAD  or  during  LVAD  support 

increase  is  recommended  for  those  patients  on 

can  predispose  patients  to  the  development  of 

HeartMate  3  support.  If  the  vicious  cycle  of 

clinical  RVF  (Bouzas-Cruz  et  al. 2021; Tran 

low-flow  alarms,  low-device  output,  oliguria, 

et  al. 2021;  Ton  et  al. 2021; Gulati  et  al. 2022; 

and  hypotension  occurs  despite  attempts  at  med-

Grinstein  et  al. 2021). A  growing  focus  in  the  field 

ical  therapy  of  RVF,  temporary  RVAD  support  is 

has  been  directed  at  preventing  or  forestalling 

again  recommended. 

RVF  in  those  with  pulmonary  hypertension 

(PH).  Several  studies  have  examined  the  impact 

of  the  phosphodiesterase  5  inhibitors  (PDE5i,  pul-

Assessment  and  Management  of  RV 

monary  selective  vasodilators)  on  RVF  or  mortal-

Dysfunction  Function  During  LVAD 

ity  (Trachtenberg  et  al. 2023;  Xanthopoulos  et  al. 

Support 

2022; Grandin  et  al. 2022; Kittipibul  et  al. 2021). 

The  mechanistic  rationale  for  PDE5is  is  that  they 

The  diagnosis  of  RVF  is  best  achieved  using  data 

not  only  improve  RV  unloading  and  improve 

obtained  from  the  clinical  history  and  exam,  labo-

RV-PA  coupling,  but  experimental  data  suggest 

ratories,  cardiopulmonary  hemodynamics,  and 

they  may  also  improve  RV  contractility  (Tripo-

imaging  data.  These  multidimensional  criteria 

skiadis  et  al. 2022).  Data  for  administration  of 

underlie  the  Intermacs/ARC  definition  of  RVF 

PDE5is  in  non-LVAD  support  patients  with  pre-

discussed  above.  Due  to  the  high  capacitance  of 

capillary  pulmonary  hypertension  without  LVAD 

the  RV  and  difficulties  with  the  jugular  venous 

support  are  robust,  but  harm  has  been  noted  in 

pressure  exam  in  the  LVAD  patient,  right-heart  fail-

patients  with  combined  LV  heart  failure  and  PH 

ure  can  be  clinically  silent  until  marked  congestion 

due  to  the  increased  preload  faced  by  a  failing 

and/or  reductions  in  RV  stroke  volume  lead  to  asci-

LV.  In  the  subset  of  LVAD  patients  with  pulmo-

tes,  lower  extremity  edema,  new  or  increased 

nary  vascular  remodeling  due  to  chronically  ele-

diuretic  requirements,  or  early  satiety/anorexia 

vated  left-sided  filling  pressures  (defined  as 

(Table  2). A  careful  clinical  history  unveiling  new 

combined  precapillary–postcapillary  pulmonary 

or  worsening  exercise  tolerance  may  be  an  early 

hypertension  (cPC-PH),  Fig. 3b),  use  of  PDE5i 

sign  of  RVF  in  those  without  left-sided  issues; 

has  been  viewed  as  potentially  attractive  because 

symptoms  arise  due  to  the  reduced  capacity  of  the 

the  benefits  of  reducing  RV afterload  would  come 

RV  to  deliver  increased  transpulmonary  flow  to  the 

theoretically  without  risks  for  pulmonary  edema 

LV and  LVAD  (Bouzas-Cruz  et  al. 2021;  Tran  et  a  l. 

in  LVAD-supported  patients  (Triposkiadis  et  al. 
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2022).  However,  studies  examining  the  use  of 

at  high  risk  for  –  or  with  evidence  of  –  postoper-

PDE5is  in  the  LVAD  population  to  date  have 

ative  RVF.  Until  then,  studies  do  not  reveal  a  clear 

been  limited  due  to  small  sample  size,  lack  of 

trend  in  harm.  In  those  without  sufficient  pharma-

randomized  control  design,  and/or  short  duration 

ceutical  prescription  coverage  for  PDE5is,  com-

of 

follow-up 

and 

findings  are  conflicting  bination  of  isosorbide  dinitrate  and  hydralazine 

(Trachtenberg  et  al. 2023; Xanthopoulos  et  al. 

therapy  has  been  shown  to  reduce  PA  pressures 

2022;  Grandin  et  al. 2022; Kittipibul  et  al. 

in  non-LVAD  supported  patients,  and  the  agents 

2021).  Within  a  sample  of  7229  patients  enrolled 

can  be  considered  in  LVAD-supported  patients.  It 

into  Intermacs,  the  administration  of  PDE5i  at  any 

is  important  to  prescribe  hydralazine  with  iso-

point  post-LVAD  led  to  a  reduction  in  the  primary 

sorbide  to  avoid  nitrate  tolerance.  Monitoring  of 

endpoint  of  all-cause  mortality,  ischemic  stroke, 

PA  pressures  and/or  titration  of  vasoactive  pulmo-

and  pump  thrombosis,  with  a  composite  hazard 

nary  medications  may  be  assisted  through  use  of 

ratio  (HR,  [95%  confidence  interval])  of  0.77 

implantable  pulmonary  artery  sensors  (e.g., 

[0.69–0.86].  While  RVF  was  not  an  endpoint, 

Cardiomems,  Abbott,  Inc).  A  recent  multi-center 

RVF  is  often  colinear  with  mortality,  and  the  anal-

prospective  study  of  101  LVAD  patients  demon-

ysis  demonstrated  a  significant  mortality  reduc-

strated  a  significantly  lower  rate  of  heart  failure 

tion  in  those  receiving  PDE5i  at  any  point  during 

hospitalization  at  6-months  (12.0%  versus  38.9%; 

centrifugal  flow  LVAD  support  (HR  mortality 

P=0.005)  in  patients  monitored  with  PA  sensors 

0.70  [0.57–0.86])  (Xanthopoulos  et  al. 2022). A 

(Thohan  et  al. 2023).  Aside  from  long  term  data 

meta-analysis  of  13  observational  LVAD  studies 

and  cost  effectiveness  deficits,  limitations  of  PA 

showed  no  significant  association  between  the 

sensors  include  a  lack  of  information  on  right 

occurrence  of  RVF  and  PDE5i  use,  albeit  power 

atrial  pressures  and  they  do  not  provide  actual 

or  study  heterogeneity  may  have  been  a  driving 

LV end-diastolic  pressure,  which  may  be  discrep-

factor  given  the  favorable  direction  of  the  odds 

ant  from  the  PA  diastolic  pressure  in  those  with 

ratio  (OR 0.38 [0.02–5.96) (Kittipibul et al. 2021). 

cPC-PH.  Finally,  patients  with  RV  dysfunction 

The  lack  of  clear  benefit  from  PDE5i  use  may  also 

should  be  assessed  and  treated  for  sleep  apnea 

be  related  to  data  bias,  such  that  providers  may  be 

and  obesity  when  clinically  appropriate. 

using  PDE5i  in  a  subgroup  of  patients  that  they 

feel  are  at  high  risk  for  adverse  events  due  to  RV 

Management  and  Monitoring 

dysfunction.  This  hypothesis  is  supported  by  a 

of  the  Right  Ventricle  During  Long-Term 

second  Intermacs  analysis  that  examined  out-

LVAD  Support 

comes  in  9627  patients  based  on  the  administra-

Despite  a  plethora  of  robust  data  to  support  the 

tion  of  a  PDE5i  at  1  month  postoperative.  (Sabato 

administration  of  β-blockers,  renin–angiotensin–-

et  al. 2017)  In  adjusted  but  unmatched  analysis, 

aldosterone  antagonists,  and  SGLT2  inhibitors  in 

PDE5i  use  was  associated  with  increased  mortal-

patients  with  left  ventricular  systolic  dysfunction, 

ity  and  development  of  severe  late  RVF  (Grandin 

there  are  no  robust  data  specifically  for  the  treat-

et  al. 2022).  However,  patients  receiving  the 

ment  of  right-heart  failure.  Nonetheless,  the  appli-

agents  were  more  likely  to  have  preoperative  RV 

cation  of  LV  guideline-directed  medical  therapies 

dysfunction  and  elevated  preoperative  pulmonary 

(GDMT)  to  patients  with  concomitant  right-heart 

vascular  resistance.  After  appropriate  propensity 

dysfunction  (Harjola  et  al. 2016)  is  appropriate, 

matching,  patients  on  PDE5i  had  no  significant 

extrapolating  on  the  beneficial  effects  of  these 

increase  in  mortality  (matched  HR  mortality  0.99 

agents to  reduce  neurohormone  stimulation, poten-

[0.86–1.15])  or  severe  late  RVF  (matched  HR  late 

tially  prevent  RV  deterioration  and/or  adverse 

RVF  1.10  [0.84–1.44])  (Grandin  et  al. 2022), 

remodeling,  and  reduce  the  propensity  for  fluid 

which  may  suggest  that  PDE5i  use  reduces 

retention  after  LVAD  implant.  In  support  of  this 

LVAD  mortality,  with  survivals  approaching  that 

recommendation,  studies  have  shown  that  LVAD 

of  those  without  RVF.  Randomized  controlled  tri-

patients  maintained  on  GDMT  have  lower  mortal-

als  are,  therefore,  needed  to  determine  whether 

ity  and higher measures of quality of life than those 

PDE5is  reduce  morbidity  and  mortality  in  those 

who  are  not  on  GDMT  (McCullough  et  al. 2020). 
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Providers  are  often  hesitant  to  initiate  or  titrate 

and  hemodynamics,  can  assist  in  the  identification 

β-blocker  therapy  in  LVAD-supported  patients  of  patients  at  increased  risk  for  RVF,  but  no  risk 

with  right-heart  dysfunction.  However,  β-blocker 

score  offers  sufficient  accuracy  to  be  used  in  isola-

use  in  non-LVAD-supported  patients  with  RV  dys-

tion.  Interventions  in  the  preoperative  period  to 

function  has  proven  beneficial,  reducing  progres-

reduce  the  risk  of  RVF  include  patient  deconges-

sion  of  right-heart  dysfunction  through  reduction 

tion,  pulmonary  optimization,  and  RV  afterload 

in  RV  fibrosis  and  restoration  of  β  receptor  signal-

reduction.  Detailed  operative  planning,  meticulous 

ing  (as  seen  in  left-heart  failure)  (Harjola  et  al. 

surgical  technique,  and  careful  monitoring  of  RV 

2016; de Man et al. 2012). Thus, once off inotropes 

function  upon  initiation  of  LVAD  support  are  criti-

and  stable  postoperatively,  β-blockers  should  be 

cal  for  operative  success.  In  patients  with 

initiated  in  the  majority  of  LVAD  patients,  even 

intraoperative  RVF  not  responding  to  inopressor  or 

those  with  mild–moderate  RV  dysfunction. 

pulmonary  vasodilators,  temporary  RVAD  support 

During  long-term  LVAD  support,  regular 

should  not  be  delayed.  Outcomes  in  patients  requir-

assessment  for  complications  that  can  provoke 

ing  durable  RVAD  support  remain  poor  unless  car-

worsening  right-heart  function  should  be  under-

diac  transplant  is  a  reasonable  option.  During  the 

taken  and  LVAD  flows  should  be  optimized 

outpatient  support  period,  regular  LVAD  and  RV 

through  thorough  assessment.  Aortic  insufficiency, 

surveillance  are  obligatory.  While  the  field  lacks 

as  outlined  in  a  separate  chapter  herein,  can  poten-

clinical  trials  examining  the  efficacy  of  pharmaco-

tiate  RVF  due  to  exacerbation  of  postcapillary  pul-

logical  therapy  directed  specifically  at  managing  or 

monary  hypertension  as  LV  filling  pressures  rise. 

preventing  RV  dysfunction,  GDMT  utilized  in 

As  previously  discussed,  a  subset  of  patients  with 

patients  with  left-heart  dysfunction  should  be  con-

functional  mitral  regurgitation  may  fail  to  show 

sidered  standard  of  care.  Future  studies  are  needed 

resolution  of  significant  insufficiency  after  LVAD 

to understand  the  benefit  of interventions  directed at 

implant.  Despite  a  growing  number  of  percutane-

treating  residual  mitral  regurgitation  or  tricuspid 

ous  mitral  interventions  worldwide,  data  is  pres-

regurgitation  after  LVAD  implant,  the  benefit  of  

ently  insufficient  to  guide  recommendations  for 

PA  sensors  in  optimization  of  patient  volume  status, 

intervention  in  patients  on  LVAD  support.  Like-

and/or  if  novel  drug  therapies  (such  as  omecamtiv) 

wise,  data  are  not  available  on  the  benefit  of  per-

may  assist  with  RV  dysfunction. 

cutaneous  or  surgical  tricuspid  valve  intervention 

in  patients  with  RVF  and  notable  tricuspid  insuffi-

ciency.  In  contrast,  data  are  sufficient  to  support  a 
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Abstract 

medication  or  to  device  therapy,  and  their 

For  patients  with  end-stage  heart  failure  (HF), 

impact  on  prognosis  can  be  detrimental  despite 

the  use  of  mechanical  circulatory  support 

the  mechanical  support. 

(MCS)  is  an  increasingly  used  strategy  for  the 

An  increasing  number  of  studies  have 

management  of  patients  with  advanced  HF  as  a 

attempted  to  address  issues  regarding  arrhyth-

bridge  to  transplantation,  destination  therapy, 

mia  management  in  patients  with  MCS.  Multi-

or  acute  circulatory  support.  Although  these 

ple 

comorbidities 

often 

affect 

patients, 

devices  effectively  improve  survival,  ventricu-

requiring  multidisciplinary  interventions  to 

lar  arrhythmias  (VAs)  and  atrial  arrhythmias 

achieve  clinical  stability.  Correction  of  irre-

(AAs)  are  common  in  MCS  device  recipients. 

versible  factors,  knowledge  of  underlying 

The  management  of  arrhythmias  can  be  a  chal-

heart  disease,  careful  optimization  of  devices, 

lenge 

when 

they 

become 

refractory 

to 

antiarrhythmic  drugs,  and  catheter  ablation 

(CA)  play  a  crucial  role.  This  chapter  will 

summarize 

the 

epidemiology, 

underlying 

mechanisms,  and  management  strategies  for 

J.  Martinez  (✉)  ·  R.  Bai  ·  W.  Su  

the  arrhythmias,  especially  focusing  on  intrac-
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Introduction 

reduce  hospitalizations,  and  improve  the  quality 

of  life.  MCS  facilitates  the  mapping  of  a  greater 

Mechanical  circulatory  support  (MCS)  devices, 

number  of  VAs  for  longer  periods  using  activation 

particularly 

left 

ventricular 

assist 

devices 

and  entrainment  mapping,  which  is  otherwise 

(LVADs),  have  emerged  as  a  vital  therapeutic 

may  not  be  possible  due  to  hemodynamic  insta-

modality  for  advanced  heart  failure  (HF)  manage-

bility,  which  increases  the  likelihood  of  termina-

ment.  While  providing  essential  hemodynamic 

tion  during  CA.  Despite  the  absence  of  a 

support,  their  use  is  associated  with  an  increased 

significant  impact  on  VA  recurrence,  MCS  allows 

risk 

of 

intractable, 

life-threatening 

cardiac 

therapy  in  a  sicker  cohort  of  patients  without  an 

arrhythmias.  In  atrial  and  ventricular  arrhythmias, 

adverse  effect  on  mortality.  CA  leads  to  improved 

there  is  reduced  time  for  ventricular  filling  and 

outcomes  for  patients  with  HF  and  atrial  fibrilla-

loss  of  atrial  contribution.  This  can  cause  a  signif-

tion  (AF)  and/or  atrial  flutter  that  is  drug-

icant  reduction  in  cardiac  output,  resulting  in  car-

intolerant  or  drug-refractory. It appears reasonable 

diogenic  shock.  However,  the  impact  of  sustained 

to  recommend  CA  for  typical  atrial flutter  or  AF  in 

atrial  arrhythmias  (AAs)  and  ventricular  arrhyth-

LVAD  patients  if  there  is  a  clear  hemodynamic 

mias  (VAs)  on  clinical  endpoints  in  MCS  device 

and 

functional 

compromise 

resulting 

from 

recipients  is  not  known.  Managing  these  complex 

AA.  However,  complications  related  to  vascular 

patients  requires  coordinated  care  by  a  multi-

access,  transseptal  access,  anticoagulation,  and 

disciplinary  team,  especially  between  cardiac 

thromboembolism  are  chief  impediments  to  its 

electrophysiologists  and  HF  specialists,  given 

widespread use. Cardiac sympathetic denervation, 

the  prevalence  of  atrial  and  VAs  in  this  population 

device  optimization,  and  treatment  of  reversible 

(Nakahara  et  al. 2013; Ziv  et  al. 2005). 

risk  factors  will  all  are  critical  for  treatment  of 

If  no  reversible  triggers  of  VAs  are  found, 

arrhythmias  (Nakahara  et  al. 2013;  Ziv  et  al. 

standard  medical  therapy  with  antiarrhythmic 

2005; Al-Khatib  et  al. 2018; Bedi  et  al. 2007; 

drugs  is  often  attempted.  However,  the  use  of 

Harding  et  al. 2005). 

antiarrhythmic  drugs  may  be  associated  with  an 

This  chapter  aims  to  provide  a  comprehensive 

increased  risk  of  complications  and  increased 

overview  of  VAs  and  AAs  in  the  context  of  MCS. 

mortality  in  patients  with  MCS.  Moreover,  most 

The  epidemiology,  underlying  mechanisms,  risk 

patients  who  receive  an  MCS  device  for  end-stage 

factors  for  arrhythmias,  and  management  follow-

cardiomyopathy  have  a  cardiovascular  implant-

ing  MCS  implantation  are  examined. 

able  electronic  device  (CIED),  and  it  is  common 

practice  to  maintain  detection  and  defibrillator 

therapies  after  MCS,  despite  conflicting  evidence 

Types  of  Arrhythmias  Following  MCS 

regarding 

the 

efficacy  of  an  implantable 

cardioverter  defibrillator  (ICD)  and  cardiac 

Ventricular  Arrhythmias 

resynchronization  therapy  (CRT)  in  MCS  recipi-

ents.  Traditional  decision-making  pathways  for 

Epidemiology  and  Definition 

CIEDs  may  not  apply  to  LVAD-supported 

Ventricular  arrhythmias  (VAs),  such  as  ventricular 

patients  because  few  patients  die  of  arrhythmic 

tachycardia  (VT)  and  ventricular  fibrillation  (VF), 

causes,  and  many  arrhythmias  may  be  tolerated 

are  not  uncommon  in  patients  with  MCS,  partic-

(Nakahara  et  al. 2013; Ziv  et  al. 2005; Al-Khatib 

ularly  in  the  context  of  structural  heart  disease 

et  al. 2018;  Bedi  et  al. 2007). 

(SHD),  with  an  incidence  ranging  from  20%  to 

Catheter  ablation  (CA)  is  increasingly  being 

60%  of  cases  (Nakahara  et  al. 2013). VAs  can 

considered  for  management  of  both  atrial  and 

present  at  any  time  during  support,  from  the 

ventricular  arrhythmias  in  patients  with  MCS 

immediate  postoperative  period  to  several  years 

devices  despite  complex  clinical  and  technical 

after  implantation.  MCS  recipients  are  at  an 

challenges  due  to  the  characteristics  of  MCS. 

increased  risk  of  developing  de  novo  VAs,  regard-

CA  may  help  reduce  the  burden  of  arrhythmia, 

less  of  their  preexisting  arrhythmia  status  before
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MCS  implantation.  One  study  reported  18%  of 

tachycardia  pacing,  more  anti-tachycardia  pacing 

left  ventricular  assist  device  (LVAD)  recipients 

attempts,  and  more  bursts per  attempt) can  be  more 

experienced  new-onset  monomorphic  VT,  which 

effective  at  VT  termination.  Still,  they  may  risk 

was  4.5  times  more  frequent  than  the  suppression 

accelerating  a  well-tolerated  VT  or  degenerate  VT 

of  previously  existing  monomorphic  VT  (Ziv 

into  VF.  Acceleration  of  VT  is  more  likely  with 

et  al. 2005). The  primary  predictors  of  postopera-

shorter  or  variable  cycle  lengths  of  VT  and  less 

tive  VAs  following  LVAD  implantation  include  a 

likely  in  the  presence  of  antiarrhythmic  drugs 

history  of  pre-LVAD  VAs  and  HF  duration  (Ziv 

(AADs).  Low-energy  ICD  shocks  can  lead  to  VT 

et  al. 2005; Al-Khatib  et  al. 2018). Definitions  of 

acceleration  or  degeneration  to  VF,  making  it 

commonly  used  terms  of  VAs  in  this  chapter  are 

important  to  program  backup  high-energy  ICD 

described  in  the  2017  AHA/ACC/HRS  Guideline 

shocks  following  anti-tachycardia  pacing  or 

for  Management  of  Patients  with  Ventricular 

low-energy  ICD  shocks.  CRT  may  trigger  electri-

Arrhythmias  and  the  Prevention  of  Sudden  Car-

cal  storm  (ES)  immediately  after  implantation  by 

diac  Death  (Table  1)  (Bedi  et  al. 2007). 

provoking  reentry  via  left  ventricular  pacing,  and 

this  can  be  ameliorated  by  turning  off  the  left 

Mechanisms  and  Pathophysiology 

ventricular  lead  or  changing  to  backup  VVI  pacing 

Although  preexisting  cardiac  pathology  remains 

mode,  which  may  be  appropriate,  followed  by  lead 

fundamental  to  the  substrate  for  VA,  proposed 

revision. 

mechanisms  for  developing  VAs  in  these  patients 

are  multiple.  It  is  critical  to  recognize  that  revers-

Hemodynamic  Changes 

ible  and/or  irreversible  factors  can  play  a  role  in 

MCS  devices  significantly  alter  the  geometry  and 

initiation  of  VAs. 

loading  conditions  of  the  heart.  The  hemody-

namic  support  provided  by  MCS  devices  changes 

Mechanical  Irritation  and  Electromagnetic 

intracardiac  pressures  and  volumes,  affecting  the 

Interference 

myocardial  stretch  and  strain.  Those  changes  can 

Besides  device  malfunctions  and  lead  displace-

influence  the electrophysiological  behavior of car-

ment,  mechanical  irritation  at  the  interface 

diac  cells  and  predispose  them  to  VAs.  One  nota-

between  the  device  and  the  endocardial  surface 

ble  example  is  the  use  of  LVAD.  LVADs  unload 

can  create  a  local  environment  conducive  to 

the left ventricle, reducing its size and changing its 

ectopic  activity  (Al-Khatib  et  al. 2018; Bedi 

shape.  These  geometric  alterations  can  affect  the 

et  al. 2007).  Continuous  contact  can  also  cause 

electrical  conduction  pathways,  increasing  the 

inflammatory  micro-injuries,  leading  to  fibrosis 

risk  of  VAs.  Specifically,  the  reduction  in  ventric-

and  scar  formation,  a  delayed  decrease  in  the 

ular  peak  systolic  pressure  due  to  LVAD  output 

QTc  interval  corresponding  to  decreased  action 

has  been  observed,  which  is  closely  related  to  the 

potential  duration  (Harding  et  al. 2005;  Harding 

degree  of  unloading  provided  by  the  LVAD  (Viola 

et  al. 2001).  These  scars  disrupt  normal  electrical 

et  al. 2019).  Considering  that  an  increment  in 

conduction,  facilitating  reentrant  circuits  that  can 

intraventricular 

pressure 

leads 

to 

adverse 

precipitate  VAs. 

remodeling  of  left  ventricle  myocardium,  LVAD, 

In  addition,  some  MCS  devices  or  CIED  gener-

with  its  unloading  effect,  may  help  recover  native 

ate  electromagnetic  fields  that  may  interfere  with 

cardiac  function.  The  impact  of  MCS  devices 

the  heart’s  normal  electrical  activity,  potentially 

extends  beyond  the  left  ventricle  to  affect  coro-

triggering  arrhythmogenic  episodes  (Fetter  et  al. 

nary  artery  perfusion,  particularly  during  low  car-

1996). Whereas  an  ICD  can  effectively  treat  VA, 

diac  output  or  arrhythmias.  Reduced  coronary 

there  is  an  inverse  relationship  between  the  aggres-

perfusion  can  lead  to  ischemia,  which  further 

siveness  and  safety  of  anti-tachycardia  pacing 

exacerbates  the  risk  of  VAs.  In  cases  where  coro-

where  ICD  therapies  can  be  proarrhythmic  (Deif 

nary  perfusion  is  compromised,  the  myocardial 

et  al. 2018).  More  aggressive  anti-tachycardia  pac-

tissue  may  become  more  susceptible  to  ischemic 

ing therapies (shorter coupling intervals, ramp anti-

damage,  leading  to  a  higher  propensity  for

[image: Image 153]
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Table  1  Table  of  definitions  of  commonly  used  terms  of  VAs 

Cited  from  2017  AHA/ACC/HRS  Guideline  for  Management  of  Patients  With  Ventricular  Arrhythmias  and  the  Prevention  of  Sudden  Cardiac  Death:  A  Report  of  the  American  College  of  Cardiology/American  Heart  Association  Task  Force on  Clinical  Practice  Guidelines  and  the  Heart  Rhythm  Society  (p.  e280)
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arrhythmogenic  events  (Saku  et  al. 2016). More-

et  al. 2021).  In  addition,  the  renin-angiotensin 

over,  while  many  MCS  patients  may  tolerate  VAs 

axis,  as  suggested  by  a  decline  in  plasma  renin 

relatively  well  from  a  hemodynamic  perspective, 

activity,  is  upregulated  in  LVAD  support,  which 

these  arrhythmic  episodes  can  still  have  signifi-

can  lead  to  adverse  cardiac  remodeling  and  fibro-

cant  consequences.  VAs  can  lead  to  right  ventric-

sis  for  the  development  of  VAs  (Welp  et  al. 2010). 

ular  dysfunction  and  inadequate  left  ventricle 

preload,  impairing  device  flow  and  potentially 

Underlying  Cardiac  Pathology 

causing  low-output  sequelae.  This  creates  a  com-

Preexisting  myocardial  structural  disease  remains 

plex  interplay  and  a  vicious  cycle,  where  arrhyth-

important  to  the  substrate  for  VA  (Table  2) 

mias  exacerbate  hemodynamic  instability,  and 

(Jentzer  et  al. 2023).  Most  mapped  VTs  during 

hemodynamic  instability  increases  the  likelihood 

longer-term  MCS  are  associated  with  intrinsic 

of  further  arrhythmias  (Werner  et  al. 2018).  The 

scar  rather  than  the  inflow  cannula.  Many  patients 

pressure  and  volume  alterations  affect  the  heart 

eligible  for  MCS  have  severe  underlying  SHD, 

and  have  downstream  effects  on  the  vasculature 

such  as  coronary  artery  disease,  nonischemic  car-

and  peripheral  organs.  For  instance,  the  redistri-

diomyopathy  (NICM),  and  HF  with  reduced  ejec-

bution  of  blood  flow  and  changes  in  vascular 

tion  fraction.  Within  the  first  3  years  following 

resistance  can  impact  renal  function,  leading  to 

implantation  of  an  implantable  cardioverter  defi-

potential  complications  such  as  renal  insuffi-

brillator  (ICD)  for  primary  prevention  of  sudden 

ciency  or  failure,  both  of  which  can  contribute  to 

cardiac  death  (SCD),  a  substantial  proportion  of 

venous  congestion  in  HF.  The  excessive  preload 

patients  with  HF  with  reduced  ejection  fraction 

will  speed  up  the  formation  of  substrate  for  VAs 

are  at  risk  of  experiencing  shock  therapy.  Approx-

(Tsay  et  al. 2020). 

imately  20–35%  of  these  individuals  are  prone  to 

receiving  shock  therapy,  while  a  concerning 

Autonomic  Nervous  System 

4–7%  may  suffer  from  the  potentially  life-

The  hemodynamic  alterations  induced  by  MCS 

threatening  complication  of  ES  (Guarracini  et  al. 

devices  profoundly  affect  the  autonomic  nervous 

2021). 

system,  potentially  impacting  the  development 

While less common, ES and SCD can arise from 

and  perpetuation  of  VAs.  A  disruption  in  the  del-

conduction 

defects 

(channelopathies) 

in 

the 

icate  balance  between  sympathetic  and  parasym-

absence  of  SHD,  such  as  idiopathic  VF,  long  QT 

pathetic  tone  is  a  pivotal  factor  in  this  process, 

syndrome,  Brugada  syndrome,  and  early  repolari-

increasing  myocardial  excitability  and  lowering 

zation  syndrome.  Patients  with  a  clinical  diagnosis 

the  threshold  for  VA  induction.  Patients  with 

of  primary  electrical  disease  are  recommended  to 

LVAD  experience  an  absence  of  a  physiological 

undergo  genetic  counseling  and  testing  in  special-

pulse,  leading  to  markedly  elevated  levels  of  sym-

ized  centers  to  receive  genotype-specific  manage-

pathetic  nerve  activity  due  to  baroreceptor 

ment  and  permit  the  identification  of  relatives  at 

unloading (Markham et al. 2013). This heightened 

risk. The yield of genetic testing is higher if a family 

sympathetic  activity  is  a  direct  consequence  of 

history  of  SCD  at a  young  age is  present. Idiopathic 

baroreceptor  resetting,  which  impairs  their  ability 

VT  arising  in  patients  with  structurally  normal 

to  buffer  changes  in  arterial  pressure  (Cornwell 

hearts,  such  as  outflow  tract  VT and  fascicular  VT, 

3rd  et  al. 2015). The  resetting  of  baroreceptors 

is  typically  considered  benign  but  may  rarely  pre-

diminishes  their  effectiveness  in  regulating  blood 

cipitate  electrical  storms.  Idiopathic  VF  can  be  ini-

pressure, 

contributing 

to 

difficult-to-control 

tiated  by  a  short-coupled  premature  ventricular 

hypertension  (Joyner  et  al. 2010).  Sympathetic 

contraction,  often  originating  from  Purkinje  fiber-

activation  can  also  lower  the  threshold  for  VAs 

dense structures. Despite structurally normal hearts, 

by  increasing  afterdepolarizations  and  causing 

inherited  or  acquired  ion  channel  and  transporter 

dispersion  of  action  potential  duration  (heteroge-

alterations,  which  cause  impaired  depolarization 

neity  of  repolarization)  in  myocardial  tissue, 

and repolarization, can also provoke VAs. Ion chan-

thereby  enhancing  susceptibility  to  VAs  (Cauti 

nel 

mutations 

and 

medications 

that 

impair

606

J. Martinez et al. 

Table  2  Structural  and  electrical  substrates  predisposing  to  electrical  storm,  with  associated  disease-targeted  therapies Substrate

Triggers  for  ES

Disease-targeted  therapy 

Structural  heart  disease 

ICM

Acute  ischemia

Revascularization  if  indicated 

Sympathetic  tone

Catheter  ablation 

Decompensated  HF 

NICM

Sympathetic  tone

Hemodynamic  support 

Decompensated  HF

Consider  catheter  ablation 

Arrhythmogenic  cardiomyopathy

Sympathetic  tone

Catheter  ablation 

Cardiac  sarcoidosis

Granulomatous  inflammation

Immune  suppression  if  active 

inflammation 

Initiation  of  immune  suppression 

Catheter  ablation 

(occasionally) 

Chagas  disease

Inflammation

Antitrypanosomal  therapy  for  active 

infection 

Autonomic  modulation 

Catheter  ablation 

Viral  or  lymphocytic  myocarditis

Inflammation

Immune  suppressive  therapy  for 

selected  patients 

Hemodynamic  support 

Giant  cell  myocarditis

Inflammation

Immune  suppressive  therapy 

Hemodynamic  support 

Conduction  defects  (channelopathies) 

Congenital  long  QT  syndrome

QT-prolonging  agents

Avoid  QT-prolonging  agents 

Sympathetic  tone

Beta-blockers 

Atrial  pacing 

Autonomic  modulation 

Acquired  long  QT  syndrome

QT-prolonging  agents

Avoid  QT-prolonging  agents 

Bradycardia

IV  magnesium 

Atrial  pacing 

Isoproterenol 

CPVT

Sympathetic  tone

Beta-blockers 

ICD  shocks

Flecainide 

Autonomic  modulation 

Brugada  syndrome

Parasympathetic  tone

Avoid  sodium  channel  blockers 

Fever

Avoid  provoking  drugs/conditions 

Excessive  alcohol  intake

Isoproterenol  or  quinidine 

Consider  catheter  ablation 

Early  repolarization  syndrome  or 

Parasympathetic  tone

Isoproterenol  or  quinidine 

idiopathic  VF 

Consider  catheter  ablation  for  PVC 

triggers 

Short  QT  syndrome

Parasympathetic  tone

Isoproterenol  or  quinidine 

Idiopathic  or  short-coupled  VF

Parasympathetic  tone

IV  verapamil 

Isoproterenol  or  quinidine 

Consider  catheter  ablation  for  PVC 

triggers 

Idiopathic  (outflow  tract)  VT

Sympathetic  tune

Beta-blockers  or  verapamil 

CPVT  catecholaminergic  polymorphic  ventricular  tachycardia,  ES  electrical  storm,  HF  heart  failure,  ICD  implantable cardioverter  defibrillator,  ICM  ischemic  cardiomyopathy,  IV  intravenous,  NICM  nonischemic  cardiomyopathy,  PVC 

premature  ventricular  contraction,  VF  ventricular  fibrillation 

Cited  from  Multidisciplinary  Critical  Care  Management  of  Electrical  Storm  JACC  State-of-the-Art  Review  (p.  2192)
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repolarizing  currents  or  augment  depolarizing  cur-

aldosterone  antagonists  can  lead  to  hyperkalemia, 

rents  can  prolong  the  QT  interval,  predisposing  to 

while  angiotensin-converting  enzyme  inhibitors 

bradycardia-dependent  torsades  de  pointes  (TdP) 

and  angiotensin  receptor  blockers  can  cause  both 

caused  by  triggered  early  afterdepolarizations.  On 

hyperkalemia  and,  less  commonly,  hyponatremia. 

the  other  hand,  delayed  afterdepolarizations  are 

Low  potassium  levels  can  prolong  repolarization 

secondary  to  increased  intracellular  calcium  con-

and  increase  the  risk  of  early  afterdepolarizations, 

centrations  resulting  from  sarcoplasmic  reticulum 

triggering  VT  and  VF.  On  the  contrary,  elevated 

calcium release. These  delayed  afterdepolarizations 

potassium  levels  can  lead  to  conduction  prolonga-

can manifest  in various clinical scenarios, including 

tion  or  block  (Macdonald  and  Struthers  2004). 

myocardial  ischemia,  digoxin  toxicity,  excessive 

Magnesium  stabilizes  cardiac  cell  membranes  and 

β-adrenergic  stimulation,  or  catecholaminergic  prevents  abnormal  electrical  activity.  Low  magne-

polymorphic  ventricular  tachycardia.  During  myo-

sium  levels  are  associated  with  an  increased  risk  of 

cardial  ischemia,  the  hypoxic  environment  disrupts 

TdP.  Some  studies  highlighted  the  importance  of 

normal  cellular  calcium  handling,  leading  to 

proactive  electrolyte  management  in  reducing  VAs 

delayed 

afterdepolarizations 

and 

subsequent 

in  MCS  patients  (Goyal  et  al. 2012;  Priori  et  al  . 

arrhythmia  initiation.  Similarly,  digoxin  toxicity 

2013). Regular monitoring and timely correction of 

increases  intracellular  calcium  levels,  promoting 

imbalances  were  related  to  significantly  lower  VA 

triggered  activity  and  heightening  the  risk  of 

rates  and  improved  survival.  Electrolyte  imbal-

arrhythmias.  Additionally,  excessive  β-adrenergic 

ances  can  temporarily  reduce  the  impaired 

stimulation,  such  as  in  states  of  high  catecholamine 

repolarizing  currents  or  augment  depolarizing  cur-

levels  due  to  stress  or  pheochromocytoma,  can 

rents  through  ion  channel  mutations  and  medica-

precipitate  arrhythmias  by  increasing  calcium 

tions, prolonging the QT interval and TdP (Nogami 

influx  and  triggering  delayed  afterdepolarizations 

et  al. 2023; Zeppenfeld  et  al. 2022;  Bansch  et  al. 

(Zeppenfeld  et  al. 2022;  Bansch  et  al. 2000). 

2000). 

Electrolyte  Imbalances 

Management 

Diuretics, commonly used to manage fluid status in 

VAs  can  present  with  palpitations,  dizziness, 

patients  with  MCS  devices,  can  cause  significant 

syncope,  or  even  SCD.  They  can  significantly 

losses  of  potassium  and  magnesium  (Magnesium 

impact  hemodynamic  stability  and  increase  the 

in  Coronaries  (MAGIC)  Trial  Investigators  2002). 

risk  of  mortality.  Sustained  VA  is  well  tolerated 

These  losses  are  exacerbated  in  patients  with  renal 

in  patients  with  MCS  but  can  result  in  appropri-

insufficiency.  Impaired  kidney  function,  which  is 

ate  ICD  shocks,  right  ventricular  failure,  hospi-

prevalent  in  patients  with  HF  and  MCS,  disrupts 

talizations,  and  reduced  quality  of  life.  Many 

the  homeostasis  of  electrolytes.  This  disruption  is 

observational  series  have  shown  an  association 

further  complicated  by  the  frequent  need  for  high 

between  VAs  and  mortality,  mainly  when  VAs 

doses  of  diuretics  in  the  management  of  HF  symp-

occur 

in 

the 

early 

postoperative 

period 

toms,  further  leading  to  an  increased  risk  of  elec-

(Skhirtladze  et  al. 2010;  Greet  et  al. 2018; 

trolyte  depletion  (Tzivoni  et  al. 1988).  Moreover, 

Brenyo  et  al. 2012). Pre-LVAD  VA  has  been 

patients  with  MCS  often  face  challenges  related  to 

proven  to  be  a  major  risk  factor  for  mortality 

poor  nutritional  intake,  which  can  stem  from  vari-

(Makki  et  al. 2015).  Management  includes 

ous  factors,  including  decreased  appetite,  early 

AADs,  electrical  cardioversion  (EC),  CA,  ICD 

satiety,  vomiting,  and  diarrhea,  or  dietary  restric-

implantation,  and  optimization  of  the  MCS 

tions.  Certain  medications  commonly  used  in  the 

device, 

among 

other 

measures. 

A 

multi-

treatment  of  HF,  such  as  angiotensin-converting 

disciplinary  collaborative  approach  to  the  man-

enzyme  inhibitors,  angiotensin  receptor  blockers, 

agement  of  ES  is  crucial,  and  evaluation  for  heart 

and  aldosterone  antagonists,  while  beneficial  for 

transplantation  or  palliative  care  is  often  appro-

managing  HF,  can  contribute  to  electrolyte  distur-

priate,  even  for  patients  who  survive  the  initial 

bances  (Yancy  et  al. 2016). For  instance, 

episode  (Jentzer  et  al. 2023). See  Table  3. 

[image: Image 154]
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Table  3  Global  approach  to  the  evaluation  and  management  of  electrical  storm 

Cited  from  Jentzer  JC,  et  al.  J  Am  Coll  Cardiol.  2023;81(22):2189–2206.  Multidisciplinary  Critical  Care  Management  of Electrical  Storm  JACC:  State-of-the-Art  Review  (p.  2196) 

Antiarrhythmic  Drugs 

be  carefully  considered,  particularly  in  the  context 

Antiarrhythmic  drugs  (AADs)  are  traditionally 

of  patients  with  MCS  devices,  where  hemody-

categorized  according  to  the  Vaughan  Williams 

namic  alterations  and  autonomic  dysregulation 

four-class  schema,  which  classifies  them  based 

may  influence  drug  pharmacokinetics  and  phar-

on  their  mechanism  of  action:  class  I  (fast  sodium 

macodynamics.  The  electrophysiological  proper-

channel  blockers),  class  II  (β-blockers),  class  III 

ties,  pharmacological  profiles,  and  common 

(repolarization  potassium  current  blockers),  and 

adverse  effects  of  AADs,  as  well  as  any  recom-

class  IV  (non-dihydropyridine  calcium  channel 

mendations  and  potential  for  medication-induced 

blockers)  (Vaughan  Williams  1984).  The  judi-

proarrhythmia,  are  comprehensively  addressed  in 

cious  use  of  AADs  plays  a  pivotal  role  in  the 

Table  4  (Jentzer  et  al. 2023). 

management  of  malignant  VAs  and  has  been  dem-

onstrated  to  be  associated  with  a  1.5-fold  reduc-

β-blockers 

tion  in  VA  recurrence  and  alleviation of  symptoms 

β-blockers are often  the first-line therapy for VA to 

(Cuk  and  Braunstein  2023).  AADs  are  frequently 

improve  survival  when  given  for  SCD  because  of 

employed  in  combination  with  long-term  treat-

their  excellent  safety  profile  and  effectiveness 

ment  regimens.  Potential  adverse  effects,  drug 

(Arenal  et  al. 2022; Schleifer  et  al. 2015). Its 

interactions,  and  the  risk  of  proarrhythmia  must 

antiarrhythmic  efficacy  is  due  to  adrenergic-
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Table 

Antiarrhythmic 

drug

Amiodarone

Adenosine

Ajmaline

Beta-blocker

Landiolol 
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acting 

β blocker) 
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Antiarrhythmic

drug

Nadolol 

(nonselective 

β1

Propranolol 

(nonselective 

β

Disopyramide

Flecainide
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receptor  blockade  on sympathetically  elicited  trig-

Sotalol  is  a  class  III  antiarrhythmic  agent  with 

gers  and  possibly  inhibiting  excessive  calcium  ion 

β-blocking  properties.  A  review  highlighted  the 

release  from  the  ryanodine  receptor.  One  observa-

use  of  sotalol  in  the  setting  of  VAs  and  arrhythmic 

tional  study  revealed  that  the  use  of  β-blocker  in 

storms,  which  can  provide  a  time  window  for 

patients  with  LVAD  could  significantly  reduce  the 

interventions 

like 

CA 

while 

maintaining 

risk  of  VA.  However,  β-blockers  have  not 

end-organ  perfusion  with  the  support  of  MCS 

improved  outcomes  in  patients  with  documented 

devices  (Larson  et  al. 2022).  The  use  of  intrave-

VAs.  Β-blockers  can  be  considered  in  hemody-

nous  sotalol  following  congenital  heart  disease 

namically  stable  MCS  patients  with  VAs  and  with 

surgery  was  found  it  to  be  safe  and  effective  for 

caution  for  their  negative  effect  on  cardiac  output. 

various  arrhythmias,  with  no  cases  of  pro-

A  randomized  OPTIC  trial  (Optimal  Pharmaco-

arrhythmia  or  discontinuation  due  to  QTc  prolon-

logical  Therapy  in  Cardioverter  Defibrillator 

gation  (Rochelson  et  al. 2024). Its  potential 

Patients)  demonstrated  that  amiodarone  plus  a 

negative  inotropic  effects  and  impact  on  contrac-

β-blocker  significantly  reduced  the  rate  of  recur- tility  and  cardiac  output  are  a  concern  in  patients 

rent  VT  in  (non-LVAD)  ICD  recipients  compared 

with  MCS  devices. 

with 

Sotalol 

and 

β-blockers  monotherapy 

(Connolly  et  al. 2006). 

Sodium  Channel–Blocking  Agents 

Lidocaine  emerges  as  a  viable  alternative  to 

Amiodarone  and  Sotalol 

amiodarone  for  the  treatment  of  VAs  in  patients 

Amiodarone  is  a  multifaceted  drug,  exhibiting  a 

with  MCS,  particularly  in  those  with  contraindi-

broad  range  of  functions,  including  blockade  of 

cations  to  amiodarone.  This  agent  exhibits  height-

β-receptors  and  inhibition  of  sodium,  calcium,  ened  efficacy  in  ischemic  myocardium  and  can  be 

and  potassium  currents.  Its  intravenous  form 

safely  combined  with  QT-prolonging  drugs,  offer-

plays  a  crucial  role  in  cardioversion  and  reducing 

ing  a  valuable  therapeutic  option.  Ranolazine,  a 

recurrent  VF  during  resuscitation  in  patients  with 

novel  anti-ischemic  agent,  has  demonstrated  the 

MCS (Bunch et al. 2011). While some studies  have 

ability  to  reduce  ICD  shocks  in  patients  with 

demonstrated  a  reduction  in  SCD  with  amiodarone 

medication-resistant  VT  or  VF  (Bunch  et  al. 

use  in  patients  with  LV  dysfunction  related  to  prior 

2011).  In  the  MERLIN  TIMI-36  (Metabolic  Effi-

myocardial  infarction  (MI)  and  NICM  (Raasch 

ciency  With Ranolazine for Less Ischemia  in Non-

et  al. 2012;  Steinberg  et  al. 2001).  The 

ST-Elevation 

Acute 

Coronary 

Syndromes-

SCD-HeFT  trial  (the  Sudden  Cardiac  Death  in 

Thrombolysis  In  Myocardial  Infarction  36)  trial, 

Heart  Failure  Trial)  failed  to  show  a  survival  ben-

while ranolazine  did not reduce  SCD, it did reduce 

efit.  Amiodarone  increases  the  risk  of  mortality  in 

the  incidence  of  VT in  the  first  few  days  following 

patients  with  severe  HF.  Furthermore,  baseline 

a  non-ST-segment  elevation  acute  coronary  syn-

amiodarone  use  was  independently  associated 

drome  (Scirica  et  al. 2010). Based  on  small  head-

with  increased  mortality  in  a  multicenter  cohort  of 

to-head  comparison  studies  in  relatively  hemody-

LVAD  patients  (Gopinathannair  et  al. 2018). A 

namically  stable  patients,  the  acute  efficacy  for 

pooled  quantitative  estimate  of  the  benefit  of   VT  termination  appears  to  be  greatest  for  pro-

amiodarone,  sotalol,  azimilide,  and  celivarone 

cainamide,  followed  by  amiodarone  and  sotalol, 

revealed  a  34%  reduction  in  appropriate  ICD  inter-

with  lidocaine  exhibiting  the  lowest  efficacy 

ventions. Consequently, the benefits of amiodarone 

(Ho  et  al. 1994). However,  a  recent  study  found 

and  sotalol  must  be  carefully  weighed  against  their 

that  amiodarone  was  more  effective than lidocaine 

potential  side  effects  and  drug  interactions 

or  procainamide  in  terminating  VAs  in  patients 

(Santangeli  et  al . 2016). These  considerations  are 

with  MCS.  Notably,  the  safety  profile  of 

particularly  relevant  for  LVAD  patients  awaiting 

amiodarone  was  similar  to  that  of  lidocaine  and 

heart  transplantation,  as  amiodarone  may  increase 

procainamide,  with  no  significant  differences  in 

the  risk  of  primary  graft  failure  and  posttransplant 

adverse  events  between  the  groups  (Trappe  et  al. 

mortality  (Truby  et  al. 2019). 

2003). 
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Electrical  Cardioversion 

traumatic  experience  of  repeated  defibrillations. 

In  the  setting  of  MCS,  patients  experiencing 

However,  it  is  crucial  to  recognize  that  general 

hemodynamically  unstable  VT  or  VF  are  prime 

anesthesia  can  potentially  worsen  hemodynamic 

candidates  for  urgent  EC.  These  life-threatening 

instability.  Electrical  shocks  can  potentially  inter-

arrhythmias,  characterized  by  symptoms  such  as 

fere  with  the  function  of  MCS  devices,  and  car-

hypotension,  syncope,  or  exacerbation  of  HF, 

dioversion  can  dislodge  thrombi,  leading  to  stroke 

demand  immediate  intervention  to  restore  hemo-

or  systemic  embolism. 

dynamic  stability  and  prevent  potentially  cata-

strophic  outcomes.  EC  is  a  procedure  that 

Wearable  Cardioverter  Defibrillator 

delivers  a  controlled  electrical  shock  to  the  heart 

Wearable  cardioverter  defibrillators  have  emerged 

to  restore  normal  sinus  rhythm.  This  procedure  is 

as  external  defibrillators  that  have  been  shown  to 

typically  employed  when  pharmacological  inter-

detect  and  treat  VT  and  VF  successfully.  Its  pri-

ventions  have  proven  ineffective  or  rapid  restora-

mary  application  lies  in  the  prevention  of  SCD 

tion  of  a  perfusing  rhythm  is  critical  to 

among  patients  at  risk  for  VAs  who  either  do  not 

maintaining  hemodynamic  stability  (Greet  et  al. 

have  a  permanent  ICD  or  have  contraindications 

2018). 

to  immediate  ICD  placement  (Mueller-Leisse 

The  electrical  shock  should  be  delivered  during 

et  al. 2022). This  includes  individuals  with  acute 

the  procedure  while  continuously  monitoring  the 

coronary  syndrome  accompanied  by  reduced  EF, 

electrocardiogram  and  hemodynamic  parameters. 

newly  diagnosed  NICM  with  diminished  ejection 

For  VT,  an  initial  energy  setting  of  100–200  joules 

fraction,  or  those  awaiting  ICD  implantation  for 

is  recommended,  with  subsequent  increases  if  nec-

various  reasons  (Gul  and  Haseeb  2019). In  the 

essary.  Higher  energy  settings  (up  to  360  joules  for 

context  of  patients  awaiting  transplantation,  even 

monophasic  or  200  joules  for  biphasic  defibrilla-

with  an  anticipated  survival  of  less  than  1  year 

tors)  may  be  required  for  VF.  Following  successful 

without  the  procedure,  and  depending  on  clinical 

cardioversion,  it  is  imperative  to  identify  and  treat 

factors  such  as  the  use  of  intravenous  inotropes 

any  reversible  causes  of  VAs,  such  as  ischemia,   and  the  presence  of  ambient  VAs,  the  wearable 

such  as  electrolyte  imbalances,  or  device-related 

cardioverter  defibrillators  may  serve  as  an  alterna-

issues.  Additionally,  AAD  should  be  considered 

tive  to  an  ICD.  However,  the  benefits  of  the  WCD 

to  prevent  recurrence (Cheskes et al. 2022). Even 

in  these  settings  remain  unproven,  partly  due  to 

for  the  patients  with  ICD,  it  is  advisable  to  place 

the  potential  for  clinical  improvement  with  ther-

external  defibrillator  pads  on  all  patients  for  exter-

apy  and  time  (Casolo  et  al. 2023). 

nal  cardioversion  if  ICD  therapies  do  not  terminate 

the  VT,  recognizing  that  most  ICDs  have  an  auto-

Cardiac  Implantable  Electronic  Devices 

matic  maximal  shock  limit  for  each  VA  episode 

With  greater  uptake  of  LVADs  globally,  a  growing 

and repetitive ICD shocks can decrease battery life. 

population  of  LVAD  recipients  have  preexisting 

Due  to  the  discomfort  associated  with  the  EC, 

cardiac  implantable  electronic  devices  (CIEDs). 

procedural  sedation  or  anesthesia  is  typically 

Strategies  for  optimal  clinical  management  of 

required  (Cheskes  et  al. 2022). Benzodiazepines 

CIEDs  in  patients  with  durable  LVADs  are 

are  first-line  drugs  for  anxiolysis  and  can  induce 

evolving,  and  clinicians  will  increasingly  face 

amnesia 

surrounding 

cardioversion 

or 

ICD 

complicated decisions  regarding implantation, pro-

shocks.  Benzodiazepines  are  considered  first-line 

gramming,  deactivation,  and  removal  of  CIEDs. 

agents  for  anxiolysis  and  can  induce  amnesia  sur-

Given  limited  data,  collaborative  treatment  deci-

rounding  the  CE  or  ICD  shocks.  Opioid  analge-

sions  must  be  individualized  by  electrophysiolo-

sics  are  indicated  to  alleviate  pain  resulting  from 

gists,  HF  specialists,  patients,  and  their  caregivers. 

CE  or  chest  compressions  (Santangeli et  al. 2016). 

In  cases  of  severe  or  refractory  ES,  endotracheal 

ICD 

intubation  with  general  anesthesia  may  be  neces-

Transvenous ICD play a pivotal role and traditional 

sary  to  prevent  recurrent  VT  and  mitigate  the 

way  in  the  management  of  life-threatening  VAs. 

[image: Image 155]
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In  the  context  of  MCS,  these  devices  may  be  indi-

However,  outcomes  can  vary  based  on  patient-

cated  for  primary  prevention  in  patients  who  have 

specific  factors  and  the  type  of  MCS  device  and 

not  yet  experienced  an  arrhythmic  event  but  are  at 

ICD  used.  A  meta-analysis  of  six  studies  showed 

elevated  risk  for  VAs.  The  decision  to  implant  an 

that  ICD  therapy  was  associated  with  decreased 

ICD  for  primary  prevention  is  often  guided  by 

mortality,  but  this  finding  was  not  significant  in 

factors  such  as  the  underlying  etiology  of  HF,  the 

patients  with  LVADs  (Vakil  et  al. 2016).  In  view 

presence  of  ischemic  heart  disease,  and  other  risk 

of  the  need  for  making  individual  considerations, 

stratification  tools.  For  patients  with  a  history  of 

the  2017  AHA/ACC/HRS  guidelines  on  VA  pro-

VT  or  VF,  ICDs  are  indicated  for  secondary  pre-

vide  a  Class  IIa  recommendation  for  ICD  implan-

vention,  as  these  individuals  face  a  heightened  risk 

tation  in  patients  with  LVADs,  stating  that  in 

of  recurrent  VAs.  In  such  cases,  ICDs  provide  life-

patients  with  an  LVAD  and  sustained  VAs,  an 

saving  interventions  by  continuously  monitoring 

ICD  can  be  beneficial  (Al-Khatib  et  al. 2018). 

heart  rhythms  and  delivering  appropriate  therapies, 

The  implantation  of  an  ICD  in  patients  with 

including anti-tachycardia pacing and defibrillation 

MCS  presents  several  technical  challenges.  Metic-

shocks,  to  terminate  VAs  promptly.  Several  studies 

ulous  planning  is  essential  to  mitigate  potential 

have  demonstrated  that  using  ICDs  can  aid  in 

complications  and  ensure  the  proper  functioning 

treating  VAs  in  patients  with  LVADs.  A  “VT-

of both the ICD and the MCS device. It is important 

LVAD  score”  could  be  a  useful  decision  tool 

to  recognize  that  ICDs  are  associated  with  signifi-

regarding  ICD  for  patients  with  LVADs. It  includes 

cant  complications,  both  during  the  implantation 

VAs  before  LVAD  implantation  (2  points),  no 

procedure  (such  as  bleeding,  pneumothorax, 

ACEI 

post-LVAD 

(2 

points), 

HF 

duration 

hemothorax,  hematoma,  pericardial  effusion,  or 

>12  months  (2  points),  VA  postimplantation  tamponade)  and  during  long-term  follow-up 

<30  days  (2  points),  atrial  fibrillation  (AF)  before  (including lead  dislodgment  or  malfunction,  device 

LVAD  (1  point),  and  idiopathic  dilated  cardiomy-

malfunction,  and  thrombotic  events).  An  observa-

opathy  (1  point)  (Galand  et  al. 2018). This  score 

tional  cohort  study  of  HF  patients  reported  the  rate 

could  be  used  to  avoid  the  inherent  risk  of  ICD 

of  ICD-related  complications  was  6.1/100  patient-

implantation  in  low-risk  patients  (Table  5). 

years  (Chatur  et  al. 2014).  Lead  placement  is  a

Table  5  Suggested  algorithm  for  decision-making  regarding  ICD  implantation  in  LVAD  patients,  based  on  whether  an ICD has already been implanted or not, the need for pacing and/or ATP, and results of the VT-LVAD score

Cited  from  Current  Review  of  Implantable  Cardioverter  Defibrillator  Use  in  Patients  With  Left  Ventricular  Assist  Device (p.  235) 
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critical  consideration  in  this  patient  population,  as 

programming  adjustments  should  be  considered 

suboptimal  lead  positioning  can  result  in  inade-

before  pursuing  invasive  approaches  such  as  lead 

quate  sensing  or  ineffective  therapy  delivery. 

revisions  or  subcutaneous  coil  implantations. 

Sometimes,  epicardial  leads  may  be  preferred 

These  adjustments  may  include  changing  vector 

over  endocardial  leads  to  circumvent  potential 

polarity  and  adjusting  the  tilt  and  pulse  width  of 

complications.  Moreover,  ICD-associated  infec-

the  biphasic  shock  waveform  (Gold  et  al. 2013). 

tions  may  disseminate  to  the  pump  and  cannulas, 

While  these  strategies  hold  promise,  further 

requiring  chronic  suppressive  antibiotic  therapy, 

research is warranted to determine the most appro-

urgent 

transplantation, 

and/or 

MCS 

device 

priate  ICD  settings  for  this  unique  patient  popula-

exchange  (Leyva  et  al. 2014). 

tion.  Ongoing  studies  are  crucial  to  optimize 

An  unsolved  challenge  is  the  intricate  interac-

device 

programming, 

enhance 

compatibility 

tion  between  ICD  and  MCS  devices.  Electromag-

between  ICDs  and  LVADs,  and  ultimately 

netic  interference  from  LVAD  can  disrupt  the 

improve  patient  outcomes  and  quality  of  life. 

ventricular  sensing  lead  of  the  ICD,  leading  to 

In  recent  years,  the  subcutaneous  implantable 

inappropriate  therapies.  Additionally,  the  implan-

cardioverter  defibrillator  (S-ICD)  has  emerged  as 

tation  of  an  LVAD  may  increase  defibrillation 

a  promising  alternative  to  traditional  transvenous 

thresholds,  further  complicating  the  management 

systems,  potentially  mitigating  complications 

of  these  patients  (Thomas  et  al. 2014).  The  mech-

associated  with  transvenous  access,  such  as 

anism  underlying  the  rise  in  defibrillation  thresh-

thrombosis,  lead  fractures,  and  infections.  The 

olds  after  LVAD  implantation  is  multifactorial  and 

PRAETORIAN  trial,  a  randomized,  head-to-

may  be  attributed  to  changes  in  heart  geometry,  the 

head  comparison,  has  provided  compelling  evi-

use  of  antiarrhythmic  medication,  and  vector  shifts 

dence  for  the  non-inferiority  of  the  S-ICD  com-

caused  by  the  introduction  of  intrathoracic  metal 

pared  to  the  transvenous  ICD,  further  solidifying 

from  the  LVAD  (Ambardekar  et  al. 2010). Reports 

its  position  as  a  viable  option  (Knops  et  al. 2022). 

have  emerged  of  lead  revisions  being  necessary 

Encouraging  reports  have  surfaced,  demonstrat-

after  LVAD  implantation  due  to  lead  fractures, 

ing  the  efficient  termination  of  VAs  by  S-ICDs  in 

high  capture  thresholds,  failure  to  cardiovert,  and 

patients  with  LVAD  technologies  without  any  evi-

ventricular  undersensing  (Thomas  et  al. 2014). 

dence  of  mechanical  interference  or  inappropriate 

To  address  the  challenges  posed  by  the  inter-

shocks.  This  finding  holds  significant  implica-

action  between  ICD  and  LVAD,  lead  revisions, 

tions  for  managing  this  high-risk  patient  popula-

generator  replacements,  ICD  reprogramming,  or 

tion,  as  reducing  potential  complications  is  of 

the  implantation  of  subcutaneous  arrays  should  be 

paramount  importance,  particularly  in  mitigating 

considered.  Immediate  postoperative  interroga-

infectious  risks  and  avoiding  venous  access 

tion  of  the  ICD  is  recommended  to  assess  its 

issues,  which  are  especially  relevant  considering 

functionality  and  ensure  proper  integration  with 

posttransplantation  biopsies  (Clerkin  et  al. 2017). 

the  MCS  device.  Recognizing  the  hemodynamic 

stability 

conferred 

by 

LVADs 

in 

patients 

Cardiac  Resynchronization  Therapy  Defibrillator 

experiencing  VAs  and  mitigating  the  potential 

Akin  to  ICD,  numerous  patients  with  preexisting 

consequences  of  repeated  shocks,  a  more  “liberal” 

CRT  defibrillator  (CRT-D)  continue  to  receive 

programming  approach  has  been  proposed.  This 

biventricular  pacing  following  LVAD  implanta-

strategy  involves  higher  and  longer  VA  detection 

tion.  While  CRT  has  demonstrated  its  efficacy  in 

intervals  and  more  aggressive  anti-tachycardia 

improving  mortality,  morbidity,  and  quality  of  life 

pacing  algorithms.  The  rationale  behind  this 

in  chronic  HF,  data  on  CRT  outcomes  in  patients 

appealing  approach  is  to  target  only  sustained 

with  LVAD  remain  limited.  Two  small  observa-

VAs  that  pose  a  risk  of  circulatory  collapse  while 

tional  studies  comparing  outcomes  between 

minimizing  unnecessary  therapies  (Agrawal  et  al. 

patients  with  CRT-Ds  and  those  with  ICD-only 

2022).  In  cases  where  high  defibrillation  thresh-

systems  suggested  no  discernible  difference  in  sur-

olds  are  observed  after  LVAD  implantation, 

vival  or  risk  of  HF  hospitalization  between  these
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groups  (Gopinathannair  et  al. 2015;  Schleifer  et  al. 

See  an  overview  of  MCS  devices  for  hemody-

2016). One study demonstrated that LVAD patients 

namic  support  during  VT  ablation  in  Table  6.  As  

with  CRT-D  devices  may  experience  fewer  total 

the  majority  of  VTs  in  patients  with  SHD  are  often 

ICD  shocks  compared  to  those  with  an  ICD  alone 

hemodynamically  unstable,  prolonged  activation 

(Gopinathannair  et  al. 2015). CRT was  deactivated 

and  comprehensive  entrainment  mapping  are 

due  to  phrenic  nerve  stimulation,  lead  malposition 

often  not  feasible.  Unstable  VT  or  VF  can  have 

resulting  from  LV  unloading,  and  myocardial 

cumulative  detrimental  effects  on  end-organ  per-

inflammation,  ischemia,  or  edema  (Schleifer  et  al. 

fusion,  lactic  acidosis,  release  of  catecholamines 

2016). The  potential  lack  of  benefit  from  CRT  in   and  neurohormones,  and  activation  of  systemic LVAD  patients  may  be  partially  explained  by  the 

inflammatory  cytokines  (Santangeli  et al. 2015). 

mechanical  unloading  provided  by  the  LVAD, 

This  cascade  of  events  may  cause  depression  of 

which 

could 

offset 

the 

electromechanical 

myocardial  contractility  and  worsening  end-organ 

remodeling  benefits  conferred  by  CRT.  Unlike  in 

perfusion.  Therefore,  MCS  can  be  valuable  for 

advanced  HF,  mechanical  dyssynchrony  and 

providing  hemodynamic  support  during  proce-

abnormal  septal  motion  may  theoretically  be  ben-

dural  sedation  and  while  mapping  unstable  VTs, 

eficial  in  limiting  suction  events  and  dynamic 

particularly  in  patients  with  prior  failed  ablation, 

obstruction  in  LVAD-supported  patients.  Paradox-

anticipated  long  duration  of  ablation,  and  high 

ically,  biventricular  pacing  and  improved  ventricu-

PAINESD  or  PAINES2D  risk  score  (John  et  al. 

lar  synchrony  may  be  detrimental  for  some  LVAD-

2023). MCS  devices  and  their  role  in  CA  for  ES 

supported  patients.  Many  practitioners  discontinue 

were  summarized  in  Table  7.  Some  reports  indi-

biventricular  pacing  after  LVAD  implantation  to 

cated  the  use  of  MCS  was  associated  with  a  sig-

preserve  ICD  battery  life  and  limit  generator 

nificant  reduction  in  recurrent  ICD  therapies  and 

changes.  In  some  cases,  invasive  hemodynamic 

redo-ablation,  a  shorter  total  radiofrequency  abla-

assessment during LVAD echocardiographic studies 

tion,  and  an  improved  survival  in  VT  ablation 

may  help  select  the  optimal  pacing  con figuration. 

(Aryana  et  al. 2014). 

Available  data  also  show  that  continued  CRT 

Before  proceeding  with  CA  procedures,  cer-

results  in  quicker  battery  depletion  and  can  result 

tain  special  precautions  should  be  considered. 

in  more  frequent  generator  changes.  In  patients 

Potential  challenges  may  arise  in  scenarios 

with  an  existing  CRT-D  device  who  receive  an 

where  ablation  must  be  performed  near  the  inflow 

LVAD,  careful  consideration  should  be  given 

cannula,  such  as  interference  with  the  mapping 

regarding  deactivating  the  LV  lead  following 

system  and  difficulty  accessing  the  peri-cannular 

LVAD  implant.  Additionally,  programming  the 

epicardial  region  (Whang  et  al. 2014). It  is  crucial 

device  to  conserve  battery  and  avoid  unnecessary 

for  the  operator  to  carefully  consider  that  in  cen-

pulse 

generator 

replacement 

is 

advised 

trifugal  LVAD,  the  inflow  cannula  directly 

(Gopinathannair  et  al. 2015;  Schleifer  et  al. 2016). 

accesses  the  rotating  impeller  without  any  turns, 

which  may  impact  the  ablation  approach. 

Catheter  Ablation 

Concerning  access  to  the  left  ventricle,  the  trans-

CA  is  recommended  for  patients  with  sustained 

septal  puncture  should  be  considered  the  first 

VA  refractory  to  medical  therapy,  making  ablation 

choice  since  retrograde  aortic  access  is  usually 

an  important  long-term  strategy  for  preventing 

limited  by  low  peripheral  arterial  flow.  A  trans-

recurrence  (Komatsu  et  al. 2019). In  the  case  of 

septal  approach  for  left-sided  ablation  is  generally 

VT/VF  ablations  with  MCS,  electrophysiologists 

preferred  due  to  the  reduced  electromagnetic 

perform  the  EP  study  and  treatment  of  the  arrhyth-

interference  compared  to  a  retrograde  approach. 

mic  event,  a  cardio-anesthesiologist  for  patient 

Moreover,  electromagnetic  interference  with  the 

management  during  deep  sedation,  a  perfusion 

MCS  device  can  occur  when  using  magnetic-

technician  for  the  management  of  MCS,  and  an 

based  electroanatomic  mapping  systems  (Ander-

intensive  care  cardiologist  for  postoperative  eval-

son  et  al. 2019).  This  interference  may  manifest  as 

uation  and  management  (Sisti  et  al. 2021). 

temporary  mapping  disruptions  or  distortions  in

37

Intractable, Life-Threatening Cardiac Arrhythmias Following MCS

619

Table  6  Overview  of  mechanical  circulatory  support  devices  for  hemodynamic  support  during  ventricular  tachycardia ablation 

Device

Mechanism

Advantages

Limitations

Contraindications 

IABP

Diastolic  support 

Relative  ease  of  insertion 

Modest  hemodynamic 

Moderate  to 

and  systolic 

Widespread  availability 

support  (approximately 

severe  AI 

unloading  via 

lower  cost 

0.5  L/min)  Function 

Severe  PVD 

deflation  and 

Smaller  size  vascular 

dependent  on  ECG 

Aortic  dissection 

inflation  of  balloon 

access  (7.5–8  Fr) 

triggers  that  assume 

or  aneurysm 

within  aorta 

regular  stable  rhythm— 

not  ideal  when  in  VT 

Impella 

Percutaneous  left 

Single  site  of  peripheral 

Impella  2.5  and  CP 

Moderate  to 

2.5/CP/5 

ventricle-to-

vascular  access 

provides  only  partial  LV 

severe  AI  or  AS 

ascending  aorta 

No  need  for  transseptal 

support 

Severe  PVD 

axial  pump 

puncture 

Requires  large  arterial 

Ventricular  septal 

Allow  augmentation  of 

cannula 

defect 

cardiac  output  by 

Electromagnetic 

Left  ventricular 

2.5  L/min  (Impella  2.5), 

interference  with 

thrombus 

3.5  (Impella  CP),  or 

magnetic-based  mapping 

Mechanical  aortic 

5  L/min  (Impella  5) 

systems 

valve 

May  require  transseptal 

Right  ventricular 

LV  mapping 

failure 

TandemHeart 

Percutaneous  left 

Can  provide  up  to  5  L/min 

Interference  with 

Moderate  to 

atrial-to-femoral 

of  cardiac  output 

transseptal  mapping 

severe  AI 

artery  bypass  using 

augmentation 

usually  mandates 

Severe  PVD 

external  centrifugal 

retrograde  approach  for 

Ventricular  septal 

pump 

VT  mapping  and  ablation 

defect 

Requires  large  venous 

and  arterial  accesses 

ECMO

Peripheral  CPB 

Provides  complete 

Increased  complexity, 

Severe  PVD 

using  external 

biventricular  support 

requiring  additional 

Uncontrolled 

membrane 

Useful  in  severe  RV 

personnel  and  resources, 

bleeding 

oxygenator  system 

failure  Allows 

large  cannulae 

diathesis 

augmentation  of  cardiac 

output  >4.5  L/min 

AI  aortic  insufficiency,  AS  aortic  stenosis,  CPB  cardiopulmonary  bypass,  ECG  electrocardiograph,  ECMO  extracorporeal membrane  oxygenation,  IABP  intra-aortic  balloon  pump,  PVD  peripheral  vascular  disease,  VT  ventricular  tachycardia Cited  from  Mechanical  Circulatory  Support  During  Catheter  Ablation  of  Ventricular  Tachycardia:  Indications  and Options  (p.  137) 

catheter  positioning,  which  is  more  pronounced 

studies  reporting  outcomes  following  the  use  of 

when  mapping  close  to  the  ventricular  outflow 

MCS  devices  during  VT  ablation  is  presented 

tract  or  the  epicardial  anterior  base  due  to  the 

in  Table  8.  Delineating  VT  circuits  depends  on 

proximity  of  the  device’s  generator.  To  mitigate 

identifying  the  critical  isthmus  of  conduction  for 

the  effects  of  electromagnetic  interference,  it 

one  or  more  reentrant  VT  circuits  (Fig. 1a,  b). 

might  be  necessary  to  lower  the  MCS  perfor-

Mapping  the  ventricle  during  sustained  VT  using 

mance  level  temporarily.  However,  electromag-

activation  and  entrainment  techniques  (Fig. 1c,  d) 

netic  interference  does  not  require  significant 

can  reveal  these  circuits  (Fig. 1c,  d). Entrainment 

intervention  in  most  cases.  By  considering  these 

mapping  employs  pacing  to  confirm  the  reentrant 

potential  challenges  and  adopting  appropriate 

mechanism  and  identify  critical  and  noncritical 

strategies,  the  procedural  team  can  optimize  the 

areas,  often  complementing  activation  mapping 

ablation  process  and  minimize  the  risk  of  compli-

(Fig. 1d). However,  VT  is  frequently  unmappable 

cations  in  patients  with  MCS  devices. 

due  to  hemodynamic  instability,  unreliable  induc-

VT  in  SHD  is  commonly  related  to  reentry  in 

ibility,  or  unstable  morphology  during  entrainment 

and  around  regions  of  the  scar.  A  summary  of 

maneuvers. Consequently,  contemporary  strategies
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Table  7  PAAINESD  score  for  predicting  acute  hemody-

alone.  In  the  Ventricular  Tachycardia  Ablation  ver-

namic  decompensation  during  VT  ablation 

sus  Escalated  Antiarrhythmic  Drug  Therapy  in 

Variable

Score 

Ischemic  Heart  Disease  (VANISH)  trial,  ablation 

Pulmonary  disease  [chronic  obstructive]— 

5 

was  superior  to  the  escalation  of  AADs.  Still,  the 

COPD 

composite  incidence  of  death,  ES,  and  appropriate 

Age  >  60  years

3 

ICD shocks remained prevalent (Deyell et al. 2022). 

Anesthesia  (general)

4 

The  PAUSE-SCD  Randomized  Trial  evaluated  the 

Ischemic  cardiomyopathy

6 

efficacy and safety of CA as a first-line treatment for 

NYHA  Class  III  or  IV

6 

monomorphic  VT  in  patients  with  cardiomyopathy 

Ejection  fraction  <25%

3 

who  were  concurrently  receiving  an  ICD.  Integrat-

Storm  (VT)

5 

ing  both  epicardial  and  endocardial  approaches  to 

Diabetes  mellitus

3 

ablation  offers  superior  outcomes  and  unparalleled 

The  incidence  of  acute  hemodynamic  decompensation  was 

found  to  significantly  increase  with  increasing  risk  score 

visualization  of  the  ablation  site,  surpassing  the 

(<10  points  2%;  10–16  points  6%  and  ≥17  points  24%). 

capabilities  of  endovascular  techniques  alone 

Removal  of  general  anesthesia  variable  does  not  change 

(Patel  et  al. 2016).  However,  different  studies  did 

this  relationship 

not  report  any  VT  recurrence,  heart  transplantation, 

NYHA  New  York  Heart  Association,  VT  ventricular 

tachycardia 

or  mortality  advantage  between  the  group  with  and 

Cited  from  Mechanical  Circulatory  Support  During  Cath-

without  MCS  (Virk  et  a  l. 2019).  Optimizing  patient 

eter  Ablation  of  Ventricular  Tachycardia:  Indications  and 

outcomes  during  MCS  in  VT  ablation  is  summa-

Options  (p.  136) 

rized in Table 9. A recent meta-analysis revealed the 

lack  of  benefit  of  MCS  on  VT  ablation  outcomes. 

predominantly  focus  on  substrate  mapping  and 

Notably, 55% of the included patients had ICM, and 

identifying  areas  likely  to  support  reentrant  VT 

in  the  LVAD  group,  the  use  of  preemptive  LVAD 

based  on  anatomy  and  electrophysiological  char-

resulted  in  numerically  more  VT  inductions  and 

acteristics  during  stable  sinus  or  paced  rhythm. 

longer  mapping  times  during  VT,  without  any  sig-

This  involves  delineating  ventricular  scar  regions 

nificant  difference  in  procedural  success  or  VT 

based  on  tissue  electrical  voltage  (Fig. 1e), identi-

recurrence  rates  among  the  groups  (Mariani  et  al. 

fying  conducting  channels  of  slow  conduction  via 

2021).  The  disappointing  results  of  MCS  use  on 

fractionated electrograms, and using pace-mapping 

ablation  outcomes  may  be  attributed  to  the  hetero-

to  replicate  targeted  VT  electrocardiogram  mor-

geneity  of  substrates  in  the  available  studies.  How-

phologies  (Fig. 1f). While  substrate  mapping  facil-

ever,  some  research  has  proposed  using  preemptive 

itates  ablation  of  multiple  VT  morphologies, 

MCS  in  VT  ablation  as  a  potential  strategy  to 

including  unmappable  ones  due  to  hemodynamic 

achieve  improved  survival  outcomes  (Reddy  et  al. 

instability,  localization  of  the  reentry  circuit  is  less 

2014). 

precise,  often  necessitating  more  extensive  abla-

The  potential  complications  associated  with 

tion,  prolonged  procedure  times,  and  potential  col-

MCS  implantation  and  ablation-related  proce-

lateral  damage  to  structures  like  coronary  arteries 

dures  warrant  careful  consideration.  For  instance, 

and  phrenic  nerve  (during  epicardial  ablation).  In 

the  reported  incidence  of  cardiac  tamponade  in 

NICM, comprising one-third of VT cases, substrate 

patients  receiving  LVADs  has  ranged  from  3%  to 

identification  and  targets  are  less  clear,  with  fewer 

11%.  Other  studies  have  documented  access-site 

putative  channels  identifiable  during  sinus  rhythm 

complication  rates  as  high  as  16%,  with  local 

(Nakahara  et  al. 2010). Additionally,  endpoints  of 

hematoma  or  bleeding  being  the  most  common 

substrate  ablation  remain  unclear,  as  procedural 

adverse  event  (Miller  et  al. 2013).  In  the  PAUSE-

success  is  ultimately  defined  by  the  lack  of  induc-

SCD 

trial, 

ablation-related 

complications 

ible  VT after  ablation  (Hu  et  al. 2016). 

occurred  in  8.3%  of  patients,  including  aortic 

Long-term  outcomes  are  largely  similar  using 

dissection,  aortic  leaflet  prolapse,  ventricular 

predominantly  substrate  mapping  versus  predomi-

puncture,  and  delayed  pericardial  effusion.  Con-

nantly  activation/entrainment  mapping  strategies 

sequently,  the  potential  benefits  of  CA  in  patients

37

Intractable, Life-Threatening Cardiac Arrhythmias Following MCS

621

VT 

33%, 

in 

and 

9%. 

redo 

follow-

control 

follow-

compared 

control 

(continued)

, 

14.0%; 

at 

at 

and 

12%, 

was 

vs. 

0.31) 

and 

1.00) 

similar 

recurred 

AD-free 

1-year

= 

= 

was 

V

(26%) 

L

had 

at 

(p 

(p 

(33%) 

VT 

69%

outcomes 

(10.2% 

recurrence 

recurrence 

and 

rates 

was 

group 

VT 

VT 

Impella 

groups 

IABP 

groups 

mortality 

transplantation 

IABP 

0.34) 

of 

AD 

= 

for 

for 

follow-up, 

ransplant 

Long-term 

PV

ablation 

with 

p 

Similar 

up 

(41%) 

Similar 

up 

(35%) 

At 

overall 

rate 

T

survival 

ablation 

of 

had 

but 

69%. 

failure 

in 

vascular 

mortality 

acute 

21.7%), 

(27.0% 

sustained 

success 

(33% 

1.5%. 

tachycardia 

AD 

hospital 

number 

0.4), 

group 

incidence 

therapies, 

(12% 

therapies, 

between 

vs. 

[30-day 

VT 

VT 

heart 

PV

VT

(27.4 

vs. 

(4.1 

was 

included 

, 

cardiogenic 

(6%), 

days) 

redo 

ICD 

redo 

ICD 

group 

23.5%), 

higher 

lower 

composite 

achieved 

acute 

outcomes

reduced 

1.7% 

shorter 

(1.2 

Impella 

LOS 

IABP

in 

vs. 

(1

10.6 

control, 

procedural 

and 

endpoint 

mortality] 

mortality] 

0.74) 

VT

injury 

ventricular 

and 

and 

to 

and 

Impella 

with 

= 

19.1%), 

vs. 

to

both). 

control 

mortality 

recurrent 

[30-day 

recurrent 

p 

vs. 

(9.1% 

injury 

rehospitalization 

with 

min) 

acute 

hospital 

days) 

for 

ference 

and 

complications 

kidney 

(4%), 

during 

(8.4 

terminated 

37.8%), 

5.3 

s 

5.4 

3-month 

3-month 

composite 

35%) 

dif

41%; 

inducible 

Periprocedural 

Compared 

associated 

(6.5% 

shock 

kidney 

30-day 

vs. 

LOS 

Compared 

longer 

vs. 

VT

similar 

(71% 

shorter 

vs. 

of 

rehospitalization, 

ablation, 

and 

vs. 

No 

endpoint 

rehospitalization, 

ablation, 

and 

IABP 

vs. 

No 

Inhospital 

Major 

acute 

injury 

(8%) 

devices 

support 

months

months 

months 

12 

13 

Follow-up

≥12 

19 

± 

23 

± 

circulatory 

Substrate

60% 

ischemic; 

40% 

nonischemic 

53% 

ischemic; 

47% 

nonischemic 

45% 

ischemic; 

55% 

nonischemic 

mechanical 

of 

=  34) 

use 

(n 

= 

a 

230); 

15) 

(n 

64)

=  1

12)

= 

= 

= 

(n 

2.5/CP 

(n 

following 

(n 

(n 

control 

AD 

Device

PV

IABP 

Impella 

34), 

IABP 

ECMO 

outcomes 

n

345 

68

12

64

reporting 

US 

of 

studies 

of 

Design

Retrospective 

analysis 

Medicare 

database 

Retrospective, 

single-center 

Retrospective, 

single-center 

al. 

) 

al. 

Summary 

et 

2016 

et 

8 

) 

(Goyal 

2012

) 1

al. 

Table 

Study

Aryana 

2017 

(Arenal 

2022

Aryana 

2014 

et 

Baratto 

(Bunch 

201

622

J. Martinez et al. 

and 

and 

and 

VT 

PM 

8%; 

VT 

time 

AD 

and 

in 

vs. 

V

in 

(5% 

of 

days

(74%), 

19%

between 

L

VT 

freedom 

(55%) 

55

no 

AD 

shocks/ 

survival 

33% 

(5% 

recurrent 

clinical 

in 

0.96)

ransplant 

was

group 

Median 

V

T

0.29)

or 

was 

L

groups

ference 

=

was

rescue 

was 

. 

ference 

=

reduction 

dif

ICD 

(p

dif

p

73%. 

of 

sustained 

overall 

there 

ference 

control 

months, 

outcomes

0.25), 

of 

survival

mortality 

transplantation 

3 

75% 

dif

(56%)

ficant 

andemHeart 

= 

was 

free 

T

21%; 

between 

(48%)

survival 

ficant  and  for 

p 

at 

(> 

recurrence

preemptive 

months, 

respectively

vs. 

months, 

ficant  VT 

signi

0.50), 

6 

control

-free 

AD-free

signi

0%; 

VT

3 

V

= 

Long-term

No 

survival 

recurrence 

between 

control

At 

VT

24%, 

L

No 

Impella 

analysis 

p 

vs. 

(26%

Overall, 

success 

episodes) 

for

At 

signi

from 

(60%), 

and

in 

and 

= 

ficant 

was 

but 

(14% 

60% 

group 

VT 

ficient 

for 

4.2% 

0.003) 

(p 

(77% 

achieved 

or 

similar 

had 

vascular 

to 

= 

signi

(14%), 

(5%), 

in 

end 

vs. 

ference

Impella 

1 

greater 

similar 

0.008) 

andemHeart 

and 

insuf

had 

(p 

group 

dif

T

= 

complications 

In 

but 

No 

mortality 

1 

(5%)

58.3% 

in 

Impella 

p 

0.18), 

(60% 

success 

success

injury 

AD 

ference 

success 

had 

of 

V

outcomes

s 

procedure 

in 

= 

CPB, 

and 

ficant post-procedure 

support, 

L

control, 

1.6) 

dif

procedure 

p 

compared 

VT

0.69). 

periprocedural 

0.43), 

0.92). 

complications 

thrombosis 

min, 

control 

to 

= 

at 

= 

= 

of 

vs. 

in 

groups 

signi

p 

AD, 

for 

Inhospital 

vascular 

longer 

350 

ficant 

p 

3%; 

LOS

p 

patients 

V

groups

(3.2 

2 

mortality 

No

procedural 

procedural 

Major 

analysis, 

procedural 

Impella, 

AD 

complication

L

vs. 

vs. 

V

bleeding, 

67%; 

3.5% 

inducibility 

ference 

83%. 

PM 

signi

10%; 

50%; 

preemptive 

1% 

Periprocedural

Compared 

induction 

group 

acute 

vs. 

dif

complications

Acute 

in 

62%. 

included 

cannula-site 

thromboembolism

In 

duration 

(416 

no 

inducibility 

vs. 

(1

hospital

Acute 

across 

CF-L

vs. 

group, 

hemodynamic 

major 

access

30-day 

rescue 

for 

and 

0.001). 

VT 

between

months3

months

±

days

months

months

Follow-up

9

10

7.17

3

3

Substrate

65% 

ischemic; 

35% 

nonischemic

90% 

ischemic; 

10% 

nonischemic

57% 

ischemic; 

4% 

nonischemic

NR

55% 

ischemic; 

45% 

nonischemic

= 18)

5), 

b 

AD 

= 

V

= 

(n 

=

= 

= 

21)

control 

(n 

(n

CP 

’PB 

(n 

=

(n 

(n 

C

and

CF-L

control 

(n

2.5 

c 

2.5 

and 

control

Impella 

29), 

85)

6)

Impella 

and 

57)

= =

, 

5), 

=

d 

=

andemHeart 

andemHeart 

Device

T

13), 

ECMO

Impella 

80), 

(n

(n

Impella 

peripheral 

(=

(n

T

15), 

21)

(n

n

31

21

194

16

93

. 

, 

Design

Retrospective, 

multicenter

propensity-

matched

Retrospective, 

single-center

Retrospective, 

single-center

Propensity-

matched

Prospective, 

single-center

Retrospective, 

single-center

)

)

)

)

(continued)

al. 

elp 

2012 

8

et 

2015

2000

2017 

)

2006

(W

2010

al. 

al. 

2013 

al. 

al. 

Table

Study

Bunch 

(Schleifer 

et

Enriquez 

2018 

(Bansch 

et

Kusa 

(Greet 

2018

Lu 

(Connolly 

et

Mathuria 

2017 

et

37

Intractable, Life-Threatening Cardiac Arrhythmias Following MCS

623

left 

and 

and 

year 

D 

1 

A

similar 

50%) 

at 

LV, 

Impella 

had 

vs. 

, 

stay

both) 

of 

compromise

(42% 

in 

IABP

cohort 

to 

(36% 

length 

recurrence 

LOS , 

hemodynamic 

andemHeart 

NR 

NR 

Compared 

T

VT 

mortality 

, 

or 

fibrillator

was 

with 

de

in 

0.03). 

140) 

injury 

higher 

during 

AD 

and 

(89% 

ference 

20%, 

=  of 

unstable 

but

tachycardia 

LOS 

and 

p 

PV

dif

139, 

intra-procedural 

mortality

(66.7 

terminated 

recurrent 

and 

maintained 

s 

of 

kidney 

more 

(p. 

, 

0.001) 

and 

Mean 

VT 

0.03) 

38%, 

oximetry 

with 

VT

0.007), 

success 

ficant  complications 

longer 

markers 

< 

=

cardioverter 

30-day 

25%, 

=  termination  vs. 

p 

of 

p

non-inducible 

p 

in 

IABP

signi

ventricular 

of 

Acute .  15%. 

group, 

VT 

hypoperfusion. 

to 

VT 

Options 

compromise 

10%, 

in 

cerebral 

mapped 

ficantly 

No 

min, 

0.32; 

0.91; 

≥1  (90% 

number 

procedural 

and 

compromise 

development 

Rates 

ference 

gan 

vs. 

vs. 

rendered 

were 

days 

of 

were 

implantable 

Impella 

signi

27.5 

dif

s 

86%). 

periprocedural 

device, 

VT 

75%. 

rehospitalization, 

VT 

respectively

occurred 

5.2 

In 

for 

vs. 

rate 

ablation 

No 

end-or

Including 

Compared 

VT

(1.05 


greater 

(1.59

similar 

vs. 

in 

LOS 

ICD 

assist 

following 

Indications 

hemodynamic 

pump, 

hemodynamic 

AD V

” L

days

days

months 5 

ventricular 

balloon 

30 

30 

12 

± 

achycardia: T

“rescue

intra-procedural 

intra-procedural 

of 

of 

intra-aortic 

percutaneous 

entricular V

underwent 

AD 

of 

35% 

ischemic; 

65% 

nonischemic 

48% 

ischemic; 

52% 

nonischemic 

70% 

ischemic; 

30% 

nonischemic 

IABP 

PV

development 

patients 

20) 

7) 

= 

development 

= 

=  6), 

Ablation 

12 

=  = 

= 

(n 

(n 

(n 

matched, 

(n 

(n 

22), 

(n 

oxygenation, 

following 

2.5 

2.5 

=  2.5 

(n 

Catheter 

following 

ablation, 

IABP 

control 

and 

analysis 

to 

andemHeart 

propensity 

Impella 

Impella 

10), 

and 

IABP 

Impella 

25), 

T

19) 

embrane m

During 

prior 

PM 

intervention 

matched 

20

23

66

” intervention 

Support 

rescue 

reported, 

as 

“rescue

implantation 

extracorporeal 

not 

as 

propensity 

AD 

NR 

ECMO 

1:1 

V

label, 

Circulatory 

L

ECMO 

CMO 

in 

, 

E

Prospective, 

open 

non-randomized 

study 

Retrospective, 

single-center 

Prospective, 

multicenter 

registry 

flow device, 

received 

1 

) 

assist 

Mechanical 

included 

underwent 

received 

2013 

201

2014 

patients 

) 

2022

and 

) 

from 

21 

aughan 

illiams 

al. 

continuous 

patients 

patients 

patients 

Miller 

(V

W

1984

Miller 

(Zeppenfeld 

et 

Reddy 

(Cuk 

Braunstein 

2023

CF 

ventricular 

Cited 

5 

All 

78 

24 

a 

b 

c 

d 

[image: Image 156]

624

J. Martinez et al. 

Fig.  1  Principles  of  ventricular  tachycardia  (VT)  map-

during  VT,  at  least  for  brief  period,  or  tolerable  repeated 

ping.  (a)  VT in  structural  heart  disease  is  invariably  related 

inductions  of  VT.  (e)  Substrate  mapping  identifies  compo-

to  reentry  in  and  around  scar.  (b)  Reentry  is  in  and  around 

nents  of  the  reentry  circuit  in  stable  sinus  or  paced  rhythm 

fixed  and/or  functional  barriers  such  as  scar  or  valve  annu-

by  identified  low  electrical  voltage  regions,  consistent  with 

lus, with  the entrance, the  central common  isthmus within  a 

scar  (red,  green,  and  yellow  regions)  and  healthy  tissue 

channel  of  slow  conduction  and  exit  forming  key  compo-

(purple  regions).  (f)  Signals  recorded  during  substrate 

nents  of  a  circuit.  (c)  The  entire  VT  circuit  can  be  mapped 

mapping  can  be  used  to  identify  conducting  channels  or 

while  leaving  the  patient  in  VT,  called  activation  mapping; 

isthmus  sites  (late  potentials,  channels)  and/or  recording 

however,  this  requires  the  patient  to  maintain  hemody-

the  response  of  the  tissue  to  pacing  to  identify  delayed 

namic  stability  during  VT.  (d)  The  critical  isthmus  of  a 

conduction  time  to  the  formation  of  a  surface  QRS  com-

VT circuit can be determined  by performing pacing maneu-

plex  (pace  mapping).  (Cited  from  Mechanical  Circulatory 

vers  during  VT,  called  entrainment  mapping;  however,  this 

Support  During  Catheter  Ablation  of  Ventricular  Tachy-

requires  the  patient  to  maintain  hemodynamic  stability 

cardia:  Indications  and  Options  (p.  135)) 

with  MCS  devices  must  be  carefully  weighed 

Cardiac  Sympathetic  Denervation 

against  the  risk  of  procedure-related  complica-

Cardiac  sympathetic  denervation  (CSD),  a  percu-

tions  (Tung  et  al. 2022). 

taneous  technique  that  blocks  the  stellate  gan-

For  cases  where  endocardial  and  epicardial  CA 

glion,  has  been  described  as  a  potential  treatment 

attempts  have  been  unsuccessful,  surgical  abla-

option  for  patients  with  ES  on  MCS.  Besides  the 

tion  may  present  an  alternative  option  and  is 

vagotonic  effect  at  different  levels  of  the  neuraxis, 

recommended  in  recent  guidelines  (Al-Khatib 

other  new  mechanisms  can  include  the  antago-

et  al. 2018). However,  these  surgical  procedures 

nism  of  neuronal  remodeling,  the  antagonism  of 

are  typically  reserved  for  highly  selected  cases  or 

neuropeptide  Y effects,  and  the  correction  of  neu-

situations  where  there  are  additional  indications 

ronal  nitric  oxide  synthase  imbalance  (Dusi  et  al. 

for  cardiac  surgery,  coupled  with  accurate  preop-

2019). 

erative  endo/epicardial  mapping  to  identify  the 

This  minimally  invasive  approach  has  demon-

arrhythmogenic  substrate.  A  study  involving  20 

strated  remarkable  efficacy  and  safety  in  relieving 

consecutive  patients  with  NICM  and  VT  refrac-

the  burden  of  VAs  in  patients  who  have  failed  to 

tory  to  conventional  therapy  reported  a  73% 

respond  to  pharmacological  therapies.  Notably,  the 

VT-free  survival  rate  at  1-year  follow-up  after 

mechanism  of  action  of  CSD  extends  its  potential 

undergoing  surgical  CA. 

indications 

beyond 

secondary 

prevention, 
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Table  9  Optimizing  patient  outcomes  during  MCS  in  VT  ablation 

Preparation

Details 

Pro-procedural 

Coronary  artery  status 

preparation 

12  lead  ECGs  of  spontaneous  VT;  ICD  electrograms  of  spontaneous  VTs  (rate,  CL,  and 

morphology) 

Substrate  characterization  (MDCT  and  cMRI) 

Ventricular  function  and  valvular  assessment  (echo,  with  contrast)  to  exclude  AI,  LV  thrombus 

Vascular  access  assessment  (CT  femoral  arteries  and  descending  aorta  for  atherosclerotic 

occlusion  ±  femoral  venous  ultrasound  to  exclude  occlusion) 

Antiarrhythmic  drug  therapy  (cessation  of  oral  therapy;  temporizing  intravenous  short-acting 

therapy) 

Anesthesia  review 

The  team

Interventional  cardiologists 

Cardiothoracic  surgeons 

Vascular  surgeons 

Cardiac  anesthestists 

Perfusionists 

Lab  and  theater  nurses 

Mapping  and  EP  techs 

Intensive  care  unit  team  and  bed 

The  equipment

TOE  ±  ICE 

3D  mapping 

Mapping,  ablation  catheters  plus  spares 

ECMO  pump  and  king  lines  (or  other  MCS  equipment) 

Percutaneous  and  cut  down  equipment 

Vascular  clamps 

Proglides 

Cerebral  oximetry  monitoring 

Pericardiocentesis  equipment 

The  procedure

Secure  continuous  power 

Adequate  lab  space  for  ECMO/MCS 

Transseptal  ±  retrograde  access  (some  advocate  both) 

Epicardial  access  usually  pre-ECMO/MCS  especially  in  nonischemic  cardiomyopathy  with 

basolateral  substrate/VT,  ACM,  repeat  procedures  after  failed  endocardial  ablation,  12-lead 

ECC,  or  imaging  suggesting  epicardial  target 

Invasive  arterial  SBP  >90  mmHg  and  MAP  >70  mmHg 

Continuous  pulse  oximetry 

Consider  central  venous  pressure  ±  PA  catheter,  CI  2–2.4  L/min/m2 

LV  sheath  for  LV  pressures 

ECG 

Urine  output  and  hourly  fluid/balance  assessment 

Blood  gases  and  lactate 

Antibiotics 

Continuous  cardiac  imaging  (TOE  or  ICE) 

Continuous  intravenous  heparin  ACT  >250  s 

ACT activated  clotting  time,  AI  aortic  incompetence,  CI  cardiac  index,  CL  cycle  length,  ECMO  extracorporeal  membrane oxygenation,  EP  electrophysiology,  ICD  implanted  cardioverter  defibrillator,  ICE  intra-cardiac  echo,  LV  left  ventricular, MAP  mean  arterial  pressure,  MCS  mechanical  circulatory  support,  MDCT  multi-detector  CT,  MRI  magnetic  resonance imaging,  PA  pulmonary  artery,  SBP  systolic  blood  pressure,  TOE  transesophageal,  VT  ventricular  tachycardia
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potentially  benefiting  asymptomatic  patients  with 

amplify  the  efficacy  of  these  interventions.  For 

high-risk  features  for  SCD  despite  optimized  med-

instance,  the  HeartMate  3  is  a  third-generation 

ical  therapy  (Dusi  et  al. 2019). CSD  has  been 

LVAD  with  a  fully  magnetically  levitated,  centrif-

shown  to  reduce  the  incidence  of  sustained  VAs 

ugal  flow  rotor,  eliminating  the  need  for  friction-

and  recurrent  ICD  shocks  in  patients  with  VAs 

generating  mechanical  bearings.  Device  optimiza-

refractory  to  medical  or  CA.  From  a  technical 

tion  strategies  can  involve  increasing  pump  speed 

standpoint,  the  advantages  of  the  thoracoscopic 

to  optimize  cardiac  output  and  reduce  LV 

approach  are  such  that  it  is  difficult  to  envision 

end-diastolic  pressure,  monitoring  filling  pressures 

alternative  surgical  techniques  that  might  carry 

and  adjusting  preload  and  afterload  accordingly,  in 

greater  risks.  CSD  not  only  has  the  potential  to 

conjunction  with  pharmacological  interventions. 

improve  quality  of  life  but  also  to  prevent  fatal 

Additional  measures  may  include  activating  auto-

events  that  may  still  occur  in  patients  with  ICDs 

mated 

arrhythmia 

detection 

algorithms 

and 

due  to  the  vicious  cycle  of  catecholamine-induced 

enabling  adaptive  pump  speed  control  to  respond 

and  maintained  ES  (Vaseghi  et  al. 2017). The  most 

dynamically  to  hemodynamic  changes.  In  another 

extensive  retrospective  review  of  specialized  cen-

case,  the  authors  employed  adjusted  biventricular 

ters  with  experience  in  performing  CSD  involved 

support  settings  to  balance  right  and  LV  support, 

121  patients  with  SHD  who  underwent  CSD  for 

optimizing  preload  and  afterload  to  reduce  ventric-

recurrent  VT  or  VT  storm.  Seventy-one  percent  of 

ular  stress  and  the  arrhythmogenic  substrate. 

patients  had  NICM  with  a  mean  left  ventricular 

Regarding 

software 

algorithm 

optimization, 

ejection  fraction  of  30%  and  underwent  either  left 

advanced  arrhythmia  detection  and  response  algo-

or  bilateral  CSD  with  thoracoscopic  surgery. 

rithms,  such  as  adaptive  speed  modulation,  were 

Eighty  percent  of  the  patients  were  free  of  ICD 

implemented  to  minimize  hemodynamic  triggers 

shocks  or  sustained  VT  at  1  year,  and  about  33% 

for  arrhythmias.  In  a  specific  case  of l ife- 

no  longer  required  antiarrhythmic  medications. 

threatening  VAs,  a  combination  and  sequential 

The  authors  concluded  that  patients  with  NICM, 

use  of  MCS  options,  including  extracorporeal 

who  are  more  challenging  for  CA,  would  be  the 

membrane  oxygenation  or  a  right  ventricular  assist 

target  population  for  CSD.  A  recent  meta-analysis, 

device, either durable or temporary, were employed 

which  included  311  patients  who  underwent  CSD 

to  provide  immediate  hemodynamic  support 

for  refractory  VT  or  electrical  storm,  found  a  60% 

(Tchoukina  et  al. 2018;  Ho  et  al. 2018). 

rate  of  freedom  from  VT  at  a  mean  follow-up  of 

15  months  (Schwartz  and  Pugliese  2018).  Due  to 

Other  Preventive  Strategies 

its  high  efficacy  and  optimal  tolerability,  we 

While  a  triggering  mechanism  is  found  in  a  minor-

believe  that  CSD  should  be  offered  first,  after 

ity  of  ES  cases,  several  potential  triggers  have  been 

clearly  explaining  to  the  patients  and  their  families 

identified  (Table  2).  These  include  myocardial 

that  the  procedure  is  not  an  alternative  to  ICD 

ischemia,  worsening  HF  or  volume  overload 

implantation  and  that  the  overall  risk  of  VT/VF 

resulting  in  myocardial  stretch,  concomitant  acute 

events  after  CSD  is  low  unless  the  patient  presents 

illnesses  with  fever,  recent  medication  changes  or 

characteristics  of  high  risk  of  ES. 

usage  leading  to  drug  toxicity  or  QT  prolongation, 

imbalances  in  sympathetic  and  parasympathetic 

Device  Optimization 

activity,  noncardiac  organ  failure,  thyrotoxicosis, 

Optimizing  MCS  devices  for  reducing  VAs  is  a 

and  electrolyte  derangements  (Guarracini  et  al. 

critical  component  of  patient  management.  Clini-

2021; Brigadeau  et  al. 2006).  Prompt  correction  of 

cians  can  significantly  enhance  patient  outcomes 

hypokalemia,  hypomagnesemia,  and  other  electro-

by  employing  a  multifaceted  approach  that  com-

lyte  disturbances  is  crucial  to  stabilize  the  myocar-

bines  hemodynamic  adjustments,  advanced  soft-

dium  and  prevent  TdP  or  refractory  VAs  in  patients 

ware 

algorithms, 

and 

integration 

with 

with  MCS.  Administration  of  potassium  and  mag-

pharmacotherapy.  Adhering  to  current  guidelines 

nesium  has  been  proposed  as  a  helpful  adjunct  in 

and  leveraging  emerging  technologies  will  further 

VA  prevention.  Intravenous  magnesium  is  a  first-
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line  therapy  for  TdP.  In  patients  deficient  in  magne-

greatly  and  range  from  no  significant  symptoms  to 

sium and potassium, magnesium should be repleted 

severe  and  functionally  debilitating.  The  most 

first  to  facilitate  potassium  replacement.  Some  rec- common  symptoms  include  palpitations,  shortness 

ommend  maintaining  potassium  levels  between  4.5 

of 

breath, 

exercise 

intolerance, 

dizziness/ 

and  5  mmol/L  to prevent VAs  and  SCD  (Guarracini 

lightheadedness,  and  fatigue  (Joglar  et  al. 2023). 

et  al. 2021; Magnesium  in  Coronaries  (MAGIC) 

Trial Investigators  2002; Tzivoni et al. 1988;  Yancy 

Risk  Factors  and  Prognosis 

et  al. 2016).  Optimizing  guideline-directed  medical 

Common  risk  factors  include  age,  hypertension, 

therapy  (GDMT)  is  an  essential  step  in  the  post-

valvular  heart  disease,  ischemic  cardiomyopathy, 

recovery  management  of  ES  patients  with  underly-

and  preexisting  HF.  AF  is  present  in  over  half  of 

ing  cardiomyopathy  and  HF  (Mueller-Leisse  et  al. 

HF  patients  with  a  reduced  or  preserved  ejection 

2022; Heidenreich  et  al. 2022). Reinstituting 

fraction,  and  the  complex  pathophysiologic  inter-

GDMT  before  hospital  discharge  is  crucial,  as 

play between the two conditions frequently presents 

patients  with  VAs  face  an  elevated  risk  of 

a  “chicken-and-egg”  scenario  in  clinical  practice. 

HF-related  mortality,  and  inadequate  GDMT  has 

In  HF  patients,  the  reduced  cardiac  output  trig-

been  identified  as  a  risk  factor  for  ES.  While  ACE 

gers  neurohormonal  activation,  leading  to  cardiac 

inhibitors,  ARBs,  and  angiotensin-neprilysin  inhib-

remodeling  and  fibrosis  formation,  which  is  cru-

itors  do  not  definitively  impact  VAs,  aldosterone 

cial  in  initiating  AF.  Furthermore,  these  patients 

antagonists  and 

sodium-glucose 

cotransporter 

experience  an  increased  LV  filling  pressure  trans-

2  inhibitors  appear  to  reduce  the  risk  of  SCD. 

mitted to the left atrium,  resulting in elevated atrial 

pressure  and  dilation.  This  atrial  dilation  facili-

tates  the  maintenance  of  AF  through  multiple 

Atrial  Arrhythmias 

reentry  wavelets.  Conversely,  in  patients  with 

AF,  the  increased  resting  heart  rate  and  exagger-

Epidemiology  and  Definition 

ated  heart  rate  response  during  exercise  lead  to 

Compared  with  data  on  VA  and  SCD,  less  is 

reduced  LV  filling  time  and  the  absence  of  atrial 

known  about  the  incidence  and  impact  of  atrial 

contraction. 

These 

factors, 

coupled 

with 

arrhythmias  (AAs)  in  patients  with  MCS.  The 

tachycardia-induced  cardiomyopathy,  contribute 

prevalence  of  AA  in  patients  being  considered 

to  impaired  diastolic  and  systolic  function  in 

for  LVAD  therapy  is  high,  ranging  from  21%  to 

these  individuals.  Although  LVAD  placement 

54%,  with  atrial  fibrillation  (AF)  being  by  far  the 

may  decrease  the  chances  of  recurrent  AF  due  to 

most  common,  followed  by  atrial  flutter.  Notably, 

LV unloading,  which  often  reduces  left  atrial  pres-

approximately  20–30%  of  patients  develop  de 

sure  and  promotes  reverse  atrial  remodeling,  a 

novo  AF  post-LVAD  implantation  (Hickey  et  al. 

prior  diagnosis  of  AF  remains  the  strongest  pre-

2016;  Enriquez  et  al. 2014). 

dictor  of  AF  in  patients  undergoing  durable  MCS 

AF is characterized by the absence of P waves in 

implantation.  While  generally  well-tolerated  in 

an  electrocardiogram,  which  are  replaced  by  low 

MCS-supported  patients,  AF  accompanied  by 

amplitude  fibrillatory  or  F  waves  created  by  the 

right  ventricular  dysfunction  can  lead  to  reduced 

fibrillating atria  and an irregularly irregular  ventric- LVAD  filling,  worsening  functional  capacity,  HF 

ular rhythm.  Atrial flutter  is supraventricular  tachy-

exacerbation,  and  an  increased  thromboembolic 

cardia  characterized  by  a  rapid,  regular  rhythm 

risk,  complicating  anticoagulation  management 

originating  from  the  atria.  It  is  typically  defined 

(Clerkin  et  al. 2017; Van  Gelder  et  al. 2010). 

by  an  atrial  rate  of  around  240–400  beats  per 

minute, although the ventricular rate may be slower 

Management 

due  to  the  AV  node’s  conduction  properties.  The 

rhythm  is  often  described  as  having  a  “sawtooth” 

Anticoagulation 

pattern  on  an  electrocardiogram  due  to  the  appear-

The  annual  risk  of  thromboembolic  events  (TEs) 

ance  of  the  flutter  waves.  Symptoms  of  AA  vary 

in  patients  with  nonvalvular  heart  disease  AF
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should  be  evaluated  by  a  validated  clinical  risk 

Rate  Control 

score,  such  as  CHA2DS2-VASc  (congestive  HF, 

hypertension,  age  >75  years,  diabetes,  stroke/ 

AAD 

transient 

ischemia 

attack/thromboembolism). 

Determining  the  optimal  target  heart  rate  for  a  rate 

While  the  bleeding  risk  score-HAS-BLED 

control  strategy  in  MCS  patients  is  challenging,  as 

(hypertension,  abnormal  renal/liver  function, 

it  may  differ  from  the  non-MCS  population  due  to 

stroke,  bleeding  history  or  predisposition,  labile 

significant  physiological  disparities  between  these 

international  normalized  ratio  [INR],  elderly 

groups.  Pharmacological  agents  for  rate  control  in 

[age  ≥  65  years],  drugs/alcohol  concomitantly) 

general patients with AF were classified in Table 10 

can  be  used  to  evaluate  the  anticoagulation 

and  may  provide  a  reference  for  patients  with  AF 

related-increased  risk  of  bleeding. 

and  MCS  devices.  Medical  management  strategies 

The  coexistence  of  AF  in  LVAD  recipients 

for  AA  in  LVAD  patients  are  primarily  derived 

poses  significant  management  challenges,  height-

from  extrapolations  of  preestablished  guidelines 

ening  the  risks  of  thromboembolic  complications, 

for  non-LVAD  populations  or  small  retrospective 

hemodynamic  instability,  and  device  malfunction. 

or  single-center  reports.  While  β-blockers  are  typ-

While  the  medical  management  of  AF  is  well-

ically  considered  the  first-line  rate-control  strategy, 

established 

in 

the 

non-LVAD 

population, 

digoxin,  and  non-dihydropyridine  calcium  channel 

evidence-based  guidance  on  the  optimal  approach 

blockers  are  often  reserved  as  second- and  third-

following  LVAD  implantation  remains  elusive. 

line  therapies,  respectively.  Interestingly,  one  study 

The  extent  to  which  AF  contributes  to  TEs  in 

suggested  that  prophylactic  sotalol  may  be  more 

LVAD 

patients 

receiving 

therapeutic 

anti-

effective  than  conventional  beta-blockers  in  reduc-

coagulation  is  uncertain.  The  rotating  impeller 

ing  the  incidence  of  postoperative  AF,  with  a  lower 

within  the  LVAD  creates  a  high  level  of  local 

number  needed  to  treat  (Gopinathannair  et  al. 

shear  stress  on  blood  and  plasma  products  as 

2019). 

they  travel  through  the  device,  resulting  in  an 

acquired  von  Willebrand  syndrome,  contributing 

Atrioventricular  Nodal  Ablation 

to  a  higher  rate  of  bleeding  events  in  these  patients 

Atrioventricular  nodal  ablation  (AVNA)  offers  an 

(Uriel  et  al. 2010).  This  issue  is  particularly  prob-

effective  means  of  achieving  ventricular  rate  con-

lematic  because  these  patients  receive  anticoagu-

trol  without  the  need  for  medications,  albeit  at  the 

lants  as  standard  care. 

cost  of  creating  a  dependency  on  pacing.  The  deci-

Interestingly, a large-scale study involving 3909 

sion  to  pursue  this  approach  necessitates  carefully 

patients  from  the  INTERMACS  registry  revealed 

considering  the  consequences  of  lifelong  pace-

that  preoperative  AF  was  not  associated  with  an 

maker  implantation,  particularly  in  the  patient’s 

increased  incidence  of  TEs  or  mortality  despite 

age  and  comorbidities.  While  AVNA  has  demon-

these  patients  presenting with a  higher  comorbidity 

strated  its  efficacy,  the  long-term  data  on  outcomes 

burden  (Xia  et  al. 2016).  Corroborating  these  find-

following  this  procedure  remain  limited,  and  there 

ings,  a  retrospective,  non-randomized  study  at  the 

is  no  evidence  to  support  its  use  as  a  first-line 

Cleveland  Clinic  demonstrated  that  AAs  did  not 

therapy.  A  meta-analysis  of  6  small  randomized 

significantly  impact  mortality,  TEs,  or  bleeding 

controlled  trials  involving  323  subjects  with  AF 

risks  compared  to  patients  without  such  arrhyth-

compared  AVNA  and  pacemaker  implantation 

mias  (Ziv  et  al. 2005).  To  mitigate  the  potential  for 

with  medical  treatment  or  medical  therapy  com-

bleeding  complications  and  the  need  for  temporary 

bined  with  pacemaker  implantation.  The  analysis 

anticoagulation  cessation,  left  atrial  appendage 

revealed improvements in symptoms and quality of 

exclusion  or  closure  during  LVAD  implantation 

life  in  the  AVNA  group  (Koniari  et  al. 2023). 

may  be  considered  for  AF  patients  deemed  at 

However,  no  significant  differences  were  observed 

high  risk.  However,  this  approach’s  efficacy  and 

in  survival,  stroke,  hospitalization,  ejection  frac-

potential  risks  have  yet  to  be  systematically 

tion,  or  exercise  capacity.  Furthermore,  a  pooled 

evaluate d. 

analysis  failed  to  demonstrate  an  effect  of  AVNA
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Table  10  Pharmacological  agents  for  rate  control  in  patients  with  AF 

Oral 

maintenance 

Elimination 

Intravenous  administration 

dose 

half-life

Notes 

Beta-blockers 

Metoprolol 

2.5–5  mg  bolus  over  2  min;  up  to 

25–200  mg, 

3–4  h  

tartrate 

3  doses 

twice  daily 

Metoprolol 

N/A

50–400  mg  daily 

3–7  h  

succinate 

or  twice  daily  in 

divided  doses 

Atenolol

N/A

25–100  mg  daily 

6–7  h

Renally  eliminated 

Bisoprolol

N/A

2.5–10  mg  daily

9–12  h 

Carvedilol

N/A

3.125–25  mg, 

7–10  h 

twice  daily 

Esmolol

500  μg/kg  bolus  over  1  min;  then 

N/A

9  min 

50–300  μg/kg/min 

Nadolol

N/A

10–240  mg  daily 

20–24  h 

Propranolol

1  mg  over  1  min;  repeat  as 

10–40  mg,  3–4 

IV:  2.4  h;  oral: 

needed every  2  min;  up to  3 doses 

times  daily 

3–6  h;  ER: 

8–20  h 

Nondihydropyridine  calcium  channel  blockers 

Diltiazem

0.25  mg/kg  (actual  body  weight) 

120–360  mg 

IV:  3  5  h;  oral 

Avoid  in  HFrEF 

IV over  2  min.  May  repeat 

daily  (ER) 

immediate 

0.35  mg/kg  over  2  min;  then 

release: 

5–15  mg/h  continuous  infusion 

3–4.5  h;  ER: 

4–9.5  h 

Verapamil

5–10  mg  over  ≥2  min  (may 

180–480  mg 

IV: 6–8  h; oral: 

Avoid  in  HFrEF 

repeat  twice);  then  5  mg/h 

daily  (ER) 

2–7  h;  ER: 

continuous  infusion  (max 

12–17  h 

20  mg/h) 

Digitalis  glycoside 

Digoxin

0.25–0.5  mg  over  several  min; 

0.0625–0.25  mg 

1–2  days

Renally  eliminated 

repeat  doses  of  0.25  mg  every  6  h 

daily 

Increased  mortality  at 

(maximum  1.5  mg/24  h) 

plasma  concentrations 

exceeding  1.2  ng/mL 

Other 

Amiodarone 

150–300  mg  IV over  1  h,  then 

100–200  mg 

IV:  9–36  days; 

Loading  dose  6–10  g 

10–50  mg/h  over  24  h 

daily  (generally 

oral: 

administered  over  2–4 

IV  form  used  for 

26–107  days 

wk.;  can  combine  IV and 

rate  control) 

oral  dosing  to  complete 

AF  atrial  fibrillation,  ER  extended  release,  HFrEF  heart  failure  with  reduced  ejection  fraction,  IV  intravenous,  N/A  not applicable 

Cited  from  2023  ACC/AHA/ACCP/HRS  Guideline  for  the  Diagnosis  and  Management  of  Atrial  Fibrillation:  A  Report  of the  American  College  of  Cardiology/American  Heart  Association  Joint  Committee  on  Clinical  Practice  Guidelines (p.  e61)

on  all-cause  mortality.  Interestingly,  in  a  pooled 

associated  with  improved  ejection  fraction  in 

analysis  of  patients  with  AF  and  CRT  receiving 

patients  with  ejection  fraction  <40%  and  improve-

AVNA,  a  significant  reduction  in  appropriate  and 

ment  of  New  York  Heart  Association  class,  albeit 

inappropriate  ICD  shocks  and  a  decrease  in 

with  elevated  pacing  thresholds.  Left  bundle  area 

all-cause  hospitalizations  were  associated  with 

pacing  may  offer  the  advantages  of  His  bundle 

AVNA  (Vijayaraman  et  al. 2022).  His  bundle  pac-

pacing  while  mitigating  the  risk  of  elevated  pacing 

ing  combined  with  AVNA  is  feasible  and 

thresholds  or  lead  dislodgement  (Pillai  et  al. 2022). 
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Rhythm  Control 

ongoing  acute  conditions  can  influence  the  dura-

In  situations  when  an  MCS  patient  does  not  toler-

bility  of  this  effect  including  left  atrial  size,  dura-

ate  AF,  such  as  in  an  LVAD  patient  with  worsen-

tion  of  AF  history,  and  comorbidities.  For  patients 

ing  right  ventricular  function  during  AF,  it  may  be 

with  a  prolonged  AF  duration,  previous  unsuc-

necessary  to  restore  and  maintain  sinus  rhythm, 

cessful  EC  attempts,  or  a  strong  desire  to  exhaust 

although  there  is  limited  data  to  guide  how  to 

all  reasonable  efforts  to  prevent  recurrence,  pre-

achieve best  and  maintain  sinus  rhythm  in  patients 

treatment  with  antiarrhythmic  drugs  and  their  sub-

with  MCS.  As  a  result  of  the  limited  data,  current 

sequent  continuation  may  be  pursued.  This 

recommendations  typically  follow  what  has  been 

approach  aims  to  facilitate  acute  EC  success  and 

recommended  by  guidelines  for  patients  with 

promote  maintenance  of  sinus  rhythm  post-

reduced  ejection  fraction  and  AF  (Enriquez  et  al. 

cardioversion.  Optimizing  energy  delivery,  elec-

2014). 

trode  vector  selection,  and  reducing  transthoracic 

impedance  through  manual  pressure  augmenta-

AAD 

tion  may  further  improve  the  success  rates  of  EC 

Pharmacological  cardioversion  is  indicated  for 

(Okhotin  et  al. 2024). 

patients  with  new-onset  or  persistent  AF  that  is 

TE  risks  and  the  need  for  anticoagulation  apply 

hemodynamically  stable  or,  in  rare  instances, 

equally  to  pharmacological  cardioversion,  and  EC 

when  electrical  cardioversion  is  desired  but 

approaches for AF. Early clinical  experiences  with 

contraindicated.  While  the  data  on  the  efficacy  of 

cardioverting  AF,  whether  through  AADs  or  elec-

amiodarone  as  a  rhythm  control  strategy  for 

trical  shocks,  revealed  that  patients  on  chronic 

patients  with  LVAD  have  been  confined  to 

anticoagulation  exhibited  a  lower  incidence  of 

single-center  experiences  or  retrospective  ana-

TEs  than  those  without  anticoagulation.  This 

lyses  of  either  atrial  or  VA  management,  a  signif-

observation  led  to  an  empirical  recommendation 

icant  proportion  of  LVAD  recipients  have  been 

in  the  prospective,  randomized,  multicenter 

prescribed  this  antiarrhythmic  agent.  Hickey 

ACUTE  study:  3  weeks  of  therapeutic  anti-

et  al.  reported  that  amiodarone  had  a  neutral  effect 

coagulation  before  cardioversion  for  patients 

on  mortality  after  LVAD  (Hickey  et  al. 2016). A 

with  AF  lasting  beyond  2  days.  The  rationale 

recent  study  showed  that  AF/atrial  flutter  was  not 

behind  instituting  therapeutic  anticoagulation 

associated  with  increased  mortality,  thromboem-

before  cardioversion  and  continuing  it  for 

bolism,  or  bleeding.  Among  paroxysmal/persis-

4  weeks  post-cardioversion  arises  from  the  ele-

tent  AF  patients,  rhythm  control  measures  were 

vated  TE  risks  during  this  period,  the  high  rates  of 

not  associated  with  improved  outcomes  (Noll 

early  AF  recurrence,  and  the  persistence  of  atrial 

et  al. 2019). Therefore,  results  from  the  general 

dysfunction  for  2–5  weeks  following  cardiover-

AF  population  cannot  be  extrapolated  to  LVAD 

sion.  Notably,  thromboembolic  risks  peak  around 

patients  who  generally  have  more  advanced  HF 

the  time  of  cardioversion,  particularly  within  the 

and  may  not  be  as  susceptible  to  loss  of  atrial 

30-day  window  after  the  procedure  (Asher  and 

systole  due  to  continuous  LVAD  support.  Another 

Klein  2002). 

pharmacological  conversion  of  AF  to  sinus 

rhythm  for  the  general  population  is  described  in 

Catheter  Ablation 

Table 11, which can be chosen for specific patients 

Evidence  accumulating  over  time  suggests  that, 

with  MCS  devices. 

compared  to  medical  therapy  alone,  catheter  abla-

tion  (CA)  leads  to  improved  outcomes  for  patients 

Electrical  Cardioversion 

with  HF  and  AF  that  is  drug-intolerant  or  drug-

Electrical  cardioversion  (EC)  proves  more  pro-

refractory.  In  the  EAST  AF  NET  trial,  an  early 

ductive 

than 

pharmacological 

cardioversion 

rhythm  control  strategy  reduced  the  composite 

alone  in  restoring  sinus  rhythm,  albeit  necessitat-

risk  of  death,  stroke,  or  hospitalization  due  to 

ing  the  trade-off  of  anesthesia  or  sedation.  While 

worsening  HF  or  acute  coronary  syndrome  when 

EC  may  achieve  acute  sinus  rhythm  restoration, 

compared  to  usual  care  (Kirchhof  et  al. 2020). 
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The  CASTLE-AF  trial  demonstrated  significant 

AA.  Like  CA  for  VAs,  complications  of  CA 

reductions  in  HF  hospitalizations  and  mortality 

for  AF  occur  in  approximately  5%  of  patients, 

among  patients  whose  AF  burden  was  less  than 

with  most  being  vascular.  The  most  severe  com-

50%  at  6  months  (Marrouche  et  al. 2018). Similar 

plication  is  esophageal  fistula,  which  is  often 

results  of  improved  overall  outcomes  with  CA  for 

fatal  but  quite  rare.  Another  life-threatening 

AF  in  patients  with  HF  have  also  been  shown  in 

complication  is  pericardial  tamponade,  but  this 

the  CABANA  trial  (Packer  et  al. 2019).  The  man-

can  usually  be  treated  with  prompt  peri-

agement  of  patients  with  HF  and  AF  is  summa-

cardiocentesis.  For  end-stage  patients  with 

rized  in  Table  12. 

MCS  devices,  the  efficiency  and  safety  of  CA 

While  the  mechanical  pump  provides  the 

should  be  discussed  by  multidisciplinary  spe-

majority  of  cardiac  output  in  patients  with 

cialists  (Asher  and  Klein  2002). 

LVAD,  the  significance  of  restoring  sinus  rhythm 

Surgical  ablation  consistently  demonstrated 

on  the  hemodynamic  and  functional  status  of 

superior  freedom  from  AF  at  the  1-year  mark 

these  patients  remains  unknown.  Additionally, 

compared  to  control  groups.  No  significant  differ-

the  success  rate  of  AF  ablation  in  this  sicker 

ences  were  observed  in  30-day  mortality  or  safety 

patient  population  is  still  being  determined.  A 

outcomes  between  patients  who  underwent  abla-

retrospective  study  involving  LVAD  patients  has 

tion  and  those  in  the  control  group.  However,  a 

demonstrated  that  AF  is  associated  with  decreased 

notable  increase  in  pacemaker  implantation  was 

functional  status,  diminished  quality  of  life,  and 

generally  detected  in  the  ablation  group,  particu-

an  increased  risk  of  HF  hospitalizations  but  not 

larly  when  biatrial  lesions  were  performed. 

with  increased  all-cause  mortality  (Brisco  et  al. 

Among  the  studies  that  reported  health-related 

2014).  A  retrospective  multicenter  study  of  LVAD 

quality  of  life,  a  statistically  significant  improve-

also  found  amiodarone  use  was  associated  with 

ment  was  observed  in  the  ablation  group  over  the 

significantly  increased  rates  of  all-cause  mortality 

control  group,  especially  in  the  physical  domains. 

in  LVAD  recipients.  Earlier  interventions  for 

While  surgical  ablation  emerges  as  the  most  effec-

arrhythmias  to  avoid  long-term  amiodarone  expo-

tive  procedure  to  restore  sinus  rhythm  during  car-

sure  may  improve  long-term  outcomes  in 

diac  surgery,  offering  a  unique  opportunity  for 

CF-LVAD  recipients,  and  further  study  is  needed 

rhythm  control  without  added  mortality  risk  and 

(Gopinathannair  et  al. 2022). Exposure  to  rhythm 

potential  quality  of  life  improvement,  it  carries  an 

control  measures  led  to  a  lower  burden  of  AF  but 

increased  risk  of  pacemaker  implantation  and 

no  change  in  the  primary  outcomes.  However,  a 

complications  such  as  renal  failure.  These  risks 

recent  subgroup from  CASTLE  trial  indicated  that 

must  be  carefully  weighed  against  the  potential 

among  patients  with  AF  and  end-stage  HF,  the 

benefits,  necessitating  tailored  treatment  and 

combination  of  CA  and  guideline-directed  medi-

patient  selection.  Furthermore,  the  impact  of  sur-

cal  therapy  was  associated  with  a  lower  likelihood 

gical  ablation  on  long-term  outcomes  remains  to 

of  a  composite  of  death  from  any  cause,  implan-

be  seen  due  to  underpowered  randomized  con-

tation  of  an  LVAD,  or  urgent  heart  transplantation 

trolled  trials  (Dominici  and  Chello  2022). 

than  medical  therapy  alone  after  a  median  follow-

up  of  18  months  (Sohns  et  al. 2023). For  patients 

with  HeartMate  II  LVAD  and  typical  atrial  flutter, 

Conclusion 

Hottigoudar  et  al.  found  that  cavotricuspid  isth-

mus  ablation  effectively  restored  sinus  rhythm 

Management  of  VAs  and  AAs  in  patients  with 

and  resolved  associated  symptoms  (Hottigoudar 

MCS  devices  requires  an  integrated  multi-

et  al. 2013). 

disciplinary  team,  including  providers  with  exper-

Consequently,  it  appears  reasonable  to  rec-

tise  in  device  evaluation,  critical  care  cardiology, 

ommend  CA  for  typical  atrial  flutter  or  AF  in 

electrophysiology,  and  advanced  HF.  Suppression 

LVAD  patients  if  there  is  a  clear  hemodynamic 

of  arrhythmias  integrates  AADs  (typically  amio-

and  functional  compromise  resulting  from 

darone)  tailored  to  the  severity  of  the  clinical

[image: Image 157]
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Table  12  Management  of  patients  with  HF  and  AF 

AF  indicates  atrial  fibrillation,  AV  atrioventricular,  CMP  cardiomyopathy,  CMR  cardiac  magnetic  resonance,  GDMT 

guideline-directed  medical  therapy,  HF  heart  failure,  HFpEF  heart  failure  with  preserved  ejection  fraction,  HFrEF  heart failure  with  reduced  ejection  fraction,  IV intravenous,  LVEF  left  ventricular  ejection  fraction,  NDCC  nondihydropyridine calcium  channel  blocker,  NYHA  New  York  Heart  Association 

Cited  from  2023  ACC/AHA/ACCP/HRS  Guideline  for  the  Diagnosis  and  Management  of  Atrial  Fibrillation:  A  Report  of the  American  College  of  Cardiology/American  Heart  Association  Joint  Committee  on  Clinical  Practice  Guidelines (p.  e95)
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presentation.  Additional  therapeutic  strageties 

Asher  CR,  Klein  AL.  The  ACUTE  trial.  Transesophageal 

include  optimization  of  CIED  to  resolve  arrhyth-

echocardiography  to  guide  electrical  cardioversion  in 

atrial  fibrillation.  Assessment  of  cardioversion  using 

mias  and  reduce  the  risk  of  further  recurrence  or 

transesophageal  echocardiography.  Cleve  Clin  J  Med. 

deterioration.  CA  is  an  effective  procedure  in  the 

2002;69:713–8. 

management  of  VAs  and  AA  post-LVAD  implan-

Bansch  D,  Bocker  D,  Brunn  J,  Weber  M,  Breithardt  G, 

tation,  often  representing  a  treatment  of  last  resort 

Block  M.  Clusters  of  ventricular  tachycardias  signify 

impaired  survival  in  patients  with  idiopathic  dilated 

when  CIED  and  AAD  therapy  has  failed.  In  this 

cardiomyopathy 

and 

implantable 

cardioverter-

setting,  ablation  can  improve  the  arrhythmogenic 

defibrillators.  J  Am  Coll  Cardiol.  2000;36:566–73. 

burden,  which  is  particularly  effective  in  ES  ter-

Bedi  M,  Kormos  RL,  Winowich  S,  McNamara  DM, 

mination  and  reduction  of  defibrillator  shocks. 

Mathier  MA,  et  al.  Ventricular  arrhythmias  during  left 

ventricular  assist  device  support.  Am  J  Cardiol. 

Hemodynamic  compromise  is  common,  poten-

2007;99(8):11511153. 

tially  requiring  hemodynamic  support  peri-CA. 

Brenyo  A,  Rao  M,  Koneru  S,  Hallinan  W,  Shah  S,  Massey 

Collaborative 

multicenter 

clinical 

trials 

are 

HT,  et  al.  Risk  of  mortality  for  ventricular  arrhythmia  in 

needed  to  define  best  practices  for  patients  with 

ambulatory  LVAD  patients.  J  Cardiovasc  Electro-

physiol.  2012;23:515–20. 

MCS  devices  and  arrhythmias,  recognizing  the 

Brigadeau F, Kouakam C, Klug D,  Marquié  C, Duhamel  A, 

wide  spectrum  of  severity  that  can  manifest. 

Mizon-Gérard  F,  et  al.  Clinical  predictors  and  prognos-

We  look  forward  to  a  new  era  of  unprecedented 

tic  significance  of  electrical  storm  in  patients  with 

collaboration  among  cardiologists,  basic  scien-

implantable  cardioverter  defibrillators.  Eur  Heart 

J.  2006;27:700–7. 

tists,  subspecialists,  and  cardiac  surgeons  to  treat 

Brisco  MA,  Sundareswaran  KS,  Milano  CA,  Feldman  D, 

arrhythmias  in  patients  with  MCS  devices. 

Testani  JM,  Ewald  GA,  et  al.  Incidence,  risk,  and  con-

sequences  of  atrial  arrhythmias  in  patients  with 

continuous-flow  left  ventricular  assist  devices.  J  Card 
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Abstract 

Keywords 

Aortic  valve  disease  is  common  in  patients 

Aortic  valve  ·  Aortic  insufficiency/ 

prior  to  and  following  continuous  flow  left 

regurgitation  ·  Valvuloplasty  ·  Aortic  valve 

ventricular  assist  devices  implantation.  This 

replacement  ·  Transcatheter  aortic  valve 

chapter  reviews  the  pathophysiology,  diagno-

replacement 

sis,  and  management  of  acquired  aortic  valve 

disorder  in  patients  undergoing  left  ventricular 

Aortic 

valve 

(AV) 

disease 

is 

a 

common 

assist  device  surgery. 

valvulopathy 

impacting 

the 

management 

of 

patients  with  continuous  flow  left  ventricular  assist 

devices  (CF-LVAD).  This  typically  occurs  in  the 

form  of  aortic  insufficiency  (AI),  which  may  exist 
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at  the  time  of  implantation  or  develop  post-
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implantation  (de  novo  AI)  as  a  result  of  the  unique 
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physiology  created  by  CF-LVADs.  According  to  a
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2018  analysis  of  the  Society  of  Thoracic 

changes  to  the  aortic  root  and  AV are  felt  to  contrib-

Surgeons—Interagency  Registry  for  Mechanically 

ute.  Under  normal  conditions,  appropriate  function 

Assisted  Circulatory  Support  (INTERMACS),  de 

of  the  AV results  from  a  complex  interplay  between 

novo  AI  develops  in  up  to  55%  of  patients  by 

the  aorta,  aortic  root,  and  valvular  apparatus.  Aortic 

6  months  post-implantation  (Truby  et  al. 2018). 

blood  flow  and  biochemical  signaling  also  impact 

De  novo  AI  impacts  pump  efficiency  and  can 

these  structures  (Bouabdallaoui  et  al. 2018). 

lead  to  a recurrence  of  symptoms,  worsening heart 

Fine  et  al.  found  that  CF-LVAD  patients  have 

failure  (HF),  and  is  associated  with  increased 

small  increases  in  proximal  thoracic  aorta  dimen-

mortality  (Truby  et  al. 2018). Understanding  the 

sions  that  predominantly  occur  within  the  first 

risk  factors and subsequent  management  is an area 

6  months  after  CF-LVAD  implantation  and  then 

of  active  research.  This  chapter  will  review  the 

stabilize  by  12  months.  Accelerated  expansion 

natural  history,  pathophysiology,  and  manage-

(>0.5  cm/year)  was  associated  with  the  develop-

ment  of  AV  disease  in  the  setting  of  CF-LVAD. 

ment  of  more  than  mild  AI.  Aortic  root  remodeling 

may  be the  result of altered hemodynamics,  includ-

ing  increased  afterload  and  altered  flow  patterns. 

Introduction 

Systemic  factors  may  also  contribute  (Purohit  et  al. 

2018).  Adverse  remodeling  results  in  a  non-

Incidence  of  De  Novo  Aortic 

compliant  aorta,  possibly  related  to  medial  atrophy 

Insufficiency  After  Continuous  Flow 

with loss of  smooth  muscle  and  elastin  fibers (Patel 

LVAD  Implantation 

et  al. 2017; Ambardekar  et  al. 2015;  Segura  et  al. 

2013)  .  However,  it  should  be  noted  that  in  Fine’s 

AI  is  common  after  CF-LVAD  implantation.  A 

study  many  patients  with  normal  root  diameters 

2014  meta-analysis  by  Deo  et  al.  (2014)  showed   also  developed  AI  (Fine  et  al. 2016). 

that the pooled incidence of significant AI was 25% 

A  closed  AV  is  thought  to  contribute  to  the 

(11–42%)  with  a  median  follow-up  of  412  (±281) 

development  of  AI.  Intermittent  or  permanent  clo-

days.  The  incidence  of  new  AI  was  found  to  be  4% 

sure  of  the  AV  is  the  result  of  a  decreased  trans-

per  month.  An  analysis  from  the  INTERMACS 

valvular  gradient.  CF-LVAD  implantation  results 

database  in  2018  showed  that  more  than  55%  of 

in  a  constant  increase  in  afterload  and  decreased 

patients  will  develop  mild  AI  by  6  months.  How-

left  ventricular  (LV)  end  diastolic  pressure.  This 

ever, only 13.2% of patients developed moderate or 

alteration  in  shear  stress  pattern  may  result  in 

severe  AI.  18.9%  of  patients  with  mild  AI  pre-

repetitive  microtrauma  to  the  valve  leaflets 

implant  progressed  to  moderate  or  greater  AI  com-

(Bouabdallaoui  et  al. 2018). In  addition,  persistent 

pared  to  only  10.7%  in  patients  with  no  preimplant 

physical  contact  of  the  closed  valve  leaflets  may 

AI.  Centrifugal  CF-LVADs  (e.g.,  HeartWare 

cause  local  remodeling  and  commissural  fusion. 

HVAD™  and  HeartMate  III™)  have  shown   Autopsy  studies  have  demonstrated  that  this 

reduced  rates  of  progression  to  moderate  or  greater 

remodeling  occurs  in  the  ventricular  layer  of  the 

AI  compared  to  axial  flow  pumps  (e.g.,  HeartMate 

leaflets  in  areas  of  constant  contact.  The  fusion 

II™)  (Truby  et al. 2018).  Progression  to  at  least 

can  result  in  malcoaptation  and  even  gross  dis-

moderate  AI  is estimated  at  17–20%  for  HeartMate 

placement  of  the  nodule  of  Arantius,  resulting  in 

II™,  5–10%  for  HeartMate  III™,  and  10%  for   AI.  Fenestrations  have  also  been  documented 

HeartWare  HVAD™  (Kagawa et al. 2020;  Jimenez 

(Martina  et  al. 2013;  van  Rijswijk  et  al. 2017). 

Contreras  et  al. 2022). 

Hemodynamic  Impact  of  Aortic 

Pathophysiology  of  De  Novo  Aortic 

Insufficiency  in  the  Presence 

Insufficiency 

of  CF-LVAD 

The  mechanisms  underlying  the  development  of  AI 

AI  in  the  setting  of  CF-LVAD  creates  a  circular 

in  CF-LVADs  are  not  completely  understood,  but 

shunt.  Blood  pumped  into  the  aortic  root  can  flow
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backward  into  the  LV and  back  through  the  pump 

Other  important  considerations  should  be  the 

again.  This  reduces  pump  efficiency,  reduces 

impact  AI  will  have  on  pulmonary  vascular  resis-

antegrade  flow,  decreases  LV  unloading,  cardiac 

tance  and  RV  function.  Patients  being  considered 

output  (CO),  and  organ  perfusion  (Noly  et  al. 

for  transplant  in  the  setting  of  elevated  pulmonary 

2020).  Increasing  the  pump  speed  in  this  setting 

artery  pressures  could  have  worsening  pulmonary 

can  increase  CO  (antegrade  flow),  but  can  also 

hypertension  that  will  impact  transplant  candidacy. 

increase  the  degree  of  AI.  This  means  that  increas-

Similarly,  patients  with  preexisting  severe  RV  dys-

ing  pump  speed  to  compensate  for  the  circular 

function  may  be  more  susceptible  to  the  negative 

shunt  can  result  in  increased  LV  filling  pressures, 

hemodynamic  impacts  of  AI  (Noly  et  al. 2020). 

increased  pulmonary  capillary  wedge  pressure 

Finally,  data  from  the  MOMENTUM3  trial 

(PCWP),  reduced  pulmonary  artery  pulsatility 

demonstrated  a  decreased  incidence  of  de  novo 

index  (PAPI),  and  increased  central  venous  pres-

AI  in  patients  receiving  a  HeartMate  III™  com-

sure  (CVP)  (Sayer  et  al. 2017).  Ultimately,  this 

pared  to  those  with  a  HeartMate  II™.  At  2  years, 

can  lead  to  worsening  pulmonary  hypertension 

the  freedom  from  significant  AI  was  92%  in  the 

and  worsening  right  ventricular  (RV)  function. 

HeartMate  III™  group  compared  to  82%  in  the 

HeartMate  II™  patients  (Uriel  et  al. 2023). 

Risk  Factors  for  the  Development 

of  De  Novo  Aortic  Insufficiency  After 

Natural  History  of  De  Novo  Aortic 

Continuous  Flow  LVAD  Implantation 

Insufficiency  After  Continuous  Flow 

LVAD  Implantation 

The  duration  of  support  and  a  persistently  closed 

AV  are  important  risk  factors  associated  with 

The  circular  shunt  created  by  AI  in  CF-LVADs 

development  and/or  worsening  AI  in  CF-LVAD. 

impacts  long-term survival and can  have a number 

Patient-related  factors  associated  with  increased 

of  clinical  consequences.  The  circular  shunt 

risk  of  developing  AI  include  preexisting  mild  AI, 

reduces  pump  efficiency,  reduces  antegrade  flow, 

older  age,  female  gender,  peripheral  vascular  dis-

decreases  LV  unloading,  decreases  CO,  and 

ease,  ischemic  cardiomyopathy,  and  smaller  body 

decreases  organ  perfusion  (Noly  et  al. 2020).  HF 

surface  area  (Jimenez  Contreras  et  al. 2022; 

symptoms  and  RV  failure  can  occur.  Compensa-

Gasparovic  et  al. 2017).  Aortic  root  size  was 

tion  through  increased  pump  flows  to  maintain 

inconsistently  associated  with  the  development 

forward  flow  has  been  associated  with  hemolysis 

of  AI,  but  small  numbers  and  heterogeneity 

and  pump  thrombosis  in  this  setting  (Gopalan 

between  studies  make  it  difficult  to  fully  assess 

et  al. 2012; Saeed  et  al. 2014). 

this  association  (Gasparovic  et  al. 2017). 

The  most  robust  data  examining  the  conse-

The  implantation  site  of  the  outflow  graft  is 

quences  of  AI  in  CF-LVAD  comes  from  Truby 

thought  to  impact  aortic  root  hemodynamics  and 

et  al.  who  reported  on  the  outcomes  of  10,925 

potentially 

induce 

root 

remodeling 

and 

patients  from  the  INTERMACS  database.  The 

AI.  Simulation  models  suggest  that  implantation 

proportion  of  patients  with  mild  AI  increased  dra-

2  cm  above  the  sinotubular  junction  at  90°  in  the 

matically,  with  55%  of  patients  having  mild  AI  by 

transverse  plane  and  between  60°  and  120°  in  the 

6  months.  The  proportion  of  at  least  moderate  AI 

coronal  plane  produces  hemodynamics  the  most 

increased  from  1%  at  preimplant  to  10%  at  1  year 

similar  to  non-CF-LVAD  conditions.  An  angle 

and  14%  at  2 years.  Patients  with  at  least  moderate 

<90°  in  the  transverse  plane  will  result  in  stream- AI  had  increased  LV  dilation,  increased  Pro-BNP 

ing  into  the  arch,  with  stagnant  flow  in  the  root. 

levels,  increased  rates  of  moderate–severe  mitral 

An  angle  >90°  will  direct  blood  into  the  root, 

regurgitation  (MR),  lower  CO,  and  lower  systolic 

increasing  sheer  stress.  A  lower  anastomotic  site 

blood  pressure.  Five-year  survival  was  lower  in 

will  have  similar  implications  (Callington  et  al. 

patients  with  at  least  moderate  AI  (36.5%  versus 

2015). 

49.1%). 
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Management 

(Feldman  et  al. 2013; Kirklin  et  al. 2020;  Potapov 

et  al. 2019). 

There  are  two  distinct  entities  that  must  be  con-

Options  for  addressing  the  AV  at  the  time  of 

sidered  in  patients  with  AI  in  the  setting  of 

implantation  include  replacement  with  a  bio-

CF-LVAD  therapy.  The  first  is  preexisting  AI 

prosthetic  valve,  complete  closure  with  a  patch  or 

that  should  be  addressed  at  the  implantation 

oversewing,  partial  closure/repair  (Park’s  Stitch),  or 

stage.  The  second  and  more  challenging  entity  is 

transcatheter  techniques.  Analysis  of  patients  in  the 

de  novo  AI  that  develops  post-implantation.  The 

INTERMACS  database  who  underwent  concomi-

workup  and  management  of  these  entities  will  be 

tant  repair  showed  worse  12-month  survival  in 

discussed  separately. 

those  who  underwent  complete  closure  compared 

to  partial  closure  or  replacement  with  a  bioprosthe-

tic  valve  (64%  vs.  79%  vs.  72%,  respectively) 

Management  of  Preexisting  Aortic 

(Robertson  et  al. 2015). 

Insufficiency 

Complete  closure  has  fallen  out  of  favor  as  it 

leaves  the  patient  entirely  dependent  on  a  func-

Patients  undergoing  evaluation  for  CF-LVAD 

tioning  CF-LVAD  and  therefore  vulnerable  to 

therapy  receive  extensive  workup  prior  to  the 

thrombosis.  Additionally,  it  is  not  suitable  if 

decision  to  offer  implantation.  Significant  struc-

recovery  might  be  expected.  Partial  oversewing 

tural  heart  lesions  that  are  felt  to  be  reversible 

using  Park’s  Stitch  consists  of  approximation  of 

causes  of  HF  should  be  corrected  prior  to  con-

the  three  nodules  of  Arantius  using  a  plegeted 

sidering  implantation;  however,  patients  may 

prolene  suture  and  is  a  simple  and  effective  repair 

have  some  degree  of  AI  at  the  time  of  implanta-

technique  when  leaflet  tissue  is  adequate  (Park 

tion,  and  this  should  be  addressed.  Guidelines 

et  al. 2004). In  the  INTERMACS  database,  18% 

recommend  considering  surgical  correction  if 

of  patients  with  repair/partial  closure  had  recur-

more  than  mild  AI  exists  (Feldman  et  al. 2013). 

rence  of  moderate-to-severe  AI  at  6–12  months 

The  exact  degree  of  AI  that  warrants  intervention 

compared  with  9%  who  underwent  AV  replace-

is  an  ongoing  area  of  investigation  and  there 

ment  (Robertson  et  al. 2015). Transcatheter  AV 

remains  significant  practice  variation  (Truby 

replacement  remains  an  evolving  option  in 

et  al. 2018). Although  it  is  well  understood  that 

treating  AV  disease  post-implantation;  however, 

moderate-to-severe  AI  post  CF-LVAD  implanta-

it  would  typically  not  be  used  at  the  time  of 

tion  is  associated  with  reduced  survival,  the  rate 

implantation  (Fried  et  al. 2019). 

of  progression  and  impact  of  mild  AI  is  less  clear. 

Concomitant  procedures  add  increased  risk  to 

CF-LVAD  implantation  and  complete  closure  of 

De  Novo  Aortic  Valve  Disease 

the  AV  results  in  the  patient  being  completely 

Following  CF-LVAD  Implantation 

dependent  on  a  functioning  CF-LVAD  (Riebandt 

et  al. 2021). 

After 

CF-LVAD 

implantation, 

consideration 

Guidelines  reflect  this  uncertainty  in  the  evi-

should  be  given  to  the  prevention,  monitoring, 

dence.  It  is  recommended  that  correction  be  con-

and  management  of  de  novo  AV  disease.  Risk 

sidered  for  more  than  mild  AI,  or  if  more  than 

factor  management  is  important  for  the  prevention 

mild  AI  exists  in  the  presence  of  aortic  stenosis. 

of  AI.  Detection  of  de  novo  AV  AI  is  important 

Severe  aortic  stenosis  warrants  AV  replacement. 

and  warrants  close  monitoring  as  it  can  lead  to 

Additionally, 

mechanical 

AVs 

should 

be 

recurrence  of  HF  symptoms  and  impact  transplant 

addressed  with  removal  and  replacement  with  a 

candidacy  (Bouabdallaoui  et  al. 2018). However, 

bioprosthetic  valve,  closed  with a patch, or entrap-

there  is  a  lack  of  data  to  guide  management  and 

ment  of  leaflets  and  left  in  situ  (in  limited  circum-

not  all  cases  of  severe  AI  will  lead  to  symptoms  or 

stances).  No  recommendation  on  the  choice  of 

increased  filling  pressures;  therefore,  the  optimal 

procedure  for  addressing  AI  is  mentioned 

management  is  unknown  (Noly  et  al. 2020). 
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Diagnosis  of  Aortic  Valve  Disease 

the  slope  of  outflow  diastolic  flow  acceleration  is 

Following  CF-LVAD  Implantation 

directly  proportional  to  AI  severity.  An  S/D  ratio 

<5.0  or  diastolic  acceleration  of  >49.0  cm/s  is 

Comprehensive  transthoracic  echocardiography 

consistent  with  moderate  or  greater  AI  as  defined 

(TTE)  is  essential  to  the  management  of  patients 

by  a  regurgitant  fraction  of  30%  or  more  (Estep 

with  CF-LVAD  and  includes  evaluation  of  AV 

et  al. 2024). 

morphology,  opening,  and  pathology  including 

Invasive  hemodynamics  via  right  heart  cathe-

AI.  Surveillance  TTE  should  be  performed  at 

terization  may  be  a  useful  adjunct  in  the  diagnosis 

regular  intervals  in  patients  with  CF-LVAD  and 

of  AI  and  quantification  of  its  severity.  In  one 

often  enables  the  early  detection  and  monitoring 

study  of  55  patients  with  HeartMate  II™  and 

of  de  novo  AI  before  the  development  of  clinical 

HeartWare  HVAD™  devices,  the  presence  of  at 

signs  or  symptoms  of  heart  failure  (Stainback 

least  mild  AI  was  associated  with  higher 

et  al. 2015). 

right- and  left-sided  filling  pressures  and  lower 

The  AV  is  visualized  on  2D  imaging  in  the 

pulmonary  artery  pulsatility  (Sayer  et  al. 2017). 

parasternal  short- and  long-axis  views  to  assess  for 

A  similar  retrospective  study  of  62  patients  with 

evidence  of  thrombosis,  cusp  degradation,  or 

the  HeartMate  III™  device  did  not  find  significant 

fusion.  AV  opening  is  measured  using  M-mode 

differences  in  baseline  hemodynamic  profile 

echocardiography  by  recording  five  to  six  cardiac 

based  on  presence  of  AI,  however  (Rubinstein 

cycles  at  a  sweep  speed  of  25–50  mm/s.  The  fre-

et  al. 2024). Combining  TTE  and  right  heart  cath-

quency  and  duration of  AVopening  should  be  mea-

eterization  measurements  during  a  hemodynamic 

sured  by  M-mode  and  correlated  with  2D  imaging 

ramp  study  can  provide  a  more  comprehensive 

and  color  Doppler  to  ensure  accurate  assessment  of 

assessment  of  AI  severity,  particularly  when  sig-

AVopening during forward flow (Estep et al. 2024). 

nificant  AI  is  present  on  baseline  TTE  imaging 

Doppler  evaluation  and  quantification  of  AI 

(Grinstein  et al. 2023). During a ramp  study, speed 

are  made  comparatively  more  challenging  in 

increases  in  patients  with  CF-LVAD  are  associ-

patients  with  CF-LVAD  owing  to  the  constant 

ated  with  an  increase  in  CO  and  reduction  in 

unloading  of  the  left  ventricle  by  the  device. 

PCWP,  despite  worsening  AI  by  TTE  in  many 

This  leads  to  a  variable  reversal  of  the  transaortic 

cases  (Sayer  et  al. 2017;  Rubinstein  et  al. 2024). 

valvular  pressure  gradient  during  systole  and  can 

A  discrepancy  between  the  change  in  CO  as  mea-

promote  AI  throughout  the  cardiac  cycle.  As  com-

sured  by  right  heart  catheterization  and  flow  via 

pared  to  the  native  heart,  the  nonconfinement  of 

the  CF-LVAD  may  be  present  and  is  proportional 

AI  to  diastole  invalidates  the  use  of  pressure  half 

to  the  regurgitant  fraction  of  the  AV.  Patients  with 

time  and  aortic  flow  reversal  for  AI  quantification 

inadequate  unloading  of  the  left  ventricle  associ-

in  CF-LVAD  and  may  result  in  the  underestima-

ated  with  worsening  AI  at  higher  CF-LVAD 

tion  of  AI  with  other  traditional  TTE  measures  for 

speeds  may  benefit  clinically  from  valve  interven-

quantification  in  CF-LVAD  (Grinstein  et  al. 

tion  (Grinstein  et  al. 2023). 

2016a).  A  vena  contracta  width  >3  mm  or  jet 

width  to  LV outflow  tract  width  ratio  of  >46%  at 

a  Nyquist  limit  of  50–60  cm/s  is  consistent  with  at 

Prevention  of  De  Novo  Aortic 

least  moderate  and  possibly  severe  AI  (Stainback 

Insufficiency 

et  al. 2015). To  better  quantify  AI  in  patients  with 

CF-LVAD,  two  novel  echocardiographic  parame-

More  than  55%  of  patients  will  develop  mild  AI 

ters  of  AI  have  been  proposed  that  leverage  pulsed 

by  6  months,  with  13.2%  developing  moderate  or 

wave  Doppler  examination  of  the  outflow  cannula 

severe  AI  after  implantation  (Truby  et  al. 2018). 

(Grinstein  et  al. 2016a; Grinstein  et  al. 2016b; 

The  main  modifiable  risk  factor  is  persistent  AV 

Imamura  et  al. 2020).  The  outflow  cannula  peak 

closure.  Decreasing  pump  speed  can  increase  AV 

systolic  velocity  over  peak  diastolic  velocity  (S/D 

opening  by  increasing  the  transvalvular  gradient. 

ratio)  is  inversely  proportional  to  AI  severity,  and 

Afterload  reduction  may  have  a  similar  impact  but
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has  been  inconsistently  associated  with  the  devel-

dilation);  however,  data  is  lacking  (Bouabdallaoui 

opment  of  AI.  Although  reducing  pump  speed 

et  al. 2018). 

may  be  beneficial  in  preventing  AI,  it  must  be 

Increasing  pump  speed  can  increase  CO  and 

balanced  with  the  primary  objective  of  preventing 

end-organ  perfusion;  however,  any  increase  in 

HF  and  improving  LV  hemodynamics.  Reducing 

pump  speed  will  also  worsen  AI.  Additionally, 

pump  speed  may  lead  to  increased  left  heart  pres-

increasing  pump  speed  can  lead  to  complete  valve 

sures,  pulmonary  hypertension,  and  RV  failure 

closure  and  risk  further  progression  of  AI.  As  with 

(Noly  et  al. 2020). 

asymptomatic  patients,  there  is  inadequate  data  to 

Ramp  studies  provide  an  objective  way  to  opti-

guide  practice.  A  pump  speed  that  effectively 

mize  pump  speed  for  a  given  patient.  Various 

offloads  the  LV and  provides  adequate  CO  should 

protocols  have  been  described  using  echocardiog-

be  chosen.  If  it  is  possible  to  maintain  intermittent 

raphy,  right  heart  catheterization,  and  left  heart 

AV opening,  then  this  should  also  be  considered. 

catheterization  (Rosenbaum  et  al. 2019;  Uriel 

It  is  important  to  remember  that  medical  treat-

et  al. 2017, 2019). Serial  measurements  of  hemo-

ment  is  palliative  and  consideration  must  be  given 

dynamic  parameters  are  obtained  for  different 

to  correction  of  AI.  If  a  patient  is  a  transplant 

pump  speeds.  The  goal  is  to  optimize  CO,  ven-

candidate,  then  listing  or  upgrading  on  the  waiting 

tricular  interdependence,  and  filling  pressures.  AV 

list  is  a  reasonable  option. Correction  of  AI  should 

opening  can  also  be  considered  as  part  of  these. 

be  considered  in  patients  with  at  least  moderate  AI 

However,  even  with  optimization,  it  may  not  be 

and  symptoms  refractory  to  medical  therapy  and 

possible  to  obtain  ejection  in  up  to  half  of  patients 

device  optimization. 

(Jorde  et  al. 2014). 

There  are  several  options  for  correction  of 

AI.  Traditional  methods  have  included  surgical 

AV  replacement  (SAVR)  or  closure  of  the 

Management  of  De  Novo  Aortic 

AV.  These  options  carry  the  risk  of  reoperation, 

Insufficiency 

and  there  is  growing  interest  in  transcatheter  tech-

niques  as  experience  with  these  technologies 

There  is  limited  data  to  guide  the  management  of 

grows.  There  are  several  reports  of  using  an 

de  novo  AI  in  CF-LVADs.  Not  all  AI  will  result  in 

Amplatzer™  occlusion  device;  however,  this 

clinical  HF  or  elevated  filling  pressures  and 

leaves  the  patient  entirely  dependent  on  the 

patients  can  remain  asymptomatic.  Ramp  studies 

CF-LVAD  and  device  failure  can  lead  to  signifi-

can  be  used  to  optimize  pump  speed,  and  these 

cant  morbidity  (Parikh  et  al. 2013;  Honek  et  al. 

patients  should  be  monitored  closely.  It  is  impor-

2013). The  use  of  transcatheter  aortic  valve 

tant  to  remember  that  AI  can  lead  to  increased 

replacement  (TAVR)  to  correct  de  novo  AI  is 

filling  pressures  and  subsequently  pulmonary  emerging  as  a  potential  option  (Fried  et  al. 2019; hypertension  that  can  have  important  conse-Koda  et  al. 2020).  TAVR  has  traditionally  been 

quences  for  patients  who  are  bridge  to  transplant. 

avoided  in  pure  AI  as  valve  stability  relies  on 

Once  patients  develop  clinical  HF,  then  treat-

anchoring  in  the  calcified  leaflets.  However, 

ment  should  be  aimed  at  alleviating  symptoms 

increased  implant  success  is  reported  in  registry 

and  consideration  should  be  given  to  correcting 

data  for  newer  generation  valves,  making  TAVR  a 

AI.  Medical  treatment  consists  of  diuretics  and 

reasonable  option  to  consider  (Yoon  et  al. 2017). 

vasodilators  aimed  at  relieving  congestion  and 

promoting  forward  flow.  Reducing  afterload  will 

also  minimize  aortic  wall  stress  and  may  limit 

Conclusion 

further  dilation  (Fine  et  al. 2016). Some  groups 

have  advocated  following  guidelines  for  chronic 

De-novo  aortic  valve  disease,  namely  insuffi-

AI  by  using  angiotensin-converting  enzyme 

ciency,  is  common  in  patients  with  LVAD  therapy. 

inhibitors  and  calcium-channel  blockers  or  beta-

Peri-operative  and  post-operative  measures  may 

blockers  (in  the  presence  of  associated  aortic 

reduce 

the 

risk 

of 

AI 

following 

LVAD
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implantation.  Medical  treatment  for  de-novo  AI  is 


Fried  JA,  Nazif  TM,  Colombo  PC.  A  new  frontier  for 

limited,  and,  therefore,  aortic  valve  replacement 

TAVR:  aortic  insufficiency  in  CF-LVAD  patients. 

J  Hear  Lung  Transplant.  2019;38(9):927–9. https:// 

or  heart  transplantation  remains  the  treatment  of 

doi.org/10.1016/J.HEALUN.2019.06.024. 

choice  in  appropriate  candidates. 
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Abstract 

Keywords 

Mitral  and  tricuspid  valve  disease  is  common 

Mitral  valve  ·  Tricuspid  valve  ·  Mitral 

in  patients  with  advanced  heart  failure.  This 

regurgitation  ·  Tricuspid  regurgitation 

chapter  reviews  the  pathophysiology,  diagno-

sis,  and  management  of  mitral  and  tricuspid 

valve  disorder  in  patients  undergoing  continu-

Introduction 

ous  flow  left  ventricular  assist  device  surgery. 

Mitral  valve  (MV)  or  tricuspid  valve  (TV)  disease, 

predominantly  in  the  form  of  regurgitation,  is  com-

mon  in  patients  with  advanced  heart  failure  (HF) 

needing  mechanical  circulatory  support  (MCS). 

The  2020  Annual  Report  from  the  Society  of 

Thoracic  Surgeons  (STS)—Interagency  Registry 

H.  J.  Kim  ·  D.  T.  Pham  (✉) 
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Northwestern  University  Feinberg  School  of  Medicine, 
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(INTERMACS)  noted  the  presence of  severe mitral
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regurgitation (MR) in 23.5%  of patients undergoing 

113 CF-LVAD,  reported  by Jumean  et al., the  prev-

continuous  flow  left  ventricular  assist  device 

alence  of  preoperative  4+  /severe  MR  was  26.5%. 

(CF-LVAD)  implantation  and  severe  tricuspid 

At  follow-up  (median  =  138  days),  the  rate  of 

regurgitation  (TR)  in  11.7%  (Molina  et  al. 2021). 

severe  MR  had  decreased  to  5%  ( p  =  0.004).  Of 

The  prognosis,  hemodynamic  effects,  and  pro-

the  30  patients  with  4+  MR  preoperatively,  only 

gression/regression  of  MR  and  TR  in  patients 

5 had persistent 4 + MR with the remainder  having 

undergoing  CF-LVAD  implantation  have  been 

<3  +  MR.  Moreover,  there  was  a  12.5  mmHg 

varyingly  reported  in  the  literature.  In  this  chapter, 

decrease  in  pulmonary  artery  systolic  pressure 

we  review  the  natural  progression  of  the 

(PASP)  compared  to  baseline  ( p  =  0.0001) 

uncorrected  MV  and  TV  disease,  and  the  indica-

(Jumean  et  al. 2014).  Similarly,  in  another  single-

tions,  options,  and  outcomes  for  valvular  inter-

center  study  by  Goodwin  et  al.  consisting  of 

vention 

for 

patients 

undergoing 

CF-LVAD 

238 

CF-LVAD 

patients, 

the 

presence 

of 

implantation. 

>2  +  MR  was  18.7%.  At  180-day  follow-up, 

there were only four (2.8%) patients with persistent 

>2  +  MR.  Across  both  groups,  there  was  no 

Mitral  Valve 

difference  in  survival,  and  significant  hemody-

namic  improvements  in  central  venous  pressure, 

Natural  Progression  of  MV  Disease 

pulmonary  arterial  pressure,  pulmonary  capillary 

After  CF-LVAD  Implant 

wedge  pressure,  pulmonary  vascular  resistance, 

cardiac  index,  LV  ejection  fraction,  and  LV 

Functional  MR  can  develop  in  patients  with 

end-diastolic  diameter  (Goodwin  et  al. 2017). 

advanced  HF  due  to  left  ventricular  (LV)  dilation, 

In  their  series  of  141  patients,  Dobrovie  et  al. 

leaflet 

tethering, 

and 

annular 

enlargement 

demonstrated  persistent  improvement  in  MR,  even 

(McDonagh  et  al. 2021;  Otto  et  al  . 2021;  Vahanian 

at 2-year follow-up. The incidence of 4+/severe MR 

et  al. 2022;  Asgar  et  al. 2015).  The  presence  of 

decreased  from  56%  preoperatively  to  5%  postop-

significant  MR  in  the  setting  of  advanced  HF  is 

eratively  ( p  =  0.001),  with  no  difference  in  1- and 

associated  with  a  decrease  in  overall  survival  and 

3-year  survival.  (Dobrovie  et  al. 2018)  Of  note, 

poor  quality  of  life.  Mechanical  unloading  of  the 

patients  in  these  studies  were  predominantly 

LV  following  CF-LVAD  implantation  appears  to 

HeartMate II™ and HeartWare HVAD ™ recipients. 

lead  to  LV  remodeling  and  decrease  in  MV  tether-

More  recently,  in  a  post  hoc  analysis  of  the 

ing,  thus  reducing  the  severity  of  MR. 

MOMENTUM3  Trial,  the  presence  or  absence  of 

The  survival  effect  of  significant  (>2+/moder-

baseline  MR  did  not  influence  mortality,  major 

ate)  MR  in  patients  receiving  CF-LVAD  remains 

adverse  events,  or  functional  capacity  (HeartMate 

unclear.  In  a  single-center  study,  uncorrected 

III™  HR,  0.86;  95%  CI,  0.56–1.33;  p  =  0.50; 

severe  MR  did  not  appear  to  affect  survival.  Of 

HMII  HR,  0.81;  95%  CI,  0.54–1.22;  p  =  0.32) 

481  patients  undergoing  CF-LVAD  implantation, 

(Kanwar  et  al. 2020; Topilsky  et  al. 2011;  Kassis  

39%  had  significant  MR  while  61%  did  not.  Two-

et  al . 2017;  Mehra  et  al. 2017, 2018,  2019). 

and  four-year  survival  was  actually  greater  in  the 

Of  the  927  patients  included  in  this  study,  the 

MR  group,  while  Cox  proportional  hazards 

prevalence  of >2 +  MR  was  43.5%.  Although  the 

modeling 

confirmed  independent  interaction 

reduction  in  postoperative  MR  was  seen  in  both 

between  MR  and  late  survival  (hazard  ratio  0.62, 

the  HeartMate  III™  and  HeartMate  II™  recipi-

p  =  0.04)  (Stulak  et  al. 2015). 

ents,  there  was  a  40%  reduction  in  risk  of  persis-

A  number  of  single-center  studies  have  demon-

tent  MR  in  the  HeartMate  III™  group  compared 

strated  regression  of  MR  and  improvement  in 

to  the  HeartMate  II™  group  (6.2%  vs.  14.6%, 

hemodynamics  following  CF-LVAD  implantation 

relative  risk  =  0.43;  95%  CI,  0.22–0.84; 

(Jumean  et  al. 2014;  Goodwin  et  al. 2017; 

p  =  0.01).  In  multivariate  analysis,  severe  base-

Dobrovie  et  al. 2018;  Kanwar  et  al. 2020; Morgan 

line  MR  ( p  =  0.001),  larger  LV  dimension 

et  al. 2012;  Chapman  et  al. 2013).  In  a  series  of 

( p  =  0.002),  and  implantation  with  the  HeartMate
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II™  instead  of  the  HeartMate  3™  CF-LVAD 

CF-LVAD  implantation.  Of  these,  252  had  MV 

( p  =  0.05)  were  independently  associated  with 

repair  (MVr)  and  11  had  MV  replacement  (MVR). 

an  increased  likelihood  of  persistent  MR  post-

Although  there  was  no  difference  in  2-year  survival 

implant  (Kanwar  et  al. 2020). 

between the MVr, MVR, and no MV surgery groups 

(76%  vs.  57%  vs.  71%;  P  =  0.15),  the  MVr  group 

saw  a  lower  rehospitalization  rate  at  both  1  and 

Indications  for  Concomitant  MV 

2  years  compared  to  the  no  MV  surgery  and  MVR 

Procedure  in  Patients  Undergoing 

patients  ( p  <  0.0001).  Adverse  events,  such  as 

CF-LVAD  Implant 

stroke,  and  renal  failure  were  similar  in  all  groups 

(Robertson  et  al. 2018). 

Given  no  apparent  difference  in  survival  in 

The  hemodynamic  parameters  that  assess  right 

CF-LVAD  patients  with  or  without  significant  pre-

ventricular  (RV)  function  are  known  to  be 

operative  MR,  and  the  likelihood  of  MR  improve-

improved  after  CF-LVAD  implant  without  con-

ment  following  CF-LVAD  support,  the  indication 

comitant  MV  surgery  in  patients  across  all  MR 

for  concomitant  MV  surgery  at  the  time  of 

severity  levels  (Goodwin  et  al. 2017).  However,  it 

CF-LVAD  implantation  remains  unclear  (Feldman 

remains  controversial  whether  the  additional  MV 

et al. 2013; Potapov et al. 2019; Kirklin et al. 2020). 

surgery  further  improves  the  RV  hemodynamics  to 

A  number  of  studies  have  looked  at  the  clinical 

a  greater  extent  during  CF-LVAD  implant.  The 

outcomes,  including  survival  and  hemodynamic 

study  by  Fukuhara  and  colleagues  showed  that 

parameters,  of  patients  receiving  mitral  valve  repair 

concomitant  MV  repair  was  related  to  decreased 

or  replacement  at  the  time  of  their  CF-LVAD 

RV failure after CF-LVAD implant in the long-term 

implantation  (Kawabori  et  al. 2019; Imamura  et  al. 

follow-up  (Fukuhara  et  al. 2017).  Additionally,  the 

2020; Sandoval  et  al. 2017;  Choi  et  al. 2018; 

study  by  Taghavi  and  colleagues  showed  that  pul-

Taghavi  et  al. 2013;  Pawale  et  al  . 2019;  Tanaka 

monary  vascular  resistance  (PVR)  was  decreased 

et  al. 2017).  Most  of  these  studies  demonstrated 

in  patients  who  had  MVr  compared  to  those  who 

no  difference  in  survival  in  patients  receiving  con-

did  not  have  MV  repair  during  CF-LVAD  implant 

comitant  MV  surgery  compared  to  no  MV  surgery 

(Taghavi  et  al. 2013).  The  authors  suggested  that 

at  the  time  of  their  CF-LVAD  implantation 

concomitant  MVr  may  expand  the  eligibility 

(Kawabori  et  al. 2019;  Imamura  et  al. 2020; 

criteria  for  CF-LVAD  as  a  bridge-to-candidacy  for 

Sandoval  et  al. 2017;  Choi  et  al. 2018; T

aghavi  

heart  transplant  among  patients  with  high  PVR. 

et  al . 2013; Pawale  et  al. 2019).  Only  one  study, 

Although  their  findings  have  not  been  reproduced 

by  Tanaka  et  al.,  involving  56  MV  surgery  and 

in  the  other  studies,  MV  surgery  may  be  beneficial 

54  without  MV  surgery  patients  showed  better  sur-

in  patients  with  severe  pulmonary  hypertension. 

vival  in  the  MV  surgery  group  survival  at  1  year 

(69.6  ±  6.4%  vs.  59.4  ±  6.9%,log  rank  P  =  0.030) 

(Tanaka  et  al. 2017).  It  should  be  noted,  however, 

Operative  Techniques,  Outcomes 

that  in-hospital  mortality  was  included  in  the  sur-

of  Concomitant  MV  Surgery, 

vival  analysis,  with  the  “no  MV  surgery  group” 

and  the  Role  of  Transcatheter  Therapy 

having  higher  in-hospital  mortality  (MV  surgery 

10.7%  [n  =  6]  vs.  no  MV  surgery18.5% 

Numerous  studies  have  demonstrated  the  safety and 

[n = 10]), thus possibly skewing the 1-year survival 

feasibility  of  concomitant  valve  procedures  with 

analysis  in  favor  of  the  MV  surgery  group. 

CF-LVAD  implantation  (Sugiura  et  al. 2019;  John 

Perhaps  the  strongest  argument  for  concomitant 

et  al. 2014; Pal  et  al. 2009;  Milano  et  al.  2014). 

MV  surgery  at  the  time  of  CF-LVAD  implantation 

Although  there  were  mixed  results  in  30-day  mor-

may be seen in the reduction of rehospitalization and 

tality  in  these  studies,  the  majority  showed  no  dif-

improvement  in  hemodynamics.  Robertson  et  al. 

ference in survival in patients receiving concomitant 

reviewed  4930  patients  from  the  INTERMACS 

procedures,  despite  increased  cardiopulmonary 

database  with  >  moderate  MR  at  the  time  of 

bypass  and  cross-clamp  times.  Of  the  studies  that
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looked  specifically  at  concomitant  MV  surgery 

help  prevent  the  need  for  or  simply  delay  the 

(MVs),  all  showed  no  difference  in  early/30-day 

need  for  CF-LVAD  implantation  (Kreusser  et  al. 

mortality,  with  only  one,  single-center  study 

2020; Dogan  et  al. 2018; Ammirati  et  al. 2019; 

suggesting  improved  1-year  survival  in  patients 

Fox  et  al. 2021).  TEER  has  also  been  reported  as 

receiving  concomitant  MVs.  (Pawale  et  al. 2019; 

the  treatment  for  significant  residual  MR  follow-

Tanaka  et  al. 2017;  Robertson  et  al. 2018; Fukuhara 

ing  CF-LVAD  implantation  (Cork  et  al. 2018). 

et  al. 2017)  It  is,  therefore,  generally  accepted  that 

Our  center  has  also  successfully  deployed  TEER 

concomitant  MV  surgery  with  CF-LVAD  implanta-

post-CF-LVAD  implantation  with  anecdotal  relief 

tion  can  be  safely  performed  without  increasing 

of  HF  symptoms  in  several  patients. 

operative  risks. 

A  2018  review  of  the  INTERMACS  registry 

by  Robertson,  et  al.,  looking  at  concomitant  MV 

Tricuspid  Valve 

procedures  in  patients  undergoing  CF-LVAD 

implantation  note  the  MVr,  whether  by  ring 

Natural  Progression  of  TV 

annuloplasty  or  edge-to-edge  repair,  was  the  pre-

Regurgitation  After  CF-LVAD 

dominant  technique  used  to  address  significant 

Implantation 

MR.  Of  4930  CF-LVAD  implantations,  252  had 

MVr,  while  11  had  MVR.  There  was  no  signifi-

Significant  TR  has  been  reported  to  be  present  in 

cant  difference  in  2-year  survival  (71%  no  MVs 

30–50%  of  patients  with  advanced  HF  who 

vs.  76%  MVr  vs.  57%  MVR,  p  =  0.15),  although 

require  CF-LVAD  implant  (Piacentino  3rd  et  al. 

patients  who  have  MVs  had  improved  quality-

2011a;  Song  et  al. 2016;  Itzhaki  Ben  Zadok  et  al. 

of-life, 

6-minute 

walk 

distances, 

and 

less 

2021; Veen  et  al. 2021). An  analysis  of  the 

readmission  compared  to  the  no  MVs  group 

INTERMACS  registry  between  2006  and  2013 

( p  <  0.0001).  (Robertson  et  al. 2018) 

showed  that  39%  (n  =  989)  of  patients  had  at 

Given  the  limited  advantage  of  MVs  at  the  time 

least  moderate-to-severe  TR  among  a  total  of 

of  CF-LVAD  implantation,  and  no  notable  differ-

2527  patients  (Song  et  al. 2016). A  contemporary 

ence  in  MVr  vs.  MVR,  our  institutional  approach  is 

analysis  of  the  European  Registry  for  Patients  with 

to  reserve  MVr  in  patients  who  would  otherwise  be 

Mechanical  Circulatory  Support  (EUROMACS) 

heart  transplant  candidates  if  it  were  not  for  severe 

also  reported  that  moderate-to-severe  TR  was  pre-

pulmonary  hypertension.  When  performed,  we  pre-

sent  in  806  (32.3%)  patients  among  2496 

fer  the  edge-to-edge  repair  through  the  cored  LV 

CF-LVAD  recipients  (Veen  et  al. 2021).  Several 

apex  for  the  CF-LVAD  inflow,  as  described  by  a 

studies  from  single-center  analyses  reported  the 

number  of  authors  (Mohite  et  al. 2013;  Russo  et  al. 

rate  of  significant  TR  in  patients  undergoing 

2013).  The  advantage  of  this  approach  is  that  it 

CF-LVAD  implant  is  numerically  higher  than 

eliminates  the  need  for  bicaval  cannulation, 

those  from  the  registry  data,  ranging  from  40%  to 

cardioplegia,  and  additional  cardiotomy  incision. 

50%  (Piacentino  3rd  et  al. 2011a;  Itzhaki  Ben 

Additionally, this trans-apical technique can be read-

Zadok  et  al. 2021). 

ily  performed  via  a  full-sternotomy  or  thoracotomy-

Significant  TR  can  develop  in  patients  with 

based  CF-LVAD  implantation  (Gosev  et  al. 2024; 

advanced  HF  secondary  to  structural,  morpho-

McGee  et  al. 2019). 

logic  changes  of  RV  in  response  to  pressure  and 

More  recently,  transcatheter  edge-to-edge 

volume  overload  caused  by  LV  failure,  mediated 

repair  (TEER)  has  become  a  treatment  option  for 

by  TV  annular  dilatation,  apical  displacement  of 

patients  with  HF  and  significant  secondary  MR, 

TV  leaflet  and  tethering  (Piacentino  3rd  et  al. 

improving  1-year  survival  compared  to  optimal 

2011a;  Noly  et  al. 2020). Several  studies  from 

medical  therapy  (Stone  et  al. 2018). Several  case 

the  registry  data  persistently  showed  that  signifi-

reports  and  series  have  demonstrated  the  feasibil-

cant,  pre-CF-LVAD  TR  is  related  to  an  increase  in 

ity  of  TEER  prior  to  CF-LVAD  implantation, 

overall  mortality  during  long-term  follow-up 

although  it  is  not  evident  whether  TEER  can 

(Song  et  al. 2016;  Veen  et  al. 2021). 
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Mechanical  unloading  of  the  LV  by  CF-LVAD 

after  CF-LVAD  implant.  Although  several  studies 

implant  can  affect  the  severity  of  TR  by  a  variety 

(Lee  et  al. 2010;  Atluri  et  al. 2013; Morgan  et  al. 

of  mechanisms.  A  decrease  in  filling  pressure  of 

2013a)  have  reported  that  RV  function  can  be 

the  LV  after  CF-LVAD  implant  can  lead  to  a 

improved  in  general  after  CF-LVAD  implant, 

decrease in RVafterload,  manifested by a decrease 

early  or  late  RV  failure  is  prevalent  in  between 

in  pulmonary  artery  pressure  (Lee  et  al. 2010; 

5%  and  35%  of  patients  post-CF-LVAD  and 

Atluri  et  al. 2013; Morgan  et  al. 2013a),  thereby 

related  to  an  increase  in  overall  mortality  (Lee 

reducing  TR.  However,  CF-LVAD  has  also  been 

et  al. 2010;  Morgan  et  al. 2013a;  Goldraich  et  al. 

shown  to  worsen  TR  by  increasing  the  cardiac 

2016; Nakanishi  et  al. 2018b;  Takeda  et  al. 2015; 

output  and  subsequent  RV  preload  and  further 

Baumwol  et  al. 2011;  Kormos  et  al. 2010; 

tethering  of  the  septal  leaflet  mediated  by  the 

Puwanant  et  al. 2008;  Potapov  et  al. 2008).  Sev-

leftward 

shift 

of 

the 

ventricular 

septum 

eral  studies  have  suggested  an  association 

(Piacentino  3rd  et  al. 2011a; Noly  et  al. 2020). 

between  significant  pre-CF-LVAD  TV  disease 

Therefore,  significant  TR  does  not  necessarily 

manifested  by  significant  TR  (Baumwol  et  al. 

improve  with  CF-LVAD  implant,  and  significant 

2011;  Potapov  et  al. 2008), dilated  RV  annulus 

TR  has  been  reported  to  persist  in  30–60%  of 

(Goldraich  et  al. 2016; Nakanishi  et  al. 2018b), 

patients  after  CF-LVAD  implant  without  concom-

or  abnormal  annular  motion  (Puwanant  et  al. 

itant  TV  surgery  (Piacentino  3rd  et  al. 2011a; 

2008)  and  RV  failure.  However,  it  is  debatable 

Itzhaki  Ben  Zadok  et  al. 2021;  Veen  et  al. 2021; 

whether  pre-CF-LVAD  TV  disease  is  a  contribu-

Atluri  et  al. 2013; Morgan  et  al. 2013a;  Nakanishi 

tor  to  RV  failure  or  just  a  marker  of  RV  failure. 

et  al. 2018a).  A  recent  study  from  an  analysis  of 

EUROMACS  data  on  2496  patients  showed  a 

decrease  of  TR  severity  in  the  immediate  postop-

Indications  for  Concomitant  TV 

erative  period  among  65%  of  patients  with  preop-

Procedure  in  Patients  Undergoing 

erative  significant  TR.  In  this  study,  patients  with 

CF-LVAD  Implant 

nonischemic  cardiomyopathy  appeared  to  have  a 

more  significant  reduction  in  post-CF-LVAD  TR 

The  2013  International  Society  for  Heart  and 

compared  to  patients  with  ischemic  etiology 

Lung  Transplantation  Guidelines  recommended 

(Veen  et  al. 2021).  Although  there  is  a  paucity  of 

that  surgical  repair  should  be  indicated  for 

data  that  evaluates  the  association  between  signif-

moderate-to-severe  TR  during  CF-LVAD  implant 

icant  residual  TR  and  overall  survival  after 

(Class  IIa,  Level  of  Evidence  C)  (Feldman  et  al. 

CF-LVAD  implant,  one  study  did  show  that  resid-

2013). 

ual  post-CF-LVAD  TR  was  associated  with  an 

This  recommendation  was  based  on  a  number 

increased  risk  of  mortality  (Nakanishi  et  al. 

of 

single-center, 

retrospective 

studies 

that 

2018a). 

suggested  reduction  in  RV  function  and  increased 

Since  TR  affects  tricuspid  annular  dilatation, 

RV remodeling  in  patients  receiving  TV  surgery  at 

preload  and  afterload,  and  RV  function,  the  sever-

the  time  of  CF-LVAD  implantation  (Fujino  et  al. 

ity  of  TR  may  be  altered  by  the  management  of 

2020;  Piacentino  3rd  et  al. 2011b,  2012; Saeed 

some  of  these  conditions  (Dreyfus  et  al. 2005). 

et  al. 2011; Krishan  et  al. 2012; Maltais  et  al. 

CF-LVAD  implant  changes  the  severity  of  TR  by 

2012;  Fujita  et  al . 2014).  These  studies,  however, 

varying  degrees,  and  several  studies  have  demon-

did  not  demonstrate  improvement  in  overall 

strated  that  TVannular dilatation, regardless  of the 

survival. 

severity  of  TR,  is  an  independent  predictor  for  RV 

A  more  recent  single-center  study  performed 

failure  or  mortality  after  CF-LVAD  implant 

on  328  patients  across  all  TR  severity,  TV  surgery 

(Kukucka  et  al. 2012; Goldraich  et  al. 2016; 

was  performed  in  76  patients  during  CF-LVAD 

Nakanishi  et  al. 2018b). 

implant,  and  the  patients  with  concomitant  TV 

RV  failure  pre-CF-LVAD  is  known  to  be 

surgery  had  a  higher  incidence  of  postoperative 

related  to  an  increase  in  mortality  and  morbidities 

bleeding, but there  was no significant difference  in
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the  overall  survival.  (Han  et  al. 2016)  A

associated  with  a  decrease  in  the  risk  of  overall 

meta-analysis  of  eight  studies  comparing  TV  sur-

mortality  in  patients  with  mild  (HR,  0.97;  95%  CI 

gery  versus  no  TV  surgery  during  CF-LVAD 

0.98–1.48; P = 0.08), moderate (HR, 1.03; 95%  CI 

implant  also  showed  that  the  risk  of  early  mortal-

0.88–1.20;  P  =  0.72),  and  severe  (HR,  1.20;  95% 

ity,  RV  failure,  acute  kidney  injury,  and  overall 

CI  0.98–1.48;  P  =  0.08)  TR.  Rather,  TV  surgery 

mortality was  comparable  between  the two  groups 

was  associated  with  an  increase  in  the  risk  of  over-

(Veen  et  al. 2018). 

all  mortality  in  patients  with  combined  moderate 

Several  studies  have  also  addressed  the  effect 

and  severe  TR  (HR,  1.13;  95%  CI  1.00–1.27; 

of  TV repair  (TVr)  during  CF-LVAD  implant  from 

P  =  0.04).  Additionally,  TV  surgery  was  associ-

a  large-scale  registry  database.  Robertson  and  col-

ated  with  an  increase  in  adverse  events,  including 

leagues  evaluated  the  effect  of  concomitant  TV 

bleeding,  cardiac  arrhythmia,  and  stroke. 

surgery  on  the  short-term  clinical  outcomes  of 

Based,  in  part,  on these  more  recent  studies, the 

2196  patients  with  significant  TR  from  the  STS 

2019  European  Expert  Consensus  document  rec-

database  between  2006  and  2012  (588  had  con-

ommends  concomitant  TVr  as  a  class  IIb  indica-

comitant  TV  surgery)  (Robertson  et  al. 2014). 

tion  (Level  of  Evidence  C).  Randomized  studies 

After  propensity-matching,  TV  surgery  did  not 

may  be  necessary  to  provide  a  definitive  answer  to 

significantly  affect  the  risk  of  early  mortality  (rela-

this  question,  and  the  decision  to  add  concomitant 

tive  risk  [RR],  0.95;  95%  CI  0.68–1.33;  P  =  0.77) 

TV  surgery  during  CF-LVAD  implant  should  be 

or  right  ventricular  assist  device  (RVAD)  require-

based  on  the  heart  team  discussion  in  consider-

ment  (RR,  0.81;  95%  CI  0.49–1.36;  P  =  0.43),  but 

ation  of  estimated  risk  of  adding  TV  surgery 

was  related  to  an  increase  in  postoperative  renal 

against  the  possible  benefit  of  reducing  the  TR 

failure,  reoperation,  transfusion  requirement,  and 

severity,  which  may  benefit  the  patients  with 

decreased  hospital  length  of  stay  (LOS). 

worsening  RV  failure. 

In  another  study  using  the  INTERMACS  regis-

try  data,  Song  and  colleagues  performed  a  sub-

analysis  of  972  patients  with  significant  TR  to 

Outcomes  of  Concomitant  TV  Surgery 

evaluate  the  effect  of  concomitant  TV  surgery  on 

overall  survival  (215  with  TV  surgery)  (Song  et  al. 

Although  concomitant  TV  surgery  at  the  time  of 

2016). Once again there was no difference in overall  

CF-LVAD  implantation  does  not  clearly  provide 

survival  between  the  patients  with  and  without  con-

benefit  in  overall  survival, reduction  in  RV  failure, 

comitant TV surgery (log-rank P = 0.83). Likewise, 

or  other  complications,  the  addition  of  a  TV  sur-

in  a  propensity-matched  study  using  EUROMACS 

gery  does  not  seem  in  increase  operative  mortality 

data,  Veen  and  colleagues  found  no  difference  in 

either,  despite  an  increase  in  operative  and  cardio-

overall survival ( p = 0.17), readmission ( p = 0.15), 

pulmonary  bypass  times.  (Milano  et  al. 2014; 

and  RV  failure  ( p  =  0.55)  in  patients  receiving 

Morgan  et  al. 2013b)  Studies  from  large  registry 

concomitant  TV  surgery  and  CF-LVAD  implanta-

data  (Robertson  et  al. 2014;  Veen  et  al. 2019)  and 

tion compared to those without. The only advantage 

meta-analyses  (Veen  et  al. 2018;  Dunlay  et  al. 

found  in  the  TV  surgery  group  was  improvement  in 

2015)  that  compared  the  patients  with  and  without 

intensive  care  unit  LOS  (11  vs.  15  days,  p  = 0.026). 

TV  surgery  have  consistently  shown  that  concom-

More recently,  Mullan and  colleagues evaluated 

itant  TV  surgery  is  not  related  to  an  increase  in  the 

the  effect  of  concomitant  TV  surgery  during 

risk  of  operative  mortality. 

CF-LVAD  implant  on  15,447  patients  with  all  TV 

Furthermore,  there  is  no  consensus  on  the  type 

severity,  the  largest  cohort  ever  from  the 

of  TV  surgery  at  the  time  of  CF-LVAD  implanta-

INTERMACS  registry  database  between  2008 

tion.  Although  several  factors  associated  with  TVr 

and  2017  (Mullan  et  al. 2020). The  effect  of  TV 

failure  is  commonly  found  in  patients  with 

surgery was  evaluated  stratified by the TR severity: 

end-stage  HF,  such  valve-tethering  and  RV  dila-

mild,  moderate,  and  severe.  TV  surgery  was  not 

tion  (Fukuda  et  al. 2006;  Barac  et  al. 2020),  TVr

39
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remains  the  most  frequent  technique  used  for  TV 
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Abstract 

involving  hemodynamic  changes,  hypoxia, 

Hepatic dysfunction is a complication following 

ischemia-reperfusion  injury,  inflammation,  and 

mechanical  circulatory  support  (MCS)  device 

drug  toxicity.  Clinical  presentations  range  from 

use.  These  devices  are  essential  for  patients 

mild  enzyme  elevations  to  severe  liver  failure, 

with  severe  heart  failure  or  cardiac  arrest,  serv-

complicating diagnosis due to overlapping signs 

ing  as  a  bridge  to  recovery  or  transplantation. 

and  symptoms  with  heart  failure.  Management 

Still,  they  introduce  risks,  notably,  hepatic  dys-

focuses  on  hemodynamic  optimization,  phar-

function,  which can severely impact patient  out-

macological  therapy,  nutritional  support,  and 

comes.  The  pathophysiology  is  multifactorial, 

managing  complications,  with  severe  cases 

potentially  requiring  combined  heart  and  liver 

transplantation.  Key  factors  influencing  out-

comes  include  right  ventricular  dysfunction, 
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use,  and  predicting  adverse  outcomes.  Future 

varying  degrees.  Right  ventricular  failure  pre- and 

directions  include  early  detection,  goal-oriented 

post-MCS  is  associated  with  end-organ  failure 

optimization,  and  innovations  in  MCS  device 

and  increased  mortality  (Kavarana  et  al. 2002). 

design  to  reduce  hepatic  dysfunction  and 

MCS  such  as  LVAD  insertion  can  worsen  pre-

improve  patient  care. 

existing  right  ventricular  dysfunction  by  increas-

ing  venous  return  and,  therefore,  right  ventricle 

Keywords 

preload  when  cardiac  output  is  improved.  As  right 

ventricular  preload  increases,  the  right  ventricle 

Hepatic  dysfunction  ·  Hepatic  failure  ·  Model 

afterload  decreases,  so  contractility  decreases 

for  end-stage  liver  disease  (MELD)  score  · 

while  compliance  increases.  This  ultimately 

Mechanical  circulatory  support  ·  Heart  failure 

decreases  cardiac  output  and  potentiates  the  need 

complications 

for  inotropic  or  right  ventricle  mechanical  support 

(Santamore  and  Gray  Jr. 1996).  The  high  LVAD 

speeds  can  also  impair  septal  contribution  to  the 

Introduction 

right  ventricle,  resulting  in  decreased  contractility. 

Therefore,  right  ventricular  dysfunction  has  been 

Hepatic  dysfunction  is  a  significant  complication 

implicated  as  an  essential  factor  in  post-MCS 

following  mechanical  circulatory  support  (MCS). 

hepatic  failure  and  mortality. 

MCS,  including  devices  such  as  ventricular  assist 

Systemic  hypotension  from  left-sided  heart 

devices  (VADs)  and  extracorporeal  membrane 

failure  and/or  from  venous  congestion  due  to 

oxygenation  (ECMO),  is  a  critical  therapeutic 

right-sided  heart  failure  leads  to  splanchnic  vaso-

intervention  for  patients  with  severe  heart  failure 

constriction.  This  decreases  portal  vein  inflow, 

or  cardiac  arrest.  These  devices  may  be  used  as  a 

compromises  the  blood  supply  and  oxygen  deliv-

bridge  to  recovery  or  heart  transplantation,  pro-

ery  to  the  liver,  and  leads  to  ischemic  hepatitis, 

phylactic  use  in  high-risk  percutaneous  coronary 

hepatocellular  injury,  and  impaired  liver  function. 

interventions  or  surgery,  a  salvage  therapy  as  an 

In  turn,  the  cardiac  output  is  redirected  to  priori-

adjunct  to  cardiopulmonary  resuscitation,  or 

tize  the  brain  and  the  heart  (Hall  and  Guyton 

intended  as  destination  therapy.  While  these 

2011).  While  mesenteric  vasoconstriction  is 

devices  can  be  lifesaving,  they  introduce  new 

advantageous  for  preserving  brain  and  heart  per-

complications,  particularly  hepatic  dysfunction, 

fusion,  it  results  in  gut  endothelial  barrier  disrup-

which  can  significantly  impact  patient  outcomes. 

tion  and  gut  mucosal  hypoperfusion  (Reilly  and 

Understanding  the  pathophysiology,  clinical  pre-

Bulkley  1993). The  ischemic  gut  creates  a 

sentation,  diagnosis,  risk  factors,  and  manage-

pro-inflammatory  environment,  inciting  multi-

ment  of  hepatic  dysfunction  in  this  context  is 

organ  failure  and  disseminated  intravascular 

crucial  for  improving  patient  care. 

coagulation  (Moore  et  al. 1994). The  damaged 

intestinal  mucosa  leads  to  gut  translocation  of 

bacteria.  Bacterial  lipopolysaccharides,  specifi-

Pathophysiology 

cally  gram-negative  in  origin,  are  potent  endo-

toxins  and  lead  to  a  systemic  inflammatory 

Patients  with  advanced  heart  disease  who  require 

syndrome.  They  activate  Kupffer  cells,  the  resi-

MCS  often  have  compromised  end-organ  func-

dent  macrophages  of  the  liver,  to  cause  necrosis  of 

tion.  However,  despite  adequate  hemodynamic 

liver  parenchyma  through  the  secretion  of  reactive 

support  with  MCS,  hepatic  dysfunction  may  be 

oxygen 

species, 

tumor 

necrosis 

factor, 

amplified  due  to  multiple  factors  including  hemo-

interleukin-1,  interleukin-6,  prostaglandins,  nitric 

dynamic 

changes, 

hypoxemia, 

inflammatory 

oxide,  and  leukotrienes  (Wisse  et  al. 1996). Sys-

response,  and  medication  adverse  effect. 

temic  inflammation  and  post-MCS  liver  dysfunc-

End-stage  heart  failure  is  typically  a  combina-

tion  are  further  exacerbated  by  endotoxemia 

tion  of  both  right  and  left  ventricular  failure  to 

caused  by  splanchnic  ischemia  during  MCS
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device  placement  at  the  time  of  cardiopulmonary 

heart  failure  and  liver  disease.  Clinical  manifesta-

bypass  (O’Malley  et  al. 2004).  The  process  of 

tions  after  MCS  are  often  delayed  several  days, 

initiating  and weaning from  MCS  can cause  ische-

with  laboratory  parameters  demonstrating  a 

mic  reperfusion  injury,  exacerbating  hepatic  dys-

mixed  pattern  of  liver  enzyme  elevations  (Gelow 

function  (Bhama  et  al. 2010).  The  rise  in 

et  al. 2010).  Mild hepatic  dysfunction  may  present 

pro-inflammatory  cytokines  also  inhibits  hepatic 

with  asymptomatic  elevations  in  aminotransfer-

bile  secretion  and  contractility  of  pericanalicular 

ases  (alanine  aminotransferase  (ALT)  and  aspar-

microfilaments,  causing  impaired  canalicular  bile 

tate  aminotransferase  (AST)).  Approximately 

transport  and  intrahepatic  cholestasis  (Crawford 

65%  of  patients  undergoing  venoarterial  extracor-

and  Boyer  1998;  Trauner  et  al. 1999). In  addition 

poreal  membrane  oxygenation  (VA-ECMO)  were 

to  the  pro-inflammatory  state,  intrahepatic  chole-

shown  to  have  elevated  aminotransferases  >200 

stasis  is  also  associated  with  post-MCS  multi-

UI/L  after  ECMO  initiation  (Blandino  Ortiz  et  al. 

organ failure  with risk factors including prolonged 

2017). 

This 

often 

reflects 

hepatocellular 

cardiopulmonary  bypass  time,  peri- and  postoper-

injury  without  significant  clinical  symptoms. 

ative  hypotension,  and  the  use  of  high  doses  of 

Those  patients  with  aminotransferase  elevations 

multiple  vasopressors. 

pre-MCS were shown to improve within 6 months, 

Despite  a  hyperdynamic  circulatory  state  after 

as seen  with the HeartMate II left  ventricular assist 

MCS,  bacterial  translocation  results  in  septic 

device  (Russell  et  al. 2009). Moderate  hepatic 

shock  with  hypotension,  and  the  cytokine  storm 

dysfunction  may  present  with  jaundice,  hepato-

exacerbates  tissue  hypoxia  (Takala  and  Ruokonen 

megaly,  and  more  pronounced  aminotransferase 

1992).  The  use  of  vasopressors  for  managing 

elevations  in  addition  to  elevated  bilirubin  levels. 

shock,  especially  with  epinephrine,  further  com-

Among  those  patients  with  elevated  liver enzymes 

promises  tissue  perfusion  through  increased 

after  VA-ECMO  initiation,  47%  had  aminotrans-

splanchnic  vasoconstriction  (De  Backer  et  al. 

ferase  levels  >1000  UI/L  (Blandino  Ortiz  et  al. 

2003).  Hepatic  sinusoidal  endothelial  cells  are 

2017).  Post-MCS,  total  and  direct  bilirubin 

pivotal  in  regulating  sinusoidal  blood  flow  but 

increase  is  first  seen  around  5  days,  with  a  peak 

are  more  vulnerable  to  hypoxia  than  hepatocytes 

at  2  weeks.  Bilirubin  decline  is  often  seen  after 

and  have  impaired  function  during  and  after  car-

6  weeks  (Masha  et  al. 2019; Deo  et  al. 2014).  The 

diopulmonary  bypass  (Wadia  et  al. 2005).  The 

rise  in  bilirubin  levels  during  the  first  week  after 

centrilobular  area  of  the  liver  is  most  susceptible 

MCS  device  implantation  is  likely  due  to  trans-

to  oxygen  deprivation  during  a  state  of  hypoten-

fused  blood  products  and  higher  cardiac  output, as 

sion 

(Rappaport 

and 

Schneiderman 

1976), 

well  as  an  increase  in  venous  return  and  right 

resulting  in  centrilobular  hepatic  necrosis  on  his-

ventricular  preload.  Severe  hepatic  dysfunction 

tology.  The  typical  monitoring  using  the  Swan-

can  lead  to  acute  liver  failure,  characterized  by 

Ganz  catheter,  mixed  venous  saturation,  arterial 

coagulopathy  with  international  normalized  ratio 

blood  pressure,  and  cardiac  output  does  not 

(INR)  >  1.5,  hepatic  encephalopathy,  and  multi-

inform  individual  organ  perfusion  requirements 

organ  dysfunction. 

to  ensure  adequate  splanchnic  tissue  perfusion. 

To  help  elucidate  the  etiology  of  hepatic  dys-

function  and  determine  the  extent  of  injury  in  the 

cardiac-hepatic  axis  of  disease  (Samsky  et  al. 

Clinical  Presentation 

2013),  liver  biopsy  can  be  considered  but  must 

be  weighed  against  the  risks  of  bleeding  with 

Hepatic  dysfunction  in  the  context  of  MCS  can 

coagulopathy 

from 

liver 

injury 

and 

anti-

present  in  various  forms,  ranging  from  mild  ele-

coagulation  and/or  antiplatelet  therapy.  Liver 

vations  in  liver  enzymes  to  severe  liver  failure. 

biopsies  demonstrate  intrahepatic  cholestasis 

The  severity  of  liver  injury  can  often  be  clinically 

with  bile  lakes,  sinusoidal  congestion,  and  mild 

challenging  to  determine  in  these  patients  because 

centrilobular  necrosis  if  performed. 

of  the  overlap  between  the  signs  and  symptoms  of 

666

A. Vipani and A. Kuo

Management 

symptoms.  They  have  a  poorer  prognosis  given 

ongoing  diastolic  dysfunction  even  after  MCS  but 

Managing  hepatic  dysfunction  in  patients  with 

also  because  of  small  left  ventricular  cavity  sizes 

MCS  involves  addressing  the  underlying  causes, 

(Maltais  and  Stulak  2016).  These  patients  may 

supporting  liver  function,  and  addressing  compli-

also 

have 

more 

severe 

coagulopathy 

and 

cations.  Patients  with  biopsy-proven  end-stage 

vasoplegia  in  the  setting  of  hepatic  dysfunction 

liver  cirrhosis  or  advanced  fibrosis  with  clinically 

before  MCS  implantation.  Postoperatively,  these 

significant  portal  hypertension  should  not  be 

patients  often  require  prolonged  inotrope  use. 

addressed  with  durable  devices  only.  Instead, 

they  should  be  considered  for  combined  heart 

and  liver  transplantation. 

Treatment  of  Complications 

Bleeding 

Hemodynamic  Optimization 

Liver  dysfunction  is  associated  with  a  greater 

need  for  perioperative  and  intraoperative  blood 

In  patients  with  ischemic  hepatitis,  the  cardiogenic 

product  transfusion,  which  can  exacerbate  right 

shock  condition  should  be  addressed  with  consid-

heart  dysfunction  (Slaughter  et  al. 2010).  Patients 

eration  of  temporary  MCS  before  proceeding  with 

with  acute  cardiogenic  shock  who  received 

dural  device  implantation.  A  key  objective  in  the 

thrombolysis  or  anticoagulation  and  antiplatelet 

pre-MCS  setting  is  to  reduce  the  central  venous 

therapy  for  percutaneous  or  surgical  revasculari-

pressure  (CVP)  to  15  mmHg  or  less,  reducing  the 

zation  are  at  a  very  high  risk  of  bleeding,  which 

right  ventricle  workload  and  minimizing  hepatic 

can  be  compounded  by  hepatic  dysfunction 

congestion,  decreasing  the  risk  of  hepatic  injury 

(Bernhardt  et  al. 2023). The  treatment  team  must 

(Slaughter  et  al. 2010). This  can  be  achieved 

be  prepared  to  monitor  for  coagulopathy  and 

through  diuresis,  ultrafiltration,  inotrope,  and  vaso-

administer  blood  products  accordingly. 

dilator  therapy.  Early  right  ventricle  MCS  is 

Given  the  relative  deficiency  of  vitamin 

recommended if the CVP is not adequately reduced 

K-dependent,  coagulation  factors  in  hepatic  dys-

(Rosenbaum  et  al. 2021). 

function  due  to  reduced  oral  intake  and  treatment 

A  short  cardiopulmonary  bypass  time  should 

with  antimicrobial  agents,  preoperative  vitamin  K 

be  ensured  intraoperatively,  and  normal  cardiac 

10  mg  subcutaneous  administration  can  be  con-

output  (cardiac  index  >2.2  l/min/m2 )  should  be 

sidered.  Bleeding  risk  can  also  be  exacerbated  by 

maintained. 

Adequate 

perfusion 

pressure 

platelet  dysfunction  from  bone  marrow  suppres-

(60–80  mmHg)  above  normal  venous  saturations 

sion,  splenic  sequestration,  and  medication  toxic-

(>  65%)  and  low  CVP  for  right-sided  decompres-

ity.  Additionally,  shear  stress  from  the  MCS 

sion  should  also  be  maintained  (Maltais  and 

device  can  decrease  platelet  function  despite  a 

Stulak  2016). 

normal  platelet  count  (Bernhardt  et  al. 2023). 

Hepatic  dysfunction  typically  reflects  right 

ventricular  function  in  the  early  post-MCS 

Ascites  and  Encephalopathy 

implantation  period  (Ford  et  al. 2015).  If  hemo-

Patients  with  long-standing  heart  failure  and/or 

dynamics  remains  marginal  with  rising  vasopres-

pulmonary  hypertension  are  at  increased  risk  for 

sor  or  inotrope  support,  expedited  right  ventricle 

hepatic  fibrosis  and  cirrhosis,  predisposing 

assist  device  placement  is  recommended.  Close 

them  to  symptoms  of  liver  decompensation 

monitoring  of  hepatic  function  and  avoidance  of 

such  as  ascites  and  hepatic  encephalopathy. 

hepatotoxic  medications  are  imperative. 

Right  ventricle  failure  leading  to  hepatic  con-

Special  consideration  must  be  given  to  patients 

gestion  increases  ascites  accumulation  through 

with  restrictive  cardiomyopathy.  Due  to  underly-

increased  venous  hydrostatic  pressure  and  fil-

ing  biventricular  disorder,  these  patients  often 

tration  of  fluid  into  the  peritoneal  cavity.  The 

present  with  more  advanced  right  ventricle  failure 

etiology  of  ascites  (cardiac  vs.  hepatic)  can  be
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determined  using  the  serum-ascites  albumin 

Prognosis 

gradient 

(SAAG) 

(Runyon 

et 

al. 

1992). 

A  SAAG  of  1.1  g/dL  or  greater  indicates  the 

Although  cardiac  dysfunction  is  the  central  under-

presence  of  portal  hypertension,  a  feature  of 

lying pathology, the prognosis of patients after MCS 

liver-related  and  heart-failure-related  ascites. 

is  often  determined  by  multi-organ  failure  (Jung 

High  ascites  fluid  protein  levels  of  2.5  g/dL  are 

et  al. 2010).  The  prognosis  of  hepatic  dysfunction 

indicative  of  cardiac  ascites.  Serum  brain  natri-

in  patients  with  MCS  varies  widely  based  on  the 

uretic  peptide  (BNP)  levels  can  also  help  distin-

severity  of  liver  injury,  the  underlying  cardiac  con-

guish  between  cardiac  or  hepatic  origin  of  ascites 

dition,  and  the  success  of  management  strategies 

(Farias  et  al. 2014). Ascites  can  be  managed  with 

previously  discussed.  Mild  hepatic  dysfunction 

therapeutic  paracentesis,  diuresis,  and  ultrafiltra-

often  resolves  with  appropriate  management  of 

tion  in  severe  cases. 

hemodynamic  parameters  and  supportive  care. 

Altered  mental  status  may  be  multifactorial  in 

However,  severe  hepatic  dysfunction  carries  a  high 

patients  with  advanced  heart  failure.  Potential 

risk  of  morbidity  and  mortality,  particularly  in  the 

causes  include  hepatic  encephalopathy  as  well  as 

setting of multi-organ failure. For patients with acute 

infection,  medication  side  effects,  electrolyte 

liver  failure  on  extracorporeal  life  support  (ECLS), 

abnormalities,  and  cerebral  hypoperfusion  in  states 

the inhospital mortality rate was significantly greater 

of  shock  (Weisberg  and  Jacobson  2011).  Once 

at  81.2%  compared  to  46.3%  for  patients  without 

modifiable  factors  have  been  addressed,  lactulose 

acute  liver  failure,  and  most  patients  died  within 

and  rifaximin  can  manage  hepatic  encephalopathy 

2  weeks  of  onset  (Mazzeffi  et  al. 2016). 

without  acute  liver  failure.  Lactulose  can  also  be 

The  variables  associated  with  developing 

administered  in  an  enema  if  enteral  access  is 

hepatic  dysfunction after  MCS included  right  ven-

unavailable. 

tricular  dysfunction,  baseline  bilirubin  elevation, 

and  cardiopulmonary  bypass  time  (Rosenbaum 

et  al. 2021; Roth  et  al. 2016).  Total  bilirubin 

Liver  Transplantation 

>1.5  mg/dl  also  serves  as  a  sensitive  predictor  of 

30-day  and  long-term  mortality  (Russell  et  al. 

In  cases  of  severe  hepatic  dysfunction  refractory 

2009; Masha  et  al. 2019; Roth  et  al. 2016; 

to  medical  management  or  acute  liver  failure, 

Dobrilovic  et  al. 2021).  Long-term  hepatic  dys-

dual-organ  heart  and  liver  transplantation  may  be 

function  after  MCS  is  typically  coupled  with  right 

considered.  Patient  selection  for  transplantation  is 

ventricle  dysfunction.  Therefore,  preoperative 

challenging  and  requires  a  multidisciplinary 

optimization  is  key  for  long-term  positive 

approach  involving  hepatologists,  transplant  sur-

outcomes. 

geons,  and  cardiologists.  The  timing  of  transplan-

Historically,  pre-heart  transplant  use  of  MCS 

tation  is  critical,  and  bridging  therapies  may  be 

was  associated  with  worse  posttransplant  out-

needed  to  stabilize  the  patient. 

comes  compared  to  patients  who  did  not  require 

MCS.  However,  more  recent  studies  have  demon-

strated  no  significant  difference  in  rates  of  acute 

Nutritional  Support 

hepatic  dysfunction  posttransplant  after  the  use  of 

MCS  (Runyon  et  al. 1992;  Farias  et  al. 2014). 

Nutritional  status  is  critical  for  liver  synthetic 

function.  Optimization  pre-MCS  implantation  is 

recommended,  preferably  through  enteral  feed-

Risk  Stratification 

ing,  to  prevent  bacterial  translocation  (Bernhardt 

et  al. 2023;  Valentová  et  al. 2013).  Parenteral 

Since  preoperative  hepatic  function  is  critical  in 

nutrition  risks  infection  and  can  exacerbate  cho-

determining  outcomes  after  MCS,  predictive 

lestasis,  confounding  the  etiology  of  elevated  bil-

models  have  been  recommended  to  predict  mor-

irubin  commonly  seen  in  patients  with  MCS. 

tality  and  perioperative  blood  product  usage. 
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The  model  for  end-stage  liver  disease  (MELD) 

acute  liver  failure  and,  therefore,  optimize  the 

score  was  originally  developed  to  assess  mortality 

timing  of  MCS. 

in  patients  with  cirrhosis  undergoing  transjugular 

intrahepatic 

portosystemic 

shunt 

procedures 

(Malinchoc  et  al. 2000).  Its  use  was  expanded  to 

Conclusions  and  Future  Directions 

predict  90-day  waitlist  mortality  in  patients 

awaiting  liver  transplantation  in  2002.  In  addition 

While  significant  advances  in  MCS  have  been 

to  the  Child-Pugh  classification,  the  MELD  score 

made  in  recent  years,  hepatic  dysfunction  after 

has  since  been  applied  to  assess  operative  mortal-

MCS  has  a  profound  impact  on  outcomes.  Under-

ity  in  patients  undergoing  cardiac  and  noncardiac 

standing 

molecular 

mechanisms 

underlying 

procedures  (Northup  et  al. 2005; Suman  et  al. 

hepatic  dysfunction  could  lead  to  more  targeted 

2004;  Murata  et  al. 2016).  Impaired  hepatic  syn-

and  effective  therapies—the  physiologic  chal-

thetic  function  and  coagulopathy  from  hepatic 

lenges  in  patients  with  MCS  warrant  early  detec-

congestion  in  the  setting  of  right  heart  failure 

tion  and  goal-oriented  optimization  to  prevent 

lead  to  elevated  bilirubin,  as  previously  noted. 

progressive  liver  injury.  Due  to  the  high  rate  of 

The  increased  bilirubin  level  in  hepatic  conges-

multiple  organ  failure  as  one  of  the  leading  causes 

tion  is  reflected  in  a  higher  MELD  score,  includ-

of  mortality  in  these  patients,  the  early  identifica-

ing  the  creatinine  and  INR  laboratory  parameters. 

tion  of  patients  at  risk  of  mortality  is  imperative. 

Creatinine  has  also  been  shown  to  predict  mortal-

Innovations  in  MCS  device  design,  such  as 

ity  rates  in  patients  undergoing  VA-ECMO  inde-

improved  biocompatibility,  hemodynamic  opti-

pendently  (Kielstein  et  al. 2013).  The  MELD 

mization,  and  reduced  thrombogenicity,  are 

score  was  associated  with  increased  surgical  and 

needed  to  mitigate  the  risk  of  hepatic  dysfunction 

long-term  morbidity  as  well  as  6-month  mortality 

and  subsequent  complications. 

after  MCS  (Deo  et  al. 2013).  Prior  studies  have 

demonstrated  that  the  MELD  score  predicted 

90-day  mortality  when  calculated  within  48  h  of 
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Abstract 

support  devices.  In  this  chapter,  we  compre-

Renal  dysfunction  is  a  challenge  frequently 

hensively  review  the  mechanisms  of  renal 

encountered  while  treating  patients  with 

injury  in  advanced  heart  failure  patients,  its 

advanced  heart  failure.  Chronic  kidney  disease 

impact  on  outcomes  after  left  ventricular  assist 

and  acute  kidney  injury  are  well-established 

device  implantation,  as  well  as  recommenda-

risk  factors  for  adverse  outcomes  after  implan-

tions  for  reno-protection  in  the  peri-implanta-

tation  of  durable  mechanical  circulatory 

tion  period.  We  also  explore  the  clinical 

implications  of  renal  dysfunction  in  patients 

undergoing  total  artificial  heart  implantation. 
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Introduction 

Classification  of  Cardiorenal  Syndrome 

Heart  failure  and  chronic  kidney  disease  (CKD) 

A  working  group  of  National  Heart,  Lung,  and 

often  coexist.  More  than  40%  patients  with  heart 

Blood 

Institute 

described 

cardiorenal 

dys-

failure  have  comorbid  CKD  (Heidenreich  et  al. 

regulation  as  the  interactions  between  the  kidneys 

2022).  Acute  fluctuations  in  kidney  function  are 

and  other  circulatory  compartments  that  increase 

also  frequently  encountered  during  the  course  of 

circulating  volume,  symptoms  of  heart  failure, 

heart  failure  progression  and  treatment;  these  are 

and  disease  progression.  Cardiorenal  syndrome 

often  seen  during  hospitalization  for  heart  failure. 

is  defined  as  being  at  the  extreme  end  of  this 

Among  hospitalized  patients  with  heart  failure, 

phenomenon,  where  therapy  to  relieve  congestive 

nearly  64%  were  reported  to  have  an  estimated 

symptoms  of  heart  failure  is  limited  by  further 

glomerular  filtration  rate  (eGFR)  <60  ml/min/ 

decline  in  renal  function.  The  Acute  Dialysis 

1.73m2  body  surface  area  (Patel  et  al. 2021).  The 

Quality  Initiative  classifies  cardiorenal  syndrome 

progression  of  CKD  is  notably  aggressive  in  heart 

into  five  classes  (Table  1), based  on  the  chronicity 

failure.  George  et  al.  studied  over  3.5  million 

of 

dysfunction 

and 

the 

initiating 

event 

veterans  with  a  normal  eGFR  and  found  that 

(Rangaswami  et  al. 2019).  While  significant  over-

22%  of  patients  with  heart  failure  had  a  rapid 

lap  exists  between  these  categories  and  the  initial 

decline  in  GFR  slope  defined  as  >5  mL/min/ 

inciting  event  may  not  always  be  obvious,  the 

1.73m2  per  year,  as  compared  to  8.5%  among 

classification  allows  clinicians  to  understand  the 

those  without  heart  failure  (George  et  al. 2017). 

scope  of  this  disorder  and  its  pathophysiology. 

Preexisting  kidney  disease  and  acute  kidney 

injury  are  well-established  risk  factors  for  adverse 

outcomes  after  implantation  of  mechanical  circu-

Measures  of  Renal  Function 

latory  support  devices.  In  this  chapter,  we  com-

prehensively  review  the  mechanisms  of  renal 

To understand cardiorenal syndrome, it is important 

injury  in  advanced  heart  failure  patient,  identify-

to  recognize  commonly  used  definitions  to describe 

ing  high-risk  patients  for  renal  failure  undergoing 

renal  dysfunction  (Table  2).  According  to  the  Kid-

device  implantation,  and  opportunities  to  improve 

ney  Disease  Quality  Outcome  Initiative  (K/DOQI), 

outcomes. 

chronic  kidney  disease  is  defined  as  eGFR  < 

60  ml/min/1.73m2  body  surface  area  for  3  months 

or  more,  or  the  presence  of  markers  of  kidney 

Cardiorenal  Syndrome 

damage,  including  albuminuria.  Albuminuria  is 

defined  as  albumin-to-creatinine  ratio  >  30  mg/g 

The mechanism  of  renal dysfunction in heart  failure 

in  two  of  three  spot  urine  specimens.  The  GFR  can 

is  multifactorial  with  shared  cardiometabolic  risk 

be  estimated  from  the  serum  creatinine  concentra-

factors  between  the  two  disease  processes,  as  well 

tion  using  equations  such  as  Chronic  Kidney  Dis-

as  the  consequences  of  poor  effective  circulation, 

ease  Epidemiology  Collaboration  (CKD-EPI), 

compensatory  neurohormonal  regulatory  mecha-

Modification  of  Diet  in  Renal  Disease  (MDRD) 

nisms,  and  heart  failure  therapy.  The  term  cardio-

Study  equation,  or  the  Cockcroft-Gault  formula 

renal  syndrome  is  often  used  to  encompass  this 

(Levey  et  al. 2005). These  equations  are  summa-

complex  pathology.  Understanding  cardiorenal  sy-

rized in  Table 3; however,  using these measures  has 

ndrome  and  its  pathophysiology  is  critical  to  plan-

demonstrated  varying  accuracy  and  prognostic 

ning care, especially in patients with advanced heart 

value  in  individuals  with  heart  failure,  leading  to 

failure  that  require  mechanical  circulatory  support 

variability  between  outcome  studies.  Similarly, 

(MCS). 

across  the  literature,  several  absolute  as  well  as
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Table  1  Classification  of  cardiorenal  syndrome  (based  on  the  Consensus  Conference  of  the  Acute  Dialysis  Quality Initiative,  2008) 

Type

Syndrome

Definition 

Type 

Acute  cardiorenal

Acute  worsening  of  heart  function  leading  to  kidney  injury  and/or  dysfunction 

1  CRS 

Type 

Chronic  cardiorenal

Chronic  abnormalities  in  heart  function  leading  to  kidney  injury  or  dysfunction 

2  CRS 

Type 

Acute  reno-cardiac

Acute  worsening  of  kidney  function  leading  to  heart  injury  and/or  dysfunction 

3  CRS 

(e.g.,  due  to  volume  overload,  electrolytes  abnormalities) 

Type 

Chronic  reno-cardiac

Chronic  kidney  disease  leading  to  heart  injury,  disease,  and/or  dysfunction 

4  CRS 

Type 

Secondary  cardiorenal 

Systemic  conditions  leading  to  simultaneous  injury  and/or  dysfunction  of  heart 

5  CRS 

syndrome 

and  kidney  (e.g.,  sepsis,  amyloidosis) 

Table  2  Commonly  used  definitions  for  renal  dysfunction 

Term  used

Definition

Defining  organization 

Chronic  kidney 

Estimated  glomerular  filtration  rate  (eGFR)  <  60  ml/min/1.73m2 

Kidney  Disease  Quality 

disease  (CKD) 

body  surface  area  for  3  months  or  more,  or  the  presence  of 

Outcome  Initiative  (K/DOQI) 

markers  of  kidney  damage  (albuminuria,  urine  sediment 

guidelines  2014 

abnormalities,  electrolyte  abnormalities  due  to  tubular 

dysfunction,  abnormalities  detected  on  histology,  structural 

abnormalities  detected  on  imaging,  history  of  kidney 

transplantation) 

Albuminuria

Albumin  excretion  rate  ≥ 30  mg/24  h  or  albumin-to-creatinine 

Kidney  Disease  Quality 

ratio  ≥ 30  mg/g  in  two  of  three  spot  urine  specimens 

Outcome  Initiative  (K/DOQI) 

guidelines  2014 

Acute  kidney 

Increase  in  serum  creatinine  (SCr)  by  ≥0.3  mg/dl  within  48  h, 

Kidney  Disease  Improving 

injury 

or  increase  in  SCr  to  ≥1.5  times  baseline,  which  is  known  or 

Global  Outcomes  (KDIGO) 

presumed  to  have  occurred  within  the  prior  7  days;  or  urine 

guidelines  2012 

volume  ≤ 0.5  ml/kg/h  for  6  h 

Table  3  Equations  to  derive  GFR 

Name

Equation 

2021  Chronic  Kidney  Disease  Epidemiology 

eGFR = 

cr 

142  ×  min(Scr/κ,  1)α  ×  max(Scr/κ,  1)-

Collaboration  (CKD-EPI)  –  Creatinine 

1.200  ×  0.9938Age  ×  1.012  [if  female] 

where  Κ:  0.7  (females)  or  0.9  (males) 

α: -0.241  (female)  or - 0.302  (male) 

min(Scr/κ,  1)  is  the  minimum  of  Scr/κ  or  1.0 

max(Scr/κ,  1)  is  the  maximum  of  Scr/κ  or 1.0

Modification  of  Diet  in  Renal  Disease  (MDRD) 

eGFR  =  175  ×  (SCr)-1.154  ×  (age)-0.203  ×  0.742  [if  female] 

Study 

×  1.212  [if  Black] 

Cockcroft-Gault  formula

C

= 

Cr 

{((140–age)  ×  weight)/(72  ×  SCr)}  ×  0.85  (if  female) 

2021  Chronic  Kidney  Disease  Epidemiology 

eGFR

= 

cr-cys 

135  ×  min(Scr/κ,  1)α  ×  max(Scr/κ,  1)-0.544  ×  min 

Collaboration  (CKD-EPI)  –  Cystatin 

(Scys/0.8,  1)-0.323  ×  max(Scys/0.8,  1)-0.778  ×  0.9961Age  ×  0.963 

[if  female] 

where  κ  =  0.7  (females)  or  0.9  (males) 

α  = -0.219  (female)  or - 0.144  (male) 

min(Scr/κ,  1)  is  the  minimum  of  Scr/κ  or  1.0 

max(Scr/κ,  1)  is  the  maximum  of  Scr/κ  or 1.0

eGFR:  Estimated  glomerular  filtration  rate 

Scr:  Standardized  serum  creatinine  in  mg/dL 

CCr:  Creatinine  clearance 

Scys:  Standardized  serum  cystatin  C  in  mg/L 

Age  in  years

674

T. Sharma and K. B. Shah

relative  thresholds  of  creatinine  and  other  bio-

hemodynamic  changes  in  heart  failure  on  renal 

markers  are  used  to  define  dynamic  changes  in 

function  is  manyfold.  Hemodynamic  alterations  of 

renal  function  (Mullens  et  al. 2020). Clinical  judg-

heart  failure,  namely  decreased  cardiac  output  and 

ment  should  be  used  to  ascertain  the  reliability  of 

increased  venous  congestion,  directly  affect  renal 

creatinine-based  eGFR  in  every  case,  especially  in 

circulation  and  activate  compensatory  neurohor-

patients  with  cachexia  and  debility,  since  creatinine 

monal  and  autoregulatory  mechanisms  in  an  effort 

is  produced  by  skeletal  muscle  cells  and  may  be 

to  maintain  a  steady  state  of  perfusion  across  the 

falsely  low  in  people  with  low  muscle  mass. 

glomerular  interface.  While  an  effective  perfusion 

Cystatin-C  is  emerging  as  a  useful  biomarker  in 

pressure  is  important  and  systemic  hypotension  is 

such  patients.  Cystatin-C  is  produced  by  all  nucle-

deleterious  to  the  kidneys,  venous  congestion  has 

ated  cells  of  the  body,  and  eGFR  based  on  cystatin-

been  shown  to  be  more  consistently  associated  with 

C  would  give  a  more  accurate  assessment  of  renal 

renal  dysfunction.  Renal  congestion  decreases  the 

function,  contrary  to  creatinine  which  is  a 

pressure  gradient  across  the  glomerulus,  leading  to 

by-product 

of 

skeletal 

muscle 

metabolism. 

a  decrease  in  GFR.  Additionally,  it  produces 

Cystatin-C  is  freely  filtered  at  the  level  of  the  glo-

increased  renal  interstitial  pressure  that  affects  the 

merulus  and  is  not  secreted.  Under  normal  circum-

entire  capillary  bed  and  the  tubules,  and  possibly 

stances,  it  is  reabsorbed  and  catabolized  by  the 

also  results  in  local  hypoxia  (Afsar  et  al. 2016). 

proximal  tubular  cells,  such  that  only  small 

Studies  utilizing  invasive  hemodynamic  measures 

amounts  of  cystatin-C  are  lost  in  the  urine.  In  kid-

showed that elevated central venous  pressure (CVP) 

ney  disease, loss of  cystatin-C  in  the urine increases 

is  associated  with  worse  baseline  renal  function  in 

due  to  impaired  tubular  reabsorption.  Given 

chronic  heart  failure,  while  no  such  association  was 

increased  reliability  in  chronically  debilitated 

seen  for  other  hemodynamic  markers  like  pulmo-

patients  with  advanced  heart  failure,  the  2021 

nary  capillary  wedge  pressure  (PCWP),  cardiac 

Chronic  Kidney  Disease  Epidemiology  Collabora-

index (CI), and systemic vascular resistance (Nohria 

tion  (CKD-EPI)  cystatin  equation,  which  combines 

et  al. 2008).  Similarly,  elevated  CVP  is  also  linked 

both  serum  creatinine  and  cystatin-C,  may  become 

with  worsening  renal  function  (WRF)  in  acute  heart 

the  largely  accepted  calculation  of  eGFR  in  this 

failure  (Damman  et  al. 2009;  Mullens  et  al. 2009). 

population  (Table  3). 

This  may  explain  the  similar  prevalence  of  renal 

Transient  deterioration  of  renal  function  is 

dysfunction  in  heart  failure  with  and  without 

described  using  terms  like  worsening  renal  function 

reduced  ejection  fraction. 

(WRF)  and  acute  kidney  injury  (AKI).  Kidney  Dis-

ease  Improving  Global  Outcomes  (KDIGO)  defines 

Activation  of  the  Neurohormonal  Axis 

AKI  as  an  increase  in  serum  creatinine  of  at  least 

The  neurohormonal  response  to  hemodynamic 

0.3  mg/dL  within  48  h  or  an  increase  in  seru  

m

changes  maintains  GFR,  mainly  by  increasing 

creatinine  to  ≥1.5  times  baseline,  which  is  known 

efferent  arteriolar  vasoconstriction  and  sodium 

or  presumed  to  have  occurred  within  the  prior 

and water  reabsorption. While these autoregulatory 

7  days,  or  urine  volume  <  0.5  ml/kg/h  for  6  h. 

changes  initially  maintain  filtration  fraction,  that  is 

WRF  is  a  term  commonly  used  in  heart  failure 

the  ratio  of  GFR  to  renal  blood  flow,  chronic 

studies;  however,  it  has  varying  definitions  with 

increase  in  intraglomerular  hypertension  eventu-

multiple  cutoffs  described  for  eGFR,  creatinine, 

ally  cause  glomerular  dysfunction  and  decline  in 

and  cystatin-C (Damman et al. 2014a). 

renal  function.  Additionally,  unrestricted  renal 

adaptations  in  heart  failure  further  lead  to  worsen-


ing  of  cardiac  function  due  to  adverse  remodeling 

Mechanism  of  Cardiorenal  Syndrome 

and  volume  overload.  The  renin-angiotensin-aldo-

sterone-system  (RAAS),  catecholamines,  endothe-

Hemodynamic  Alterations 

lial  dysfunction,  and  systemic  inflammation  are  all 

Since  the  kidneys  receive  20%  of  the  cardiac  output 

effectors  of  the  interdependent  vicious  cycle  in  this 

at  rest  and  have  a  limited  flow  reserve,  the  impact  of 

pathologic  state.  An  important  counter-regulatory
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response  to  RAAS  activation  is  natriuretic  peptide 

initiation  of  an  MRA  (Mullens  et  al. 2020). Mea-

secretion  in  response  to  myocardial  stretch.  Natri-

surement  should  also  be  repeated  upon  change  in 

uretic  peptides,  namely  atrial  natriuretic  peptide 

clinical  status  and  management.  GFR  should  be 

(ANP)  and  B-type  natriuretic  peptide  (BNP),  lead 

estimated  using  the  CKD-EPI  equation  preferably 

to  dilatation  in  afferent  arterioles  and  increase  renal 

(Mullens  et  al. 2020). 

blood  flow,  resulting  in  diuresis  and  natriuresis. 

Left  Ventricular  Assist  Devices 

Monitoring  Renal  Function  in  Heart 

and  Renal  Dysfunction 

Failure 

With  regards  to  MCS  initiation,  important  renal 

Renal  function  must  be  frequently  monitored  in 

determinants  of  mortality  include  preimplantation 

patients  with  heart  failure  to  guide  titration  of 

eGFR,  postimplantation  AKI,  need  for  renal 

guideline-directed  medical  therapy  (GDMT)  as 

replacement  therapy  (RRT),  and  recovery  of  renal 

well  as  prognosticate  patient  outcomes.  Baseline 

function  after  implantation  (Gambaro  et  al. 2021). 

renal  dysfunction  helps  stratify  patients  in  terms 

Understanding  and  reviewing  current  evidence  with 

of  outcomes.  In  their  2021  meta-analysis, 

regards  to  each  of  these  factors  is  imperative  to 

Damman  et  al.  found  that  mortality  rates  for 

appropriate  patient  selection  for  MCS  and  down-

patients  with  CKD  were  16%  as  compared  to 

stream  clinical  decision-making  to  improve  out-

11%  in  those  without  CKD,  with  2.34  times 

comes.  In  this  section,  we  will  focus  on  left 

higher  odds  for  mortality  on  unadjusted  analysis 

ventricular  assist  device  (LVAD)  implantation  and 

(95%  CI  2.20–2.50,  P  <  0.001).  Upon  stratifying 

its  consequences  on  renal  function. 

by  degree  of  renal  dysfunction,  they  found  that 

moderate  renal  impairment  showed  an  adjusted 

hazard  ratio  (HR)  of  1.59  (95%  CI  1.49–1.69, 

Preexisting  Renal  Dysfunction 

p  =  0.001)  versus  severe  renal  impairment  with 

and  Impact  on  Outcomes 

HR  of  2.17  (95%  CI  1.95–2.40,  p  =  0.001) 

(Damman  et  al. 2014b).  Both  the  American 

Early  literature  from  the  1990s  showed  a  very  high 

College  of  Cardiology(ACC)/American  Heart 

mortality  rate  for  patients  with  renal  dysfunction 

Association  (AHA)  (class  1  –  level  B-NR)  and 

undergoing  implantation  of  a  displacement  pump 

European  Society  of  Cardiology  (ESC)  (class  1  – 

LVAD.  Kanter  et  al.  reported  a  100%  mortality  in 

level  C)  heart  failure  guidelines  recommend  renal 

patients  needing  dialysis  in  the  peri-implantation 

function  measurement  at  baseline  for  all  patients 

period,  and  Oz  et  al.  reported  that  urine  output  less 

diagnosed  with  heart  failure  as  part  of  routine 

than  30  ml/h  increased  the  odds  of  death  by  as 

evaluation  (Ponikowski  et  al. 2016;  Heidenreich 

much  as  3.5  times  (Kanter  et  al. 1987;  Oz  et  al. 

et  al. 2022).  ESC  guidelines  recommend  monitor-

1997).  While  the  magnitude  of  poor  outcomes  has 

ing  of  serum  creatinine,  urea,  eGFR,  sodium,  and 

significantly  decreased  over  the  years,  the  overall 

potassium  every  4  months  in  patients  on  stable 

trend  through  the  literature  indicates  that  higher 

doses  of  renin-angiotensin-aldosterone-system 

degree  of  preimplantation  renal  dysfunction  is 

(RAAS)  inhibitors  as  well  as  within  1–2  weeks 

associated  with  a  lower  survival.  A  review  of  the 

following  titration  of  RAAS  inhibitors  and  min-

literature  to  determine  whether  poor  renal  function 

eralocorticoid 

receptor 

agonists 

(MRA) 

is  an  independent  predictor  of  mortality  has,  how-

(Ponikowski  et  al. 2016).  While  it  seems  intuitive 

ever,  yielded  mixed  results.  Table  4  summarizes 

given  our  understanding  of  cardiorenal  physiol-

important  studies  along  with  the  primary  outcomes 

ogy,  real-world  data  shows  a  need  for  better 

in  this  regard.  An  important  aspect  of  this  differ-

monitoring;  for  example,  renal  function  and 

ence  is  that  most  of  these  studies  are  heterogenous 

potassium  levels  were  measured  in  less  than 

in terms of definition of renal dysfunction as well as 

30%  of  the  patients  in  some  registries  after 

variables  adjusted  for  in  the  analysis. 
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Table 4 Important literature summarizing the effect of pre-LVDA implantation renal function on outcomes

Year  of 

Number  of 

Study

publication  participants 

Device type

Renal function cutoff Results

McCarthy 

1998

97

Variable

BUN  49  vs.  34  mg/dl  Elevated  BUN  (49  vs.  34  mg/dl; 

et  al. 

Creatinine  2.0 

p  =  0.03)  and  creatinine  (2.0 

vs.  1.5  mg/dl 

vs.  1.5  mg/dl;  p  =  0.04)  are  risk 

factors  for  death  on  univariate 

analysis 

Elevated  baseline  creatinine  was  a 

predictor  of  death  on  multivariable 

analysis  (OR  =  2.4;  CI  0.98–5.56; 

p  =  0.05) 

Khot  et  al. 

2003

215

Variable

Creatinine ≥3  mg/dL  30-day  and  6-month  survival  after 

VAD  placement,  survival  to 

transplantation,  and  survival  1-year 

posttransplantation  were  similar  to 

patients  without  severe  renal 

dysfunction 

Creatinine  improved  from  4.0 

±  0.7  mg/dl  (range  3.0–5.2  mg/dl)  at 

the  time  of  LVAD  placement  to  2.0 

±  0.6  mg/dl  (range  1.3–3.5  mg/dl) 

6-month  posttransplant  in  patients 

who  received  LVAD  as  bridge-to-

transplant  and  1.9  ±  1.2  mg/dl 

(range  0.8–3.6  mg/dl)  in  surviving 

patients  with  LVAD 

Butler 

2006

220

PF-LVAD

Stratified  CrCl  into 

Survival  for quartiles  1–4  at  6  months 

et  al. 

quartiles:  < 

was  42%,  52%,  63%,  and  79%, 

47,  48–68,  69–95, 

respectively  ( p  <  0.01  for  trend) 

and  >  95  ml/min 

Survival  for  quartiles  1–4  at  

12  months  was  26%,  34%,  47%,  and 

66%,  respectively  ( p  <  0.01  for 

trend) 

Adjusting  for  other  covariates, 

patients  in  the  lowest  CrCl  quartile 

were  at  a  higher  risk  of  dying 

postimplant  (OR  1.95,  95% 

confidence  interval  1.14–3.63) 

CrCl  increased  from  36.7  +/- 9.2 

to  60.1  +/- 35.5  ( p  <  0.01;  n  =  55 

pairs)  from  preimplant  to  week 

1  patients  with  baseline  CrCl 

<50  ml/min  on  paired  analysis 

Recovery  of  renal  function  to  CrCl 

>50  was  associated  with  a  trend 

towards  better  30-day  survival 

(84%  vs.  66%,  p  =  0.09)

Lietz  et  al. 

2007

280

PF-LVAD

CrCl  ≤41  ml/min 

On  univariate  analysis, 

Creatinine 

CrCl  </=41  mL/min  (OR  =  3.0; 

>2.1  mg/dL 

CI  1.5–5.9;  p  =  0.002);  creatinine 

BUN  >5  U/dL 

>2.1  mg/dL  (OR  2.7;  CI  1.3–5.6; 

p =  0.006);  BUN >51  U/dL  (OR  2.4; 

CI  1.2–4.8;  p  =  0.01)  was  associated 

with  increased  odds  of  mortality 

BUN>51  U/dL  (OR  2.9;  CI  1.1–8.0, 

p  =  0.03)  is  an  independent  predictor 

of  death  on  multivariate  analysis

(continued)
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Table  4  (co ntinued)

Year  of

Number  of 

Study

publication  participants 

Device  type 

Renal function cutoff  Results 

Ma et al. 

2008

28

Variable

Creatinine 

Preoperative  creatinine  levels 

>1.5 mg/dL

correlated  with  the  days  it  took  for 

patient  creatinine  to  drop  below 

1.5  mg/dL 

Patients  with  preoperative  creatinine 

<1.95  mg/dL  stayed  in  the  ICU  for 

12.6  ±  9.8  days  vs.  28.8  ±  20.7  days 

for  Cr  >1.95  mg/dL  ( p  <  0.05) 

Sandner

2009

86

CF-LVAD

eGFR  <60  ml/min/ 

Survival  rate  was  91.3%,  79.9%, 

et al. 

1.72m2

72.6  at  1,  3,  and  6  months, 

respectively,  for  eGFR  >60 

vs.  92.5%,  66.5%,  47.9%, 

respectively,  for  eGFR  <60 

( p  =  0.038) 

Bridge-to-transplant  rate  was  higher 

in  patients  with  normal  renal  function 

Preimplantation  renal  function  was  a 

significant  predictor  of  survival  on 

univariate  analysis  but  not  an 

independent  predictor  on 

multivariate  analysis 

Yoshioka

2012

41

Variable

Creatinine 

Survival  rates  were  96.2%  at  30  days, 

et al. 

>1.96 mg/dL

88.0%  at  90  days,  and  77.5%  at  1  year 

in  patients  with  Cr  levels  of 

<1.96  mg/dl,  and  60.0%  at  30  days, 

46.7%  at  90  days,  and  31.1%  at  1  year 

in  patients  with  Cr  levels  of 

≥1.96  mg/dl  ( p  =  0.0011) 

Multivariate  analysis  showed  that 

preoperative Cr level is an independent 

predictor  of  90-day  mortality 

Iwashima

2012

110

PF-LVAD

eGFR  <50  ml/min/ 

Multivariate  analysis  showed  the 

et al. 

1.72 m2

baseline  eGFR  was  an  independent 

predictor  of  death  (hazard  ratio,  0.90 

for each 10 mL/min increase, p < 0.05) 

Kirklin

2013

4917

CF-LVAD

Severe:  On  dialysis 

Worsening  renal  dysfunction 

et al. 

and/or  eGFR 

correlated  with  decreased  survival, 

<30  ml/min 

with  nearly  a  20%  reduction  in  the 

Moderate:  eGFR 

2-year  survival  going  from  low  to 

30  to  59  ml/min  or 

severe  dysfunction 

BUN  >60  mg/dl 

Higher  preimplantation  BUN  and 

Mild:  eGFR 

dialysis  predict  early  mortality 

≥60  ml/min  and 

Combination  of  dialysis  and  shock 

BUN <60 mg/dl

pre-LVAD  predicts  greater  than  50% 

mortality  in  the  first  3  months 

Raichlin

2016

165

CF-LVAD

GFR  <40  ml/min/ 

GFR  at  1  year  was  higher  than  the 

et al. 

1.73 m2

pre-LVAD  level  in  the  GFR  ≤ 40 

group  and  returning  to  the  pre-LVAD 

level  in  the  GFR  >  40  group 

Post-LVAD  dialysis  was  used  in  20% 

of  the  GFR  ≤ 40  patients  and  7%  of 

the  GFR  >  40  patients  ( p  =  0.02) 

BUN  Blood  urea  nitrogen  (units/deciliter),  Creatinine  Serum  creatinine  (milligram/deciliter),  CrCl  Creatinine  clearance (milliliter/minute),  CI  95%  confidence  interval,  CF-LVAD  Continuous-flow  LVAD,  eGFR  estimated  glomerular  filtration rate (milliliters/minute/1.72 m2 body surface area), PF-LVAD Pulsatile-flow LVAD, OR Odds ratio
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With  regards  to  survival,  the  timing  of 

reversibility  of  renal  dysfunction  appear  to  be 

increased  mortality  is  also  interesting.  In  their 

important  to  determining  outcomes  (Butler  et  al. 

study  of  patients  undergoing  continuous-flow 

2006; Sandner  et  al. 2009). Past  guidelines  have 

LVAD  (CF-LVAD)  implantation  between  1998 

deemed  end-stage  renal  disease,  defined  as  the 

and  2007  which  included  86  patient,  Sandner 

final  and  permanent  stage  of  CKD  that  leads  to 

et  al.  demonstrated  that  eGFR  <  60  mL/min/ 

dependence  on  long-term  dialysis  or  renal  trans-

1.72m2  was  associated  with  significantly  lower 

plant,  as  a  relative  contraindication  to  LVAD 

survival  at  3- and  6-months  post-implant  (survival 

implantation  for  destination  therapy  due  to  worse 

rate  66.5%  and  47.9%,  respectively,  for  eGFR 

survival  in  this  group  (Feldman  et  al. 2013). With 

<60  vs.  79.9%  and  72.6%  at  3  and  6  months,  regards  to  other grades  of  CKD,  there  is  not  a clear 

respectively,  for  eGFR  >  60;  p  =  0.038)  although 

cutoff  for  degree  of  renal  impairment  to  guide 

survival  in  the  first  month  was  similar  (91.3% 

clinical  decision-making.  Different  studies  have 

vs.  92.5%)  (Sandner  et  al. 2009).  In  a  larger  and 

used  varying  cutoffs  of  serum  creatinine,  blood 

more  recent  study  of  4917  patients  receiving  a 

urea  nitrogen,  creatinine  clearance,  and  eGFR, 

CF-LVAD  between  2006  and  2012,  poor  renal 

while  some  have  used  other  indicators  like  urine 

function  correlated  with  decreased  survival  by 

output  and  need  for  renal  replacement  therapy  as 

nearly  20%  at  2  years  when  comparing  eGFR 

significant  risk  factors  for  mortality.  In  the 

<30  mL/min  to  >60  mL/min,  with  most  of  the  absence  of  a  universal  guideline,  most  institutions 

negative  survival  effect  occurring  during  the  first 

define  local  standards  to  make  better  decisions 

3  months  (Kirklin  et  al. 2013).  Hence,  worse  out-

regarding  resource  allocation.  In  our  practice,  we 

comes  are  noted  in  the  short-to-midterm,  but  pre-

regard  a  serum  creatinine  >2  mg/dL  or  an  eGFR 

existing  renal  dysfunction  does  not  seem  to  affect 

<30  ml/min/1.72m2  despite  appropriate  medical 

immediate  postoperative  mortality. 

optimization  of  heart  failure  and  renal  function,  as 

The  need  for  renal  replacement  was  higher  in 

a  predictor  for  worse  outcomes,  requiring  a  cau-

patients  with  preexisting  renal  dysfunction;  how-

tious  review  of  other  factors  to  make  a  nuanced 

ever,  this  was  also  impacted  by  the  definition  of 

decision  as  well  as  to  guide  the  conversations  with 

renal  dysfunction  and  population  size.  It  was  not 

patients  in  setting  realistic  expectations. 

statistically  significant  when  a  cutoff  of  eGFR 

≤60  ml/min/1.72  m2  was  used  (Sandner  et  al. 

2009)  but  showed  significance  in  two  larger  studies 

Postimplantation  Renal  Function 

that  had  lower  eGFR  cutoff  and  analyzed  stratified 

results  (Butler  et  al. 2006;  Raichlin  et  al. 2016). 

Studies  that  looked  at  improvement  in  renal  func-

Renal  dysfunction  was  not  associated  with  other 

tion  post-LVAD  implantation  found  that  renal 

post-LVAD  complications  including  infections, 

function  improved  irrespective  of  pre-implant 

bleeding,  and  respiratory  complications  in  any  of 

GFR.  Patients  with  renal  dysfunction  showed 

the  studies,  but  rates  of  hemorrhagic  stroke  were 

overall  improvement  in  GFR  to  a  level  greater 

significantly  increased  among  patients  with  pre-

than  preimplantation  values  at  1  year,  while 

existing  renal  dysfunction  in  the  study  by  Sandner 

those  with  normal  renal  function  were  found  to 

et  al.  A  preimplantation  creatinine  concentration  of 

have  return  to  baseline  function  in  the  same  dura-

greater  than  1.95  mg/dL  was  associated  with  longer 

tion  (Raichlin  et  al. 2016). Improvement  in  renal 

intensive care unit stay in one study (Ma et al. 2008). 

function  in  those  with  preimplantation  renal  dys-

The  bridge-to-transplantation  rate  was  noted  to  be 

function  significantly  improved  outcomes  (Butler 

higher  in  patients  with  normal  renal  function 

et  al. 2006;  Sandner  et  al. 2009). Patients  who 

(Sandner  et  al. 2009). 

showed  improved  renal  function  had  lower  inci-

Based  on  these  observations,  renal  dysfunction 

dence  of  diabetes  (Butler  et  al. 2006; Sandner 

itself  should  not  be  deemed  an  absolute  contrain-

et  al. 2009),  lower  preimplantation  cardiac 

dication  to  LVAD  implantation  and  other  patient 

index,  and  lower  body  mass  index  (Butler  et  al. 

factors  including  etiology,  duration,  as  well  as, 

2006). There  was  no  difference  in  preimplantation

41

Implantable Mechanical Circulatory Support and Renal Function

679

intra-aortic  balloon  pump  use  between  the  group 

dysfunction  at  1  year  (Muslem  et  al. 2018).  The 

that  showed  improvement  versus  the  group  that 

prevalence  of  AKI  after  LVAD  implantation  is 

did  not  (Butler  et  al. 2006).  There  was  a  trend 

close  to  25%  and  increases  the  odds  of  mortality 

towards  more  intravenous  inotropic  support 

by  as  much  as  four  times  at  30  days  (Thongprayoon 

before  LVAD  implantation  among  people  whose 

et  al. 2020). Preoperative  predictors  of  AKI  include 

renal  function  recovered,  but  it  did  not  reach  sta-

preexisting  renal  dysfunction,  high  CVP,  and  need 

tistical  significance. 

for  inotropes  (Gambaro  et  al. 2021).  Massive  fluid 

While  early  improvement  in  renal  function  with 

shifts  cause  ischemia-reperfusion  injury,  leading  to 

MCS  is  well  studied,  there  is  a  trend  towards  slow 

formation  of  reactive  oxygen  species,  and  tubuloin-

decline  in  renal  function  beyond  the  first  month 

terstitial  damage.  Additionally,  the  contact  of  blood 

(Brisco  et  al. 2014;  Gambaro  et  al. 2021). This  is 

with non-endothelialized circuits leads  to a systemic 

in  part  due  to  use  of  creatinine-based  eGFR  which 

inflammatory  response  which  is  associated  with 

overestimates 

renal 

dysfunction 

as 

cachectic 

microthrombi  formation,  causing  transient  ischemic 

advanced heart failure patients undergo gain in mus-

injury  to  the  renal  parenchyma.  Not  surprisingly,  for 

cle  mass  following  MCS  implantation,  as  discussed 

these  reasons,  prolonged  cardiopulmonary  bypass 

previously.  However,  hemodynamic  changes  also 

(CPB)  time  is  shown  to  be  an  independent  predictor 

play  a  role  in  long-term  decline  in  renal  function. 

for  AKI.  Other  factors  including  perioperative  nos-

Alteration  of  physiological  circulation,  right  heart 

ocomial  infections  leading  to  sepsis  and  shock,  and 

dysfunction  following  LVAD  implantation,  and 

the  use  of  nephrotoxic  medications  like  antibiotics 

chronic  hemolysis  are  some  factors  that  have  been 

further  increases  the  risk  for  AKI. 

implicated.  Firstly,  continuous-flow  (CF)  LVADs 

are  the  preferred  devices  in  the  current  era  of  MCS 

owing  to  their  smaller  size,  increased  durability,  and 

Management of  AKI  and Need  for Renal 

reliability,  even  though  older  first  generation  of 

Replacement 

pulsatile-flow  (PF)  devices  is  known  to  be  more 

physiological.  Lack  of  pulsatility  is  believed  to  be 

Early  recognition  of  AKI  and  prompt  action  to  slow  

associated  with  increased  sympathetic  activity  and 

its  progression  are  paramount  to  improving  post-

activation  of  RAAS.  In  animal  models,  CF-LVADs 

implant  outcomes.  This  includes  preload  reduction 

were  associated  with  inflammatory  changes  in  renal 

with  diuretics,  use  of  appropriate  inotropes  for 

mesangium,  including  periarteritis  thought  to  be 

shock,  timely  recognition  of  sepsis,  avoidance  of 

secondary  to  RAAS  activation.  Secondly,  increase 

nephrotoxic  medications,  and  initiation  of  RRT. 

in  right  ventricular  (RV)  preload  secondary  to 

Early  involvement  of  nephrologists  as  an  integral 

LVAD  implantation  can  lead  to  myocardial 

part  of  the  care  team  can  help  facilitate  this.  Per  a 

remodeling,  RV  dilatation,  tricuspid  regurgitation, 

recent  meta-analysis,  approximately  13%  of  post-

and  consequent  right  heart  failure  which  increased 

LVAD  patients  require  RRT  which  portends  a  poor 

CVP  and  renal  venous  congestion.  Thirdly,  chronic 

prognosis (Thongprayoon et al. 2020;  Gambaro 

hemolysis  from  sheer  stress  secondary  to  MCS 

et  al . 2021).  Unfortunately,  several  risk  models  that 

leads  to  release  of  free  hemoglobin  and  iron  which 

have been used to predict kidney failure after cardiac 

can  lead  to  tubular  damage  (Gambaro  et  al. 2021). 

surgery,  like  the  Society  of  Thoracic  Surgeons 

These are important considerations in the post-MCS 

(Mehta  Score),  Cleveland  Clinic  Score  (Thakar 

implantation  population  and  continued  surveillance 

Score),  and  the  Simplified  Renal  Index,  are  not 

of  renal  function  is  essential. 

applicable  to  the  post-LVAD  population  and  there-

fore  are  not  useful  for  prognostication  (Pilarczyk 

et  al. 2020). 

Perioperative  AKI 

The  timing  of  RRT with  regards  to  stage  of  AKI 

has  not  been  noted  to  improve  mortality,  but  early 

AKI  in  the  immediate  postimplantation  period  is 

initiation  has  been  associated  with  shorter  intensive 

associated  with  increased  mortality  as  well  as  renal 

care  unit  and  hospital  stay  (Liu  et  al.  2020). 
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Concomitant  hemodynamic  concerns  in  this  unsta-

part,  to  the  abrupt  withdrawal  of  B-type  natri-

ble  population  often  necessitate  the  use  of  continu-

uretic  peptide  (BNP)  which  is  secreted  by  the 

ous  RRT.  However,  no  studies  have  shown  the 

ventricles  in  response  to  myocardial  stretch  to 

superiority  of  continuous  RRT  to  intermittent  RRT, 

counteract 

intravascular 

volume 

expansion. 

and  the  decision  is  largely  guided  by  presence  of 

While  some  studies  showed  the  use  of  low-dose 

shock  and/or  resource  availability  (Gambaro  et  al. 

nesiritide,  a  synthetic  natriuretic  peptide  analog 

2021). 

in 

the 

immediate 

postimplantation 

period 

lowered  the  incidence  of  renal  failure,  results 

were  inconsistent  (Desai  et  al. 2020).  Nesiritide 

Total  Artificial  Heart  and  Renal 

has  since  been  withdrawn  from  the  US  market 

Dysfunction 

due  to  concerns  for  efficacy  and  in  the  absence  of 

another  clinically  available  BNP  analog,  the  role 

In  situations  where  LVAD  implantation  is  pre-

of  BNP  in  reversing  renal  injury  in  TAH  recipi-

cluded  by  biventricular  failure  or  anatomic  factors 

ents  cannot  be  conclusively  studied.  Off-label 

like  a  small  non-dilated  left  ventricle,  the  total 

use  of  low  dose  angiotensin  receptor-neprilysin 

artificial  heart  (TAH)  may  be  an  option  for  bridge 

inhibitors  (sacubitril/valsartan),  which  inhibits 

to  transplant  (Desai  et  al. 2020).  Interestingly,  the 

the  metabolism  of  endogenous  BNP,  has  been 

rate  of  renal  failure  in  patients  undergoing  TAH 

observed  to  improve  renal  function  in  ambula-

implantation  is  as  high  as  19–60%  according  to 

tory  TAH  patients  in  anecdotal  accounts. 

some  studies.  INTERMACS  registry  data  showed 

With  regards  to  recovery  of  renal  function  after 

that  29%  of  patients  had  a  new  requirement  for 

TAH  implantation,  Quader  et  al. (2016)  found  that 

RRT after  TAH  implantation  (Arabía  et  al. 2018). 

75% patients, including those requiring preoperative 

Renal  failure  is  noted  to  be  associated  with  a 

dialysis,  saw  improvement  in  renal  function.  The 

six-fold  increase  of  death  on  device  in  this  popu-

preimplantation  eGFR  in  this  single-center  study 

lation  (Desai  et  al. 2020). 

was  48  ±  7  ml/min/1.73  m2  and  included  20  TAH  

Desai  et  al. (2020)  shared  their  single-center 

recipients.  Incremental  improvement  in  eGFR 

experience  with  the  objective  of  defining  the  pre-

(ml/min/1.73  m2 )  at  30,  90,  and  180  days  was 

dictors of renal failure after TAH implantation. They 

21  ±  35  ( p  =  0.1),  16.5  ±  18  ( p  =  0.05),  and 

found that lower baseline eGFR was associated with 

10  ±  9  ( p  =  0.1),  respectively.  Mortality  was  nota-

need  for  RRT  after  device  implantation  in  an  incre-

bly higher in patients who developed a new need for 

mental  fashion,  with  eight-times  the  odds  for  post-

dialysis  after  implantation;  however,  recovery  in 

implantation 

RRT 

in 

patients 

with 

eGFR 

renal  function  was  also  noted  in  this  group  (Quader 

<30  ml/min/1.72m2  and  three-times  the  odds  in  et  al. 2016). 

those  with  eGFR  30–45  ml/min/1.72m2 ,  compared 

Study  of  predictors  of  renal  dysfunction  and 

to  those  with  normal  renal  function.  Additionally, 

optimization  of  patient  factors  in  those  undergo-

patients  needing  RRT were  more  critically  ill,  need-

ing  TAH  implantation  is  fraught  with  limitations, 

ing extracorporeal membrane oxygenation (ECMO) 

including  small  size  of  the  study  population, 

and  mechanical  ventilation  prior  to  implantation. 

confounding  by  presence  of  critical  illness  and 

Need for  RRT was  also  associated  with  the presence 

profound  shock  in  the  preimplantation  period, 

of  coronary  artery  disease  (CAD),  low  hematocrit, 

and  exclusion  of  patients  with  preexisting  renal 

and  low  albumin  concentrations.  Of  these  factors, 

dysfunction  from  major  trials  (Copeland  et  al. 

presence  of  CAD  and  preimplantation  ECMO  were 

2004).  Most  of  the  studies  mentioned  above  are 

noted  to  be  independent  predictors  of  need  for  RRT, 

single-center  experiences.  Hence,  multicenter 

with odds ratios of 3.3 and 14, respectively. Of these 

registries  and  prospective  studies  that  include 

patients,  58%  had  renal  recovery  with  dialysis  and 

measurements  of  biomarkers  and  renal  function 

86%  survived  to  heart  transplant. 

are  needed  to  further  understand  the  physiology 

The  excess  incidence  of  renal  failure  in  this 

and  markers  of  renal  dysfunction  in  this 

population  is  postulated  to  be  related,  at  least  in 

population. 
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Reno-Protective  Measures 

blood  loss  and  adequate  transfusion  of  blood  prod-

in  the  Perioperative  Setting 

ucts  is  essential.  Embolic  phenomena  including 

thromboembolism,  atheroembolism,  and  embolism 

The  study  of  pathophysiology  and  delineating  pre-

from  other  intracardiac  material,  such  as  valvular 

dictors  of  renal  dysfunction  in  patients  undergoing 

vegetations,  may  occlude  the  renal  circulation  caus-

MCS serves  an important goal of  understanding and 

ing  renal  dysfunction  (Austin  et  al. 2020).  Echocar-

implementing measures  to  prevent  WRF in the  peri-

diographic  examination,  including  transesophageal 

implantation  period,  leading  to  improved  outcomes. 

echocardiography  where  indicated,  is  warranted  in 

The  mitigation  of  renal  dysfunction  starts  in  the 

patients  susceptible  to  having  an  intracardiac  source 

preoperative period and extends throughout the hos-

of  embolism.  Prophylactic  anticoagulation  should 

pitalization.  Precautions  to  avoid  exposure  to 

be  considered.  Time  on  CPB  is  associated  with 

nephrotoxins  such  as  iodinated  contrast,  nonsteroi-

worse  renal  outcomes.  Innovations  to  minimize 

dal  anti-inflammatory  drugs,  and  certain  antibiotics 

time  on  CPB  as  well  as  off-pump  implantation 

should  be  a  priority  for  all  at-risk  patients  before  as 

techniques  are  important  steps  in  this  direction. 

well  as  after  surgery.  Optimization  of  intravascular 

In  the  postoperative  period,  collaborative  man-

volume  and  prophylaxis  against  thromboembolism 

agement  with  the  critical  care  team  and  a  special-

are  other  important  preventative  measures  against 

ized  VAD  team  can  help  ensure  adequate  systemic 

postimplantations  WRF  (Austin  et  al. 2020). 

perfusion  and  avoidance  of  complications  which 

Volume optimization  and adequate cardiac out-

can  lead  to  AKI.  This  requires  a  high  index  of 

put  are  equally  critical  in  the  preimplantation 

suspicion  for  device- and  patient-related  compli-

period.  Venous  congestion,  as  noted  earlier,  is 

cations,  e.g.,  device  malposition,  thrombosis, 

associated  with  renal  dysfunction  and  poor  out-

bleeding,  or  right  heart  failure,  that  may  have 

comes.  Adequate  diuresis  to  achieve  euvolemia 

deleterious  effects  on  systemic  perfusion.  Opti-

may  be  limited  by  cardiorenal  syndrome  and  there 

mizing  preload  and  afterload  are  important 

is  always  a  concern  of  WRF;  however,  a  mild  rise 

aspects  of  postimplantation  care.  Both  hypo-

in  creatinine  should  not  reflexively  prompt  dis-

volemia  and venous  congestion  should  be avoided 

continuation  of  diuresis,  especially  in  patients 

after  MCS  implantation.  Appropriate  use  of 

where  volume  overload  persists  (Heidenreich 

inotropes  and  measures  to  avoid  right  heart  failure 

et  al. 2022). WRF  in  response  to  aggressive  diure-

after  LVAD  implantation,  including  avoidance  of 

sis  is  notably  not  accompanied  by  a  rise  in  urinary 

hypoxia-induced  vasoconstriction,  high  airway 

biomarkers  suggestive  of  acute  tubular  necrosis 

pressures,  and  respiratory  acidosis,  are  important 

(Ahmad  et  al. 2018). WRF  out-of-proportion  to 

in  preventing  WRF  (Austin  et  al. 2020). Close 

degree  of  diuresis,  along  with  other  metabolic 

monitoring  of  renal  function  and  timely  interven-

derangements  like  hyperkalemia,  acidosis,  and 

tion  where  indicated  can  help  improve  the  quality-

markers  of  tubular  injury,  should  prompt  physi-

of-care  for  patients  after  MCS  implantation. 

cians  to  reevaluate  the  decongestion  strategy, 

including  need  for  renal  replacement  therapy.  In 

patients  where  hypotension  and  hypoperfusion 
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Abstract 

infection  within  2  weeks  and  20%  >2  weeks 

Infection  following  Mechanical  Circulatory 

after  VAD  implantation. 

Support  (MCS)  has  been  associated  with  sig-

Although  fungal  infections  are  not  common 

nificant  morbidity  and  mortality.  Despite 

(6–23%)  compared  to  bacterial  infections,  they 

improvements  in  technology  infection  is  still 

have  been  associated  with  high  morbidity  and 

considered  a  relatively  common  complication; 

high  mortality  (65–71%).  Candida  species  is 

59%  of  patients  are  free  of  a  major  infection  at 

the  most  common  pathogen.  Risk  factors  for 

12  months.  In  2004,  there  had  been  a  replace-

fungal  infections  in  VAD  recipients  remain 

ment of pulsatile to continuous flow ventricular 

incompletely  understood.  According  to  the 

assist  device  (VAD)  systems  with  significant 

ISHLT  2017  consensus,  routine  antifungal  pro-

decrease  in  infection  incidence.  Following 

phylaxis  is  not  necessary. 

MCS  placement,  occurrence  of  VAD-specific 

or  VAD-related  infection,  has  not  affected 
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IABP

Intra-aortic  balloon  pump 

IMACS

The  ISHLT  Registry  for 

Infections  remain  a major  challenge  and  an  impor-

Mechanically  Assisted 

tant  cause  of  morbidity  and  mortality  in  patients 

Support 

supported  with  VAD.  Patient  baseline  character-

ICCAC

International  Consortium  of 

istics,  device  design,  and  LVAD-induced  immune 

Circulatory  Assist  Clinicians 

system  dysfunction  appear  to  be  key  risk  factors 

INTERMACS  Interagency  Registry  for 

for  the  development  of  infection. 

Mechanically  Assisted  Circu-

There  is  a  lack  of  uniform  standards  and  criteria 

latory  Support 

used  for  defining  VAD  infections  (O’Horo  et  al. 

ISHLT

International  Society  for 

2018;  Zhu  et  al. 2022;  Hanke  et  al. 2018).  The 

Heart  and  Lung 

introduction  of  standardized  definitions  of  infec-

Transplantation 

tions  in  VAD  patients  by  the  International  Society 

LVAD

Left  Ventricular  Assist  Device 

of  Heart  and  Lung  Transplantation  (ISHLT)  allo-

MCS

Mechanical  Circulatory 

wed  classification  and  divided  VAD  infections  into 

Support 

three  main  categories:  VAD-specific,  VAD-related, 

MRSA

Methicillin  Resistant  Staphy-

and  non-VAD  infections  (Kusne  et  al. 2017a; 

lococcus  aureus 

Hannan  et  al. 2011).  The  reader  should  be  aware 

PEDIMACS

Pediatric  Interagency  Regis-

that  the  category  “VAD-related”  was  not  included 

try  for  Mechanical  Circula-

in the 2024 new infection definitions consensus, but 

tory  Support 

it  is  still  briefly  discussed  to  demonstrate  the  evolu-

PF

Pulsatile  flow 

tion  of  these  terms  (Aslam  et  al. 2024).  Other  dif-

VAD

Ventricular  assist  device 

ferences  between  the  two  documents  are  discussed 

UNOS

United  Network  for  Organ 

below.  VAD-specific  infections  (Fig. 1)  refer  t  o

Sharing 

those  directly  related  to  a  component  of  the  VAD 

system and commonly comprise driveline infection, 

Introduction 

pocket  infection  as  well  as  pump  or  cannula  infec-

tion.  VAD-specific  infections  may  be  introduced 

Over  the  last  few  decades  there  has  been  signifi-

with  intraoperative  or  perioperative  microbial  con-

cant  development  in  the  field  of  Mechanical  Cir-

tamination  of  VAD  components  at  the  time  of 

culatory  support  (MCS)  but  use  of  these  devices  is 

implantation, or acquired after implantation through 

still  associated  with  high  morbidity  and  mortality 

the  driveline  exit-site  (extend  along  the  driveline  to 

including  infectious  complications.  Over  the 

the  pump  pocket  or  spread  to  the  bloodstream),  or, 

years,  we  have  observed  movement  from  use  of 

less  commonly,  hematogenous  seeding  from  other 

non-continuous  flow  to  continuous  flow  devices 

infection  sources  (Inglis  et  al . 2023). 

and  at  the  same  time  decrease  in  the  size  of  the 

Based  on  the  time  to  the  onset,  VAD  infections 

pumps  and  their  placement  in  the  pericardial  sac. 

can 

be 

further 

classified  into  early-onset 

Recently,  a  new  consensus  statement  was 

(≤3  month  after  implantation)  and  late-onset 

published  by  the  ISHLT  (“2024  infection  defini-

infections  (>3  months  after  implantation).  Based 

tions  for  durable  and  acute  mechanical  circulatory 

on  the  microbiological  and  clinical  findings, 

support  devices”).  This  consensus  is  replacing  the 

VAD-specific  infections  have  been  subdivided 

old  one  dated  2011. 

into  proven,  probable,  and  possible  (Kusne  et  al. 

The  main  text  is  divided  in  5  parts  and  when 

2017a;  Hannan  et  al. 2011). Based  on  anatomical 

the  same  topic  is  discussed  elsewhere  in  the  chap-

internal  extension  VAD-specific  infections  can  be 

ter,  the  numeric  part  (1–5)  is  given. 

also  classified  as  superficial,  when  they  involve

[image: Image 158]
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Fig.  1  An  illustration  of  VAD-specific,  VAD-related,  and 

of  infections  in  patients  using  Ventricular  Assist  Device 

non-VAD  infections;  from  Hannan  et  al.,  with  permission; 

(Hannan  et  al. 2011). BSI  Bloodstream  infection,  CVC 

working  formulation  for  the  standardization  of  definitions 

Central  venous  catheter,  PVC  Peripheral  vascular  catheter 

soft  tissue  outside  the  fascia  and  muscle  layers,  or 

graft.  Pocket  infection  is  the  second  most  frequent 

deep  infections,  when  they  extent  deeply  beyond 

VAD-specific  infection,  whereas  pump  and  cen-

these  structures  (Qu  et  al. 2021). 

tral  cannula  infections  are  infrequent.  Pocket  is  a 

Driveline  infection  (DLI)  is  an  infection  of  the 

non-vascular  space  which  is  shaped  in  the  intra-

driveline  and/or  its  surrounding  driveline  tubing 

pericardial  (although  when  a pump  is  placed  in the 

and  tissue.  The  presence  of  a  percutaneous  skin-

pericardial  sac,  no  real  pocket  is  present), 

driveline  interface  makes  patients  highly  suscep-

intraabdominally,  or  preperitoneal  area  to  accom-

tible  to  colonization  and  infection.  Based  on 

modate  the  pump  and  can  complicate  with  hema-

extension,  it  can  be  subdivided  into  minor  ery-

toma,  fluid  collection,  and  may  harbor  colonizing 

thema,  superficial,  and  deep  infection.  Clinical 

bacteria  that  have  been  inoculated  during  VAD 

presentation  can  include  erythema,  warmth,  ten-

placement.  Infection  may  also  develop  as  an 

derness,  and  purulent  discharge  of  the  exit-site  of 

extension  of  DLI  or  via  hematogenous  spread. 

the  device. 

Pocket  infection  may  present  with  erythema  and 

Extravascular  pump  infection  is  an  infection  of 

tenderness  overlying  the  device,  at  times  with 

the  extravascular  components  of  the  LVAD, 

fistulous  tract  formation. 

including  the  pocket,  whereas  endovascular 

VAD-related  infections  (Fig. 1)  refer  to  infec-

pump  infection  is  an  infection  of  any  surface  of 

tions  that  are  not  limited  only  to  VAD  recipient 

the  device  that  interfaces  with  the  bloodstream 

patients.  These  infections  could  be  diagnosed  also 

and  can  include  the  inflow  cannula,  blood 

in  patients  without  VAD,  and  therefore  are  not 

contacting  surfaces  of  the  pump,  and  the  outflow 

directly  caused  by  the  presence  of  the  VAD
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system  and  its  components.  The  VAD-related 

Surgery  (STS),  and  similar  registries  exist  also  in 

infections

arise

alone

or

complicate 

Europe  and  in  Japan  (Kormos  et  al. 2020). 

VAD-specific  infections  and  include  systemic 

blood  stream  infections  (BSI),  infective  endocar-

ditis,  mediastinitis,  and  sternal  wound  infections. 

Incidence  of  VAD  Infections 

A  VAD-related  BSI  is  defined  as  one  where  the 

same  pathogen  is  cultured  from  the  device  and  the 

Infections  associated  with  VAD  implantation  are 

blood  with  no  other  obvious  source  (De  Socio 

the  most  common  adverse  event  during  the  first 

et  al. 2018).  Of  note,  about  30–50%  of  VAD-

year,  with  only  59%  of  patients  free  from  major 

related  BSI  have  been  found  to  be  associated 

infection  at  1  year  after  implant.  The  risk  of  infec-

with  DLI,  with  a  trend  showing  higher  cumulative 

tion  is  reported  to  have  wide  rates  due  to  the  use  of 

incidence  of  BSI  linked  to  deeper  DLI  (O’Horo 

different  infection  definitions,  variable  follow-up 

et  al. 2018; Gordon  et  al. 2013; Angleitner  et  al. 

times,  increased  use  of  VADs  for  destination  ther-

2020;  Aslam  et  al. 2018). 

apy,  advances  in  newer  generations  VAD,  surgical 

Non-VAD  Infections  (Fig. 1)  are  unlikely 

implant  procedures,  and  infection  prevention 

related  to  the  VAD  and  include  nosocomial  infec-

strategies  (Pienta  et  al. 2021;  O’Connor  et  al. 

tions,  such  as  hospital  acquired  pneumonia,  uri-

2023). The  risk  of  infection  has  been  observed  to 

nary  tract  infection,  line  or  BSI  from  secondary 

be  comparable  in  the  early  (within  90  days)  and 

sources  (not  VAD),  cholecystitis,  Clostridium  dif-

later  periods  (>90  days)  following  Left  Ventricu-

ficile  infections  which  can  occur  in  any  patient  in  lar  Assist  Device  (LVAD)  implantation  (0.16  ver-

the  hospital  setting. 

sus  0.175  events  per  patient  year,  respectively) 

Recently,  a  new  ISHLT  Consensus  Statement 

(Molina  et  al. 2021). LVAD-specific  infections 

was  published  (Aslam  et  al. 2024).  This  is  a 

are  more  likely  to  occur  during  the  later  post-

revised  document  and  is  replacing  the  previous 

implant  follow-up  period,  whereas  LVAD-related 

infection  definitions  dated  2011.  The  main  goal  in 

and  non-LVAD  infections  are  more  likely  to  occur 

creation  of  the  new  consensus  was  to  have  simple 

shortly  after  implant  (Zhu  et  al. 2022; Qu  et  al. 

and  practical  definitions  for  clinicians  and  other 

2021; Pienta  et  al. 2021; Kirklin  et  al. 2015; 

personnel  involved  in  reporting  of  adverse  effects 

Blanco-Guzman  et  al. 2021). 

in  MCS  registries,  in  accordance  with  MCS-ARC 

Driveline  infections  remain  the  most  common 

2020 document (Kormos et al. 2020). As shown in 

of  the  VAD-specific  infections  accounting  for  a 

Table  1  and  in  the  text,  some  of  the  infection  terms 

prevalence  of  7–71%  in  a  12-month  period  post-

were  replaced  and  are  not  used  in  the  2024  new 

VAD-implantation  and  an  incidence  of  9–11.2% 

document.  The  five  main  changes  in  the  2024 

per  patient-year  (Pienta  et  al. 2021;  Nienaber  et  al. 

consensus  are  the  following:  (1)  VAD-related 

2013; Pitton  et  al. 2023).  Driveline  infections  tend 

infection  category  is  not  used,  although  the  term 

to  occur  late,  at  a  median  of  68–190  days  after 

is  still  explained  and  included  in  the  figure  from 

implant  (Hannan  et  al. 2019)  (see  part  3).  Limited 

2011.  (2)  The  same  infection  definitions  are  used 

DLI  cases  develop  early,  within  1-month  postop-

for  durable  and  acute  MCS  devices.  (3)  The  term 

eratively, and often  peak  at 6-months  post-implan-

VAD  is  replaced  by  MCS,  which  includes  both 

tation,  when  patients  join  their  daily  routine  after 

durable  and  acute  devices.  (4)  Superficial  and 

hospital  discharge.  On  the  basis  of  previous  stud-

deep  infection  are  replaced  by  uncomplicated 

ies,  the  occurrence  of  DLIs  continues  for  the  dura-

and  complicated  infection.  (5)  The  strength  grad-

tion  of  the  implant,  with  the  odds  of  developing  a 

ing  of  infection  diagnosis,  subdivided  to  proven, 

DLI  rising  by  4%  for  every  month  of  device 

probable,  and  possible,  is  not  used  in  the  new 

support  and  a  time-related  cumulative  risks  of 

document.  It is  anticipated  that  the  new  definitions 

7%,  20–25.9%,  25%  at  1,  3,  and  5  years,  respec-

document  be  used  by  those  who  maintain  MCS 

tively  (Blanco-Guzman  et  al. 2021;  Hannan  et  al. 

registries.  Currently,  the  Intermacs  registry  is 

2019).  The  frequency  of  extravascular  pump 

being  maintained  by  the  Society  of  Thoracic 

infection  and  endovascular  pump  infection  at
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one-year  postimplant  has  been  described  to  be 

methicillin-resistant 

S. 

aureus, 

MRSA), 

an  

d

0.4–10%  and  2.2–13%,  respectively  (Pienta 

S.  epidermidis  causing  more  than  50%  of  LVAD 

et  al. 2021). Replacement  of  pulsatile-flow 

infections.  Other  Gram-positive  bacteria  frequently 

(PF)  VAD  systems  with  newer  continuous-flow 

observed  in  DLIs  consist  of  Enterococcus  species, 

(CF)  VAD  systems  from  2004  on  has  led  to  a 

Corynebacterium 

spp., 

S. 

pneumoniae, 

and 

significant  drop  of  the  incidence  of  infections, 

non-epidermidis  coagulase-negative  staphylococci 

with  18–80%  of  driveline,  pocket,  or  pump  infec-

(Zhu  et  a l. 2022). 

tions  in  patients  with  PF  VAD  systems,  in  contrast 

Gram-negative  bacteria  are  the  second  most 

with  13–27%  of  DLIs  and  a  very  low  rate  of 

common  cause  of  VAD  infections,  responsible 

pocket  infections  in  patients  with  CF  VAD  sys-

for  about  40%  of  cases.  The  most  common 

tems  (Zhu  et  al. 2022;  Qu  et  al. 2021;  Pienta  et  al. 

Gram-negative  bacteria  include  P.  aeruginosa 

2021;  Kirklin  et  al. 2015;  Blanco-Guzman  et  al. 

(accounting  for  approximately  25%  of  all  DLIs 

2021). 

followed  by  Enterobacterales  (K.  pneumoniae, 

Incidence  of  VAD-related  BSI  (with  no  iden-

Enterobacter  spp.),  A.  baumannii,  and  Serratia 

tified  extra-device  source)  has  been  observed  in 

spp. 

about  5–35%  of  patients,  with  rates  accounting 

A  temporal  effect  on  the  type  of  organism  asso-

7.4%  over  a  three-year  period  (Aslam  et  al. 

ciated  with  infection  has  been  observed,  with  isola-

2018;  Blanco-Guzman  et  al. 2021;  Hannan  

tion  of  Gram-positive  bacteria  at  early  onset (within 

et al. 2019;  Joost  et  al  . 2018).  The  reported 

90  days  after  VAD  implantation)  in  contrast  with 

incidence  rates  for  VAD-related  BSI  range 

Gram-negative  bacteria  at  late  onset  (>90  days  fol-

from  0.2  to  7.9  per  1000  VAD  support  days 

lowing  LVAD  implantation)  probably  reflecting 

(Aslam  et  al. 2018).  The  median  time  to 

risk  of  exposure  depending  on  the  setting  and 

VAD-related  infections  has  been  observed  to  be 

behaviors  (Qu  et  al. 2021;  Lehnert  et  al. 2019). 

shorter  (81  days,  range  5–2266  days)  compared 

Gram-positive  infections  are  likely  acquired  from 

with  time  to  VAD-specific  infections  (Blanco-

contamination  with  skin  flora  at  the  time  of  implan-

Guzman  et  al. 2021;  Joost  et  a  l. 2018). 

tation  whereas  acquisition  of  Gram-negative  patho-

Overall,  non-VAD  infections  occur  in  approx-

gens  is  believed  to  occur  after  frequent  contact  with 

imately  44%  of  patients  (Inglis  et  al. 2023). The 

healthcare  or  humid  environments.  In  addition,  the 

most  common  types  of  non-VAD  infections  are 

treatment of  DLIs  for a Gram-positive pathogen has 

early  pulmonary  infections  (4.58  per  100  patient 

been  associated  with  the  subsequent  development 

months)  and  early  urinary  tract  infections  (3.36 

of a Gram-negative infection in about 15% of cases. 

per  100  patient  months)  (O’Horo  et  al. 2018). 

LVAD  infections  involving  multidrug-resistant 

Most  BSIs  are  non-device-related  and  overall 

(MDR)  organisms  have  been  described  (Donahey 

have  been  observed  to  have  an  event  rate  of 

et  al. 2015). 

2.43  BSI  per  100  patient-months  at  early  onset 

Fungi  are  rare  causes  (<7%)  of  VAD  infections, 

and  1.03  BSI  per  100  patient-months  at  late  onset 

are  more  frequently  isolated  from  infections  of 

(Aslam  et  al. 2018). 

deeper  tissues  such  as  the  VAD  pocket  or  BSI  and 

have  been  associated  with  high  mortality  (see  also 

part  5).  C.  albicans  is  the  most  common  fungal 

Etiology  of  Infection 

pathogen  (70%)  causing  VAD-specific  infections, 

followed  by  C.  glabrata  (10%),  C.  kruseii,  and 

Microbiological  spectrum  of  pathogens  causing 

C.  parapsilosis.  Aspergillus  spp.  and  Mucor  spp. 

VAD  infections  remained  unchanged  over  the  last 

have  also  been  identified  as  a  sporadic  cause  of 

years  and  the  incidence  of  infection  by  each  organ-

infection,  with  most  diagnosis  reported  post-

ism has been observed to vary by infection site (Zhu 

mortem  (Hariri  et  al. 2023). About  10–50%  of 

et  al. 2022).  The  leading  organisms  isolated  from 

VAD-specific  infections  are  polymicrobial  (bacte-

VAD  patients  with  confirmed  infections  are  Gram-

rial  polymicrobial  infections  or  fungal-bacterial 

positive  bacteria,  especially  S.  aureus  (including 

polymicrobial  infections)  (Qu  et  al. 2021;  Lehnert
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et  al. 2019). VAD  infections  due  to  nontuberculous 

Autopsy  findings  of  non-survivors  awaiting 

mycobacteria  (especially  M.  abscessus)  have  been 

transplantation  while  on  mechanical  circulatory 

reported  but  are  rarely  encountered  in  clinical  prac-

support  (LVAD,  BiVAD,  and  TAH)  found  that 

tice  (Friedland  et  al. 2023). 

the  main  causes  of  death  were  nosocomial  respi-

ratory  infections  (29%),  or  multi-organ  failure, 

and  sepsis  (21%)  (Bart  et  al. 2023). 

Biofilm  Formation 

Data  regarding  infections  related  to  the  usage 

of  BiVAD  is  limited.  In  keeping  with  VAD  defi-

The  key  pathogenic  mechanism  of  VAD-specific 

nitions  by  ISHLT,  BiVAD  infections  may  be 

infections  involves  the  interaction  between  the 

divided  into  three  main  categories:  BiVAD-

implanted  VAD  components,  the  invasive  organ-

specific,  BiVAD-related,  and  non-BiVAD  infec-

isms,  and  host  responses,  which  lead  to  microbial 

tions  (Kusne  et  al. 2017a). The  BiVAD  cannula 

biofilm  formation  at  the  external  device-human 

wound  classification  may  be  especially  complex 

tissue  interface.  Opportunistic  pathogens,  such  as 

and  the  definitions  of  the  Centers  for  Disease 

S. 

aureus, 

S.  epidermidis, 

C.albicans, 

and 

Control  and  Prevention  (CDC)  may  be  addition-

P.  aeruginosa,  have  been  readily  associated  to  bio-

ally  used  to  allow  further  distinction  between 

film  production  at  the  driveline  exit  site  (DLES)  superficial  and  deep  wound  infections  (Kremer 

(Qu  et  al. 2020). Microbial  biofilms  migration 

et  al. 2022; CDC  definitions  for  nosocomial  infec-

might  play  a  critical  role  in  the  infection,  facilitat-

tions  1989). 

ing  the  extension  of  superficial  driveline  exit-site 

BiVAD-specific  infections  are  the  most  com-

infections  to  deeper  and  systemic  VAD-specific 

mon  (14–67%)  and  include  mostly  cannula/ 

infections,  after  micro-trauma  of  the  exit-site.  Bio-

wound  infections,  followed  by  non-BiVAD  infec-

film  has  been  found  to  create  a  sanctuary  that  tions  and  BiVAD-related  infections  (Hetzer  et  al. 

displays  heterogeneity  in  growth  rates,  tolerance 

2016). BiVAD-specific  wound  infection  is  around 

to  external  environmental  stressors,  and  high  resis-

1  patient  per  year  and  develops  on  average 

tance  to  conventional  antimicrobial  agents  making 

4  months  after  BiVAD  implantation  (Kremer 

cure  very  challenging.  Of  interest  that  recent  stud-

et  al. 2022).  It  has  been  observed  that  about  one 

ies  found  that  there  is  a  predilection  of  different 

out  of  three  BiVAD  patients  bridged  to  heart 

pathogens  to  diverse  parts  of  the  driveline  and  that 

transplant  develop  at  least  one  wound  infection 

the  subcutaneous  tunnel  may  be  a  key  driver  of 

2–4  weeks  after  transplantation  (Kremer  et  al. 

recalcitrant  DLIs  (Qu  et  al. 2020). 

2022).  However,  BiVAD  wound  infections  have 

not  been  found  to  be  risk  factors  for  mortality  after 

BiVAD  implantation  and  after  HT.  Coagulase-

Biventricular  Assist  Device  (BiVAD) 

negative Staphylococcus, P. aeruginosa, and  Can-

and  Total  Artificial  Heart  (TAH) 

dida  spp.  are  the  main  organisms  in  BiVAD-

Infections 

related  infections  (Kremer  et  al. 2022;  Hetzer 

et  al. 2016). 

Surgical  options  for  bridge  to  transplant  (BTT)  in 

Overall  incidence  of  infections  has  been 

patients  with  severe  biventricular  failure  or  per-

observed  to  be  very  high  (about  70%)  in  TAH 

sistent  ventricular  arrhythmias  include  mechani-

population  and  most  patients  develop  multiple 

cal 

circulatory 

support 

with 

biventricular 

infections  (range  0–10),  albeit  with  low  mortality 

(BiVAD)  and  total  artificial  heart  (TAH)  (Arabía 

rates  (3%)  (Taimur  et  al. 2018;  Hidalgo  et  al. 

et  al. 2023).  Due  to  the  steady  increase  in  the  use 

2017; Malas  et  al. 2023; Arabía  et  al. 1998). The 

of  these  devices  since  2005  and  to  the  longer  time 

most  common  sites  of  infection  are  those  common 

spent  on  BiVAD  and  TAH  support  while  awaiting 

to  all  critically  ill  patients  and  include  urinary 

heart  transplant  (HT),  infections  have  become  a 

tract,  respiratory  tract,  BSIs,  and  deep-seated 

concern,  but  have  been  scarcely  studied  to  date 

infections/mediastinitis  (Malas  et  al. 2023). 

(Maynes  et  al. 2020). 

There  is  a  lack  of  standardization  regarding  the
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definition  of  TAH-related  infections.  Moreover, 

and  increased  costs  (Pienta  et  al. 2021). No  relation-

the  surgical  technique  (implantation  of  the  entire 

ship  has  been  found  between  the  causative  patho-

heart  and  excision  of  the  proximal  portions  of  the 

gens  in  pre- and  post-transplant  infections. 

great  arteries)  poses  definitional  difficulties,  mak-

Aside  from  sepsis,  no  other  pre-transplantation 

ing  the  distinction  between  endocarditis,  pericar-

infections  appear to  predict  diminished pre- or post-

ditis,  mediastinitis,  and  pump  infection  quite 

transplantation  survival.  It  has  been  observed  that 

challenging.  Pump  infection  has  been  described 

VAD  patients  with  sepsis  are  less  likely  to  undergo 

in  about  16%  of  TAH  patients  and  DLIs  have  been 

HT.  Careful  evaluation  of  the  patient  with  sepsis 

observed  to  be  relatively  uncommon  (0.1  events 

with  a  systematic  approach  to  determine  the  source 

per  patient)  and  lower  compared  to  other  types  of 

of  the  infection  focus  is  very  important.  Indeed,  if 

durable  MCSs  (Maynes  et  al. 2020; Hidalgo  et  al. 

the  source  of  sepsis  is  suspected  to  be  a 

2017).  As  in  VAD  recipients,  Staphylococcus  spp. 

VAD-specific  infection  and  the  patient  is  not 

is  the  most  common  pathogen  followed  by  Gram-

responding to  conventional medical  therapy,  source 

negative  bacteria  (P.  aeruginosa,  Klebsiella  spp.). 

control  with  VAD  removal  and  earlier  transplanta-

Early  diagnosis,  timely  antimicrobial  and  sur-

tion  is  a  preferred  clinical  strategy  for  the  curative 

gical  management,  radical  debridement  at  time  of 

treatment  and  may  improve  survival  to  transplant. 

transplantation,  and  modified  immunosuppres-

Of  note  that  among  VAD-specific  sepsis,  those 

sion  regimen  have  resulted  in  successful  HT  in 

caused  by  fungi  have  the  highest  risk  for  mortality, 

TAH  recipients  with  active  ongoing  infection 

followed  by  that  of  Gram-negative  and  Gram-

(Taimur  et  al. 2018). 

positive  bacteria.  On  the  contrary  transplantation 

may  not  be  possible  or  may  be  contraindicated  if  a 

definite cause of sepsis from secondary sources (not 

MCS  Followed  by  Transplantation 

VAD)  is  identified  or  patient  is  progressing  toward 

and  Infection 

septic  shock  (Joost  et  al. 2018). 

Of  interest  is  that  LVAD  therapy  has  been 

MCS  and  Post-Transplant 

observed  to  induce  defects  in  the  cellular  and 

Complications 

humoral  immune  system,  including  B  cell  hyper-

reactivity,  hypogammaglobulinemia,  defective 

The  presence  of  VAD-specific  (including  driveline, 

responses  of  peripheral  mononuclear  cells,  selec-

pump,  and  pocket  infection)  or  related  (abdominal 

tive  decrease,  and  apoptosis  of  T cells  (CD4+  and 

or  sternal  wound  or  BSI)  does  not  affect  bridge-to-

CD8+)  (Ankersmit  et  al. 1999;  Schaenman  et  al. 

transplant 

survival 

but 

may 

contribute 

to 

2018). This  relative  state  of  immunosuppression 

pre-transplant  infectious  complications  and  has 

has  been  observed  to  favor  false  positive  serolog-

been associated with an increased risk of developing 

ical  results  in  VAD  recipients  (hepatitis  C),  sus-

cerebrovascular  accidents  (Zijderhand  et  al. 2022). 

ceptibility  to  infections  during  the  VAD  course 

It  is  currently  well  established  that  HT  can  be  suc-

and  an  increased  incidence  of  opportunistic  infec-

cessfully  performed  in  patients  with  VAD-specific 

tions  (Cytomegalovirus)  after  HT  (Sims  et  al. 

infections,  under  appropriate  antibiotics  coverage. 

2019; Yamani  et  al. 2006). 

VAD-specific  infections  have  not  been  associated 

with  adverse  short- (1  month)  and  long-term  (1  year 

after  transplant)  outcomes  (acute  renal  failure,  allo-

UNOS  New  Allocation  Criteria 

graft  rejection) and survival, except  for fungal infec-

tions  (Parikh  et  al. 2021). However,  the  presence  of 

The  previous  criteria  for  the  United  Network  for 

VAD-specific  infections  may  contribute  to  post-

Organ  Sharing  (UNOS)  heart  allocation  policy  in 

transplant  complications,  in  terms  of  wound  infec-

the  United  States  were  established  at  a  time  when 

tion,  former  driveline  or  pocket  sites  infection, 

VAD  infections  were  more  prevalent  and  in  the 

increased 

overall 

hospital 

length 

of 

stay, 

past  DLIs  were  a  common  reason  for  upgrading  a 

rehospitalization,  peri-operative  bleeding,  strokes, 

patient  on  the  transplant  waiting  list  when
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appropriate.  However,  outcomes  of  bridge-to-

device.  Therefore,  the  only  LVAD  durable  device 

transplantation  therapy  have  been  dramatically 

used  currently  in  the  United  States  is  HeartMate 

improved  over  the  last  years  and,  aside  from  sep-

3  (Abbott).  The  device  was  approved  by  the  FDA 

sis,  no  other  pre-transplantation  infections  have 

for  BTT  in  August  2017,  and  for  DT  in  October 

been  observed  to  predict  either  pre- or  post-

2018.  Recently  we  have  seen  the  use  of  smaller 

transplantation  survival  (Jakus  et  al. 2022; 

pumps  and  surgeons  performing  less  invasive 

Schulman  et  al. 2009). 

operations  (e.g.,  from  full  sternotomy  to  mini 

In  October  2018,  a  new  heart  allocation  policy 

thoracotomy).  The  HeartMate  3  pump  is  small 

was  implemented  to  better  stratify  the  most  med-

and  is  placed  intra-pericardially  (Saeed  et  al. 

ically  urgent  HT  candidates  and  to  decrease 

2016). The  purpose  of  the  change  in  UNOS  allo-

waiting  list  time.  The  recent  revision  to  the 

cation  system  was  to  reduce  mortality  of  patients 

UNOS  criteria  not  only  moved  stable  patients  on 

on  the  list  waiting  HT  (Shore  et  al. 2020). The 

LVAD  support  to  a  lower  tier  but  also  eliminated 

main  change  was  that  high  priority  patients  for 

priority  to  patients  with  VAD-related  local  or  sys-

transplant  are  those  on  ECMO  while  outpatients 

temic  infection.  In  contrast  priority  has  shifted  to 

on  durable  device  are  considered  stable  with  low 

patients  with  short-term  mechanical  circulatory 

priority  to  receive  HT  (see  also  part  2). 

assist  device,  such  as  extracorporeal  membrane 

oxygenation  (ECMO)  and  intra-aortic  balloon 

pump  (IABP)  counter  pulsation.  The  question  of 

Infection  Prevention  Strategies 

whether  pre-transplantation  infections  with  the 

new  allocation  criteria  might  be  associated  with 

The  literature  lacks  comparative  studies  in  the 

higher  adverse  events  before  and  after  HT  is 

field  of  infection  prevention  strategies  in  patients 

unknown.  In  addition,  there  might  be  contradic-

with  MCS  and  therefore  best  practice  literature  is 

tory  potential  in  the  management  of  patients  with 

not  available.  Infection  prevention  practices  are 

recurrent  infections.  On  the  one  hand,  antibiotic 

usually  dictated  by  medical  centers  local  experts 

withdrawal  may  favor  relapse  of  infection,  which 

or  are  adopted  from  general  cardiothoracic  surgi-

would  upgrade  the  candidate  to  a  higher  status  on 

cal  protocols.  In  2017,  the  ISHLT  in  collaboration 

the  waiting  list.  On  the  other  hand,  continuation  of 

with  International  Consortium  of  Circulatory 

long-term suppressive antibiotics  may cause drug-

Assist  Clinicians  (ICCAC),  published  a  consen-

related  toxicities,  pathogen  resistance,  and  related 

sus  document  for  prevention  and  management 

secondary  difficult-to-treat  infections.  The  latter 

strategies  for  MCS  infection  (Kusne  et  al. 

occurrence  does  not  prioritize  the  patient  on  the 

2017a).  For  the  accomplishment  of  the  consensus 

waiting  list  (Liu  et  al. 2021). 

a  large  review  of  the  literature  was  done  by  the 

authors  and  a  previous  ISHLT-supported  survey 

regarding  infection  control  and  prevention  in 

Prevention  of  Infection 

MCS  patients  was  reviewed  (Kusne  et  al. 2013). 

The  recommendations  that  have  been  made  in 

Durable  LVAD  and  UNOS  Organ 

the  ISHLT  2017  consensus  document  represent 

Allocation  Change 

the  authors’  opinions  and  were  summarized  here 

in  a  table  form  (Table  2). They  were  not  graded 

Over  the  last  several  years  there  have  been  some 

because  of  the  predominance  of  expert  opinion. 

changes  in  type  of  MCS  device  use  and  in  UNOS 

The  list  of  recommendations  covers  four  main 

allocation  system  (Shore  et  al. 2020)  that  might 

areas  including:  (1)  evaluation  of  MCS  candidate 

affect  infection  incidence  (see  also  part  2).  Rather 

(e.g.,  nasal  mupirocin  to  eliminate  MRSA  car-

than  covering  all  MCS  devices,  our  focus  here  is 

riage),  (2)  surgical  preventive  aspects  (e.g.,  chest 

on  patients  with  LVAD  durable  device.  In  June 

hair  is  clipped  immediately  before  surgery), 

2018,  there  was  a  recall  of  Heart  Ware  durable 

(3)  antimicrobial  prophylaxis  (e.g.,  there  is  no 

device  (Medtronic)  due  to  malfunctions  of  the 

need 

for 

routine 

antifungal 

prophylaxis), 
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Table  2  Selected  recommendations  for  infection  prevention  in  MCS  candidates  and  recipients,  from  an  ISHLT-2017 

consensus  (Kusne  et  al. 2017a). ISHLT  recommendations  were  used  for  the  creation  of  a  table  with  permission Candidate  evaluation 

1.  Tunneled  catheters  are  preferred  in  extended  usage  (like  in  dialysis),  but  avoid  femoral  catheters 

2.  All  intra-vascular  lines  should  be  screened  daily  for  any  sign  of  infection  and,  if  necessary,  removed  and  replaced 3.  Exchange  over  a  wire  is  not  recommended  because  of  risk  of  transmission  of  infection 

4.  Indwelling  urinary  catheters  should  be  removed  as  soon  as  possible 

5.  MRSA  colonization-screening  should  be  done,  and  intra-nasal  mupirocin  applied  in  colonized  candidates 

6.  Screening  for  colonization  of  other  resistant  organisms  depends  on  local  epidemiology 

7.  Bathing  or  showering  with  soap  or  antiseptic  agent  like  chlorhexidine  at  least  once  the  night  prior  to  surgery 8.  Poor  dentition  should  be  addressed  and  treated  before  implant  (ex.  tooth  abscess,  periodontitis) 

9.  Verify  all  possible  antibiotic-allergies  and  consider  possible  substitutes 

Surgical  aspects 

1.  Follow  general  infection  control  and  SSI  prevention  rules 

2.  When  topical  antibiotics  and  antiseptics  are  used,  potential  allergic  reaction  should  be  evaluated 

3.  Clipping  of  chest  hair  is  recommended  immediately  before  surgery 

4.  The  device  is  examined  under  sterile  conditions  before  implantation 

5.  If  no  contraindications,  alcohol-based  agent  is  used  for  skin  sterilization 

6.  Normothermia  and  blood  glucose  level  of  <200  mg/dl  are  maintained  during  surgery 

7.  During  surgery  and  immediately  after  extubation,  increased  fraction  of  oxygen  is  maintained 

8.  Blood  products  should  be  given  if  necessary 

9. To promote wound healing of the DLES, the velour is kept under the skin in a subcutaneous tunnel, and the driveline  is secured  to  protect  from  pulling 

Anti-microbial  prophylaxis 

1.  Antimicrobial  prophylaxis  should  cover  Staphylococcus  sp.  and  MRSA  if  candidate  is  colonized  with 

2.  Prophylaxis  for  gram  negative  bacteria  should  not  be  done  routinely 

3.  Rifampin  prophylaxis  is  not  recommended  because  of  adverse  effects  and  multiple  drug  interactions 

4.  Routine  antifungal  prophylaxis  is  not  necessary 

5. Most prophylaxis  agents are  infused  1 h  before the  first skin  incision, but vancomycin  is started  2  h before  the first  skin incision 

6.  Duration  of  antimicrobial  prophylaxis  is  48  h 

7.  If  surgery  is  lasting  more  than  2  half-lives  of  antimicrobial  prophylaxis  agent,  an  additional  dose  is  given  to  maintain adequate  tissue  level 

8.  In  significant  blood  loss  (>2  units  of  red  blood  cells  or  >1500  ml  given),  the  antimicrobial  antibiotic  prophylaxis should  be  redosed 

9.  Presence  of  drains,  chest  tube,  and  open  sternum,  does  not  determine  the  duration  of  AP 

10.  If  duration  of  AP  prophylaxis  is  extended  beyond  48  hours,  consider  consultation  with  ID  specialist 

Post-operative  nursing 

1.  Patients  and/or  caregivers  are  given  training  and  are  assumed  (by  QHP)  to  be  competent  in  handling  DLES  and  VAD 

peripherals 

2.  The  drivelines  should  be  immobilized  by  a  binder  or  an  anchoring  device  to  prevent  trauma  to  the  DLES 

3.  DLES  wound  dressing  changes  is  done  daily  and  after  wound  healing  less  frequently  (1–3  times  per  week) 4.  In  general,  shower  is  allowed  after  DLES  wound  healing,  but  some  centers  do  not  allow  shower 

5.  If  patient  takes  a  shower,  dressing  change  should  immediately  follow,  and  if  DLES  is  wet,  the  site  should  be  cleaned and  dried 

6.  In  out-patient  clinic  visits,  DLES  should  be  checked  by  QHP,  and  if  signs  of  trauma,  irritation,  or  line  torsion,  the  site should  be  checked  more  frequently 

7.  Infection  should  be  ruled  out  when  there  is  local  pain  at  DLES,  erythema,  drainage,  or  when  temperature  elevation  is present 

SSI  Surgical  Site  Infection,  MCS  Mechanical  Circulatory  Support,  ISHLT  International  Society  of  Heart  and  Lung Transplantation,  DLES  Driveline  Exit  Site,  AP Antimicrobial  Prophylaxis,  ID  Infectious  Disease,  QHP  Qualified  Health Professional  (including  registered  nurse,  advanced  practical  nurse,  or  other  health  care  provider  who  had  thorough training  in  VAD  management)
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(4)  post-operative  nursing  (e.g.,  to  prevent  trauma 

infection  signs  (like  local  tenderness,  erythema, 

to  the  DLES,  the  driveline  is  immobilized  by  a 

and  wound  drainage).  Deep  infection  on  the  other 

binder  or  anchoring  device).  The  following  are 

hand,  is  treated  with  intravenous  antibiotics  for  a 

additional  selected  topics  in  prevention  and  infec-

duration  of  6–8  weeks  looking  for  any  indication 

tion  management.  Because  of  its  importance, 

for  surgical  debridement  and/or  long  term  sup-

driveline  infection  is  discussed  first  separately, 

pressive  antibiotic  therapy  after  the  completion 

and  other  topics  to  follow. 

of  antibiotic  treatment. 

Although  many  infections  are  superficial,  over 

time  they  may  become  deeper  and  possibly  life 

Prevention  and  Management 

threatening;  on  the  other  side,  many  of  these 

of  Driveline  Infection 

infections  are  likely  preventable  (Koval  et  al. 

2013; Koval  et  al. 2014; Kusne  et  al. 2017b). 

There  are  no  comparative  studies  in  prevention 

The  most  important  risk  factors  for  the  develop-

and  management  of  driveline  infection  and  the 

ment  of  driveline  infection  are  local  driveline 

decisions  how  to  prevent  and  how  to  treat  are 

trauma  and  longer  duration  of  VAD  support 

highly  affected  by  local  medical  centers  experi-

(Koval  et  al. 2014; Zierer  et  al. 2007).  Other  risk 

enced  experts.  It  is  therefore  difficult  to  make 

factors  are  higher  BMI,  lower  age,  and  exposed 

recommendations  in  a  “cookbook”  manner. 

velour  (Pavlovic  et  al. 2019)  (see  also  part  3).  The 

There  are  many  factors  that  affect  the  clini-

optimal  frequency  of  driveline  dressing changes is 

cian’s  decision,  how  to  treat  the  infection,  and 

unknown  and  requires  future  comparative  trials. 

how  long  to  continue  the  antibiotics  which  have 

In  the  interim,  it  is  reasonable  to  establish  a  stan-

been  selected.  A  few  examples  of  these  factors 

dard  of  using  sterile  technique  and  changing  the 

include  the  specific  pathogen,  is  it  a  known  bio-

dressing  daily,  moving  to  less  frequent  changes 

film  producer,  susceptibility  testing,  is  bacteremia  after  the  wound  around  the  driveline  is  healed 

present,  is  the  patient  responding  to  the  initial 

(Wus  et  al. 2015).  Also,  in  our  survey  (Kusne 

antibiotic  coverage,  presence  of  unique  clinical 

et  al. 2013)  85%  of  centers  allow  shower  before 

details,  etc.  The  ISHLT  2017-concensus  (Kusne 

full  incorporation  of  driveline,  but  in  some  centers 

et  al. 2017a)  acknowledges  these  difficulties  and 

conventional  shower  (with  wetting  of  dressing)  is 

the  fact  that  treatment  generalizations  are  not  usu-

not  allowed  (Aburjania  et  al. 2017).  When  two 

ally recommended, but because  most authors were 

HeartMate  II  LVAD  groups  with  and  without  con-

in  favor  of  treatment  advice,  some  general  recom-

ventional  showers  were  compared,  their  driveline 

mendations  had  been  made. 

infection  decreased,  especially  when  infection 

According  to  the  consensus  document  drive-

was  secondary  to  Pseudomonas  aeruginosa 

line  infection  is  treated  based  on  infection  depth. 

(Aburjania  et  al. 2017).  For  further  discussion  see 

While  superficial  infection  remains  confined  to 

also part 3. Protocols for prevention and treatment of 

the  skin,  deep  infection  involves  the  fascia  and 

exit  site  wound  infection,  has  been  recently  pu-

muscle  and  may  penetrate  deeper  structures  fol-

blished  (Bernhardt  et  al. 2020; Koken  et  al. 2021). 

lowing  the  course  of  the  driveline.  Anatomically, 

Deep  driveline  infections  are  more  difficult  to 

once  the  driveline  leaves  the  mediastinal  space,  it 

treat  and  typically  require  intravenous  antibiotic 

transverses  the  fascia  and  muscle  layer  and  then 

therapy.  Because  typical  causative  organisms  of 

advances  in  the  subcutaneous  layer,  and  finally 

driveline  infections  (e.g.,  Staphylococcus  species, 

emerges  out  at  the  skin  of  the  driveline  exit  site 

Pseudomonas,  and  Candida  species)  form  bio-

(personal  communication  Francisco  Arabia  MD). 

film,  antibiotics  often  fail  to  penetrate  deep-seated 

This  is  frequently  the  site  of  initiation  of  infection 

infections  at  adequate  concentrations.  The  extra-

secondary  to  local  trauma  secondary  to  un-

cellular  polymeric  substance  produced  by  these 

intentional  mechanical  pulling  of  the  driveline. 

organisms  protects  them.  At  the  situation  of  ongo-

Superficial  infection  is  treated  usually  for  a 

ing  infection  source  control  strategy  may  be 

two-week  minimum-duration  with  intravenous 

needed  including  surgical  exploration,  drainage 

or  oral  antibiotics  with  close  follow  up  of 

of  abscess,  extraction  of  foreign  material,  and
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possible  use  of  vacuum-assisted  closure.  It  is 

mediastinitis.  In  a  previous  ISHLT-sponsored 

important  to  remember  that  duration  of  antibiotic 

international  survey  (Kusne  et  al. 2013), of 

therapy  for  deep  driveline  infections  is  often  dif-

130  responding  centers  89%  would  extend  the 

ficult  to  predict.  While  engagement  of  ID  experts  coverage,  and  11%  would  not.  Those  who  would 

was  not  routine  in  our  survey,  a  multidisciplinary 

not  would  give  it  for  less  than  7  days.  According 

care  plan  devised  by  the  LVAD  team  and  local  ID 

to  Clinical  Practice  Guidelines  for  Antimicrobial 

experts  is  strongly  advised. 

Prophylaxis  in  Surgery  (Bratzler  et  al. 2013), 

there  is  no  evidence  to  support  the  practice  of 

extending  prophylaxis  until  the  chest  is  closed  in 

Driveline  Velour–Skin  Interface 

DSC.  Long  courses  of  antibiotics  are  associated 

with 

the 

appearance 

of 

bacterial 

resistance, 

Previous  studies  have  shown  that  younger  age, 

increased  cost,  and  adverse  effects  like  C.  difficile 

high  body  mass  index  (BMI),  and  exposed  velour 

diarrhea  (Eckardt  et  al. 2018).  There  is  no  evidence 

fabric  at  the  DLES  are  risk  factors  for  DLI’s 

in  the  literature  that  DSC  is  an  independent  risk 

(Pavlovic  et  al. 2019).  This  is  important  because 

factor  for  deep  sternal  wound  infection  or 

it  has  to  do  with  surgical  technique  and  it  has  been 

mediastinitis,  and  the  literature  at  best  is  controver-

corrected  by  modification  at  the  DLES  from 

sial  (Kusne  et  al. 2022). 

velour-skin  interface  to  silicone-skin  interface 

The  2017  ISHLT  consensus  (Kusne  et  al. 

(Dean et al. 2015; Singh et al. 2014). The driveline 

2017a)  in  prevention  of  infection  in  MCS  recipi-

has  a  silastic  (silicone)  sleeve  and  is  covered  by  a 

ents,  acknowledged  the  fact  that  many  centers 

polyester  velour  fabric.  In  a  previous  ISHLT-

extend  systemic  antibiotics  in  DSC  until  the 

supported  survey  (Kusne  et  al. 2013), 79%  of 

chest  is  closed.  In  cases  the  clinician  considers 

133  responding  centers  placed  the  velour  cloth 

extension  of  duration  and/or  broadening  of  anti-

subcutaneously  (not  exposed  at  the  DLES),  and 

biotic  coverage  it  is  advised  to  consult  also  the 

in  50%  of  118  responding  centers,  the  velour  cloth 

infectious  disease  (ID)  physician  in  the  process  of 

terminated  1–2  centimeter  before  reaching  the 

this  decision-making  (Kusne  et  al. 2022). 

DLES.  ISHLT  2017  consensus  recommended 

that  to  promote  wound  healing  of  the  DLES,  the 

velour  cloth  should  be  kept  under  the  skin  in  the 

Taking  a  Shower  After  VAD  Placement 

subcutaneous  tunnel  (Kusne  et  al. 2017a). 

In  one  retrospective  multicenter  study  (Dean 

There  has  been  an  ongoing  discussion  regarding 

et  al. 2015)  in  HeartMate  II  recipients  (follow  up 

the  question  of  taking  a  shower  after  LVAD  place-

≥10  months),  200  patients  who  had  a  HT  in  ment  and  it’s  timing  after  surgery.  The  worry  was 

2009–2012  with  a  silicone-skin  interface  were 

that  taking  a  shower  would  allow  water  organisms 

compared  to  201  DT  patients  in  2007–2009  with 

like  Pseudomonas  to  penetrate  through  the  DLES 

velour-skin  interface  (control).  At  1  and  2  years 

or  a cannula’s site. In  a previous  ISHLT-sponsored 

the  prevalence  of  DLI’s  was  9%  and  19%  and 

survey (Kusne et al. 2013), 85% of 134 responders 

23%  and  35%,  in  silicone-skin  and  velour-skin 

allowed  it  and  15%  did  not.  Seventy  percent  allo-

interface,  respectfully,  (hazard  ratio  0.49,  95% 

wed  it  if  the  DLES  wound  or  cannula  was 

confidence  interval  0.33–0.73,  p  <  0.001). 

completely  healed,  and  78%  applied  a  special 

coverage  at  the  exit  sites  before  shower.  In  most 

centers  the  first  shower  was  taken  at  the  hospital, 

Prolonged  Systemic  Antibiotics 

dressing  was  left  in  place  during  shower  and  was 

in  Delayed  Sternal  Closure  (DSC) 

changed  immediately  after  shower.  ISHLT-

sponsored  consensus  recommend  shower  only 

Most  clinicians  would  prefer  to  cover  their  VAD 

after  DLES  wound  healing  (Table  2), and  if 

patients  who  received  DSC  with  broad-spectrum 

shower  is  taken  wound  dressing  should  be 

antibiotics  for  the  entire  duration  of  the  sternum 

changed  immediately  after,  and  DLES  should  be 

being  open  to  prevent  severe  infection  like 

kept  clean  and  dry. 
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As  stated  before,  although  the  most  common 

and/or  cannula  infection  (in  BTT  continue  antibi-

infection  in  MCS  recipients  are  caused  by  gram-

otic  until  after  transplant,  in  DT  continue  long 

positive  bacteria  mainly  Staphylococcus  sp.,  the 

term),  (3)  persistent  and  relapsing  bacteremia 

most  common  infection  caused  by  gram-negative 

despite  adequate  medical  and  surgical  manage-

bacteria  in  MCS  is  P.  aeruginosa  (22–28%) 

ment  (in  BTT,  continue  antibiotic  until  after  trans-

(Kusne  et  al. 2017a),  a  waterborne  organism.  In 

plant,  in  DT  continue  long  term).  In  one  series 

one  center  (Aburjania  et  al. 2017)  patients  who 

from  Mayo  Clinic  (Nienaber  et  al. 2013)  relapsing 

received  HeartMate  II  were  told  at  one  point 

infection  (recurred  at  the  same  site  and  same 

(April  2013)  to  stop  taking  conventional  showers, 

organisms  within  1  year  of  treatment  of  original 

and  to  keep  the  DLES  dry  when  they  took  a 

infection)  in  CF-LVAD  recipients  occurred  in 

shower  (group  2,  120  patients).  Patients  who  had 

29% 

of 

CAS 

receivers 

and 

in 

11% 

of 

HeartMate  II  prior  to  this  intervention  (group 

non-receivers. 

1,  163  patients)  were  compared  to  group  2  for 

It  has  been  shown  that  certain  bacteria  causing 

overall-DLI  and  P.  aeruginosa-DLI.  Overall, 

BSI,  have  higher  risk  to  cause  seeding  and  cardiac-

DLI  occurred  in  42%  and  14%  in  group  1  and 

device-related  infection  (CDRI)  (Maskarinec  et  al. 

group  2,  respectfully,  and  P.  aeruginosa  DLI 

2017).  Hospitalized  patients  with  single  organism 

occurred  at  9%  and  1%  in  group  1  and  group 

bacteremia  had  been  recruited  (October  2002  to 

2,  respectively.  A  transmission  of  P.  aeruginosa 

December  2014)  in  a  prospective  cohort  study. 

from  home  bathroom  surfaces  was  confirmed  by 

The cardiac device included permanent pacemaker, 

molecular  diagnostic  technique  in  a  patient  after 

automatic  implantable  cardioverter  defibrillator 

LVAD  placement  that  led  to  deep  driveline 

(AICD),  prosthetic  heart  valve,  and  LVAD.  At  the 

P.  aeruginosa  infection  (Dix  et  al. 2022).  It  is 

end  of  the  study,  284  patients  with  ≥1  CD h a  d

not  surprising  that  some  centers  do  not  allow 

either  S.  aureus  or  Gram-negative  bacteremia. 

their  MCS  recipients  to  have  conventional 

CDRI  was  developed  by  54.6%  and  16.7%,  with 

showers. 

S.  aureus  and  Gram-negative  bacteremia,  respec-

tively  ( p  <  0.001).  Multivariate  logistic  regression 

analysis 

demonstrated 

significant  association 

Chronic  Antibiotic  Suppression  (CAS) 

between  CDRI  and  the  following  three  bacteria: 

S.  aureus  ( p  <  0.001),  P.  aeruginosa  ( p  <  0.002), 

Administration  of  long  courses  of  antibiotics  has 

and  Serratia  marcescens  ( p  <  0.01 5). 

been  associated  with  development  of  bacterial 

Three  recent  retrospective  studies  (Jennings 

resistance,  C.  difficile  infection,  and  higher  cost. 

et  al. 2014; Radcliffe  et  al. 2020;  Esquer  Garrigos 

To  prevent  recurrent  or  relapsing  infection  in 

et  al. 2021)  investigated  the  effect  of  CAS  in 

LVAD  recipients,  clinicians  have  been  using 

CF-LVAD  recipients.  The  first  (Jennings  et  al. 

mostly  oral  suppressive  long-term  antibiotics 

2014)  included  patients  who  had  LVAD  (between 

with  the  main  goal  to  prevent  the  progression  of 

January  2008  and  August  2011)  followed  by 

infection  from  superficial  to  deeper  structures. 

LVAD-specific  or  LVAD-related  infection  and 

Choice  and  length  of  antibiotic  treatment  is  usu-

received  CAS  for  >6  weeks  after  completing 

ally  based  on  comparative  trials,  but  these  are  not 

treatment  for  their  index  infection.  ISHLT  infec-

existent  in  the  LVAD  literature;  use  and  indication 

tion  definitions  were  used (Hannan et al. 2011). Of 

for  CAS  remains  controversial.  The  2017  ISHLT 

140  screened  patients  16  (11.4%)  received  CAS 

consensus  (Kusne  et  al. 2017a)  listed  several 

(median  age  52  years),  and  5  (31%)  of  16,  had 

conditions  where  long-term  (defined  as  time  to 

failure  of  therapy  (recurrence  or  worsening  of 

device  exchange,  transplantation,  or  death)  sup-

original  infection  or  need  for  device/driveline 

pressive  (preferably  oral)  could  be  possibly  ev-

exchange).  Most  common  CAS  (37.5%)  was  tri-

aluated.  These  include:  (1)  VAD-specific  Deep 

methoprim  sulfamethoxazole.  Of  11  patients 

DLI/pocket  infection,  (2)  VAD-specific  pump 

without  failure,  CAS  was  used  at  a  range  of
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172–1334  days.  Gastrointestinal  adverse  effects 

specific  by  ISHLT  definition)  but  not  routinely  to 

occurred  in  5  patients,  one  had  skin  reaction,  and 

the  other  two  categories.  At  6  months  follow  up, 

2  had  C.  difficile  infection. 

3  patients  required  change  in  CAS  because  of 

The  second  (Radcliffe  et  al. 2020)  included 

severe  adverse  effects,  and  6  (4  received  CAS) 

patients 

who 

received 

CF-LVAD 

(mostly 

developed  C  difficile  infection.  Ten  (7  received 

HeartMate  II)  between  August  2007  and  July 

CAS)  developed  subsequently,  BSI’s  secondary 

2019  (n  =  219)  and  were  given  oral  CAS  therapy 

to  resistant  organisms. 

for  driveline  infection  (DLI)  (n  =  24,  mean  age 

Despite  some  gastrointestinal  adverse  effects 

56  years).  Total  number  of  patients  who  devel-

and  C  difficile  infection,  CAS  was  relatively  well 

oped  DLI  was  40.  Definitions  of  infection 

tolerated.  Failure  of  CAS  therapy  occurs  in  about 

followed  ISHLT  (VAD-specific,  VAD-related, 

a  third  of  patients  and  is  mainly  due  to  relapse  or 

and  non-VAD).  S.  aureus  was  the  cause  of  the 

recurrent  infection.  It  should  be  emphasized  that 

index  infection  in  12  (50%)  of  24  patients.  Length 

the optimal  management of CAS  in VAD  recipient 

of  CAS  therapy  was  at  a  mean  of  486  (range 

has  not  been  established  due  to  insufficient  data. 

48–2287)  days.  CAS  was  defined  as  administra-

Many  factors  may  affect  the  decision  whether  to 

tion  of  antibiotics  for  >2  weeks,  after  treatment  of 

start  CAS,  and  include  the  extension  of  infection, 

the  index  DLI  was  completed.  Of  24  CAS 

organism  and  susceptibilities,  transplant  anticipa-

patients,  12  (50%)  had  successful  treatment, 

tion,  device  type,  risk  factors,  and  others.  We 

7  (29%)  had  treatment  failure,  and  5  (21%)  had 

recommend  that  each  time  CAS  therapy  is  being 

stable  symptoms.  Failure  was  defined  as  a  relapse 

considered  ISHLT  recommendations  should  be 

or  complication  leading  to  death  while  on  CAS 

reviewed  (see  above)  and  ID  expert  should  be 

therapy.  Of  the  7  patients  with  treatment  failure, 

consulted  (regarding  possible  indication  for 

6  had  relapses  mostly  with  Staphylococcus  spp., 

CAS,  choice,  and  length  of  antibiotics).  Also, 

and  2  had  reinfection  with  organisms  resistant  to 

special  attention  should  be  given  to  pathogens 

the  CAS  therapy  given.  Two  patients  required 

with  high  risk  of  seeding/infection  of  cardiac 

surgical  procedures.  Adverse  effects  occurred  in 

devices  (S.  aureus,  P.  aeruginosa,  and  S.  marce-

5  patients. 

scens).  And  last,  in  cases  of  failure  of  CAS  ther-

The  third  (Esquer  Garrigos  et  al. 2021) 

apy  with  several  relapses,  work  up  for  possible 

included  patients  who  received  LVAD  between 

surgical  exploration  might  be  considered. 

January  first  2010  and  December  31st  2018  and 

developed  BSI  (80  patients  and  121  episodes  of 

BSI’s).  The  episodes  of  infection  were  divided 

Mechanical  Circulatory  Support 

into 

LVAD-related, 

LVAD-associated, 

and 

in  Children 

non-LVAD,  which  is  different  terminology  from 

the 

other 

two 

studies 

(VAD-specific, 

Pediatric  Registry  and  Incidence 

VAD-related, 

and 

non-VAD). 

The 

authors 

of  Infection 

explained  that  ISHLT  definitions  were  not  used 

because  there  is  no  distinction  between  LVAD-

The  field  of  MCS  has  made  tremendous  progress 

related  and  LVAD-associated  BSI.  The  cases  that 

in  recent  decades,  especially  in  the  pediatric  pop-

finished  treatment  of  an  initial  episode  of  BSI  ulation.  MCS  use  has  increased  in  pediatric  heart 

and  were  screened  for  CAS  included:  LVAD-

failure  patients  primarily  as  a  bridge  to  transplan-

related  (n  =  35),  LVAD-associated  (n  =  14),  and 

tation,  and  lesser  so  as  a  bridge  to  recovery 

non-LVAD  (n  =  46).  CAS  was  given  to 

or  destination  therapy.  Pediatric  Interagency  Re-

32  (91.4%)  of  35  patients  with  LVAD-related 

gistry 

for 

Mechanical 

Circulatory 

Support 

BSI,  and  12  (37.5%)  of  32  had  relapse.  The 

(PEDIMACS), 

the 

pediatric 

component 

of 

authors  concluded  that  it  is  reasonable  to  offer 

Interagency  Registry  for  Mechanically  Assisted 

CAS  to  LVAD-related  BSI’s  category  (LVAD-

Circulatory 

Support 

(INTERMACS), 

was
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established  in  2012  and  includes  data  from  >40 

accounting  for  19%  of  adverse  events  reported. 

centers.  The  fifth  annual  PEDIMACS  report  in 

In  2018,  Auerbach  et  al.  reviewed  the  VAD  data 

2021  (Rossano  et  al. 2021)  states  that  1011 

from  the  PEDIMACS  registry  from  2012  to  2015 

patients  <19  years  of  age  were  reported  to  the 

and  identified  that  infection  accounted  for  17%  of 

registry  from  September  2012  to  December 

reported  adverse  events  with  27%  of  the  cohort 

2020,  demonstrating  continued  growth  of  VAD 

developing  infection.  A  non-device  infection  was 

use  in  the  pediatric  community.  The  ages  of  chil-

most  common  (51%),  followed  by  sepsis  (24%), 

dren  in  the  registry  are: <1  year  (25.5%),  1–5  year 

external  pump  component  infection  (20%),  and 

(21.7%),  6–10  year  (14.8%),  and  11–19  year 

internal  pump  component  infection  (5%). 

(38.0%).  The  most  common  underlying  etiology 

In  the  2021  PEDIMACS  report  (Rossano  et  al. 

for  heart  failure  in  pediatrics  requiring  MCS  is 

2021), 12%  of  pediatric  VAD  recipients  experi-

cardiomyopathy  (58%),  congenital  heart  disease 

enced  infection  as  an  early  adverse  event  (within 

(25%),  and  myocarditis  (10%). 

2  weeks  of  VAD  implantation)  for  an  infection 

The  pediatric-MCS  literature  has  focused  on 

rate  of  3.9  infections  per  patient  year  and  20%  of 

complications  related  to  infections  after  device 

pediatric  VAD  recipients  experienced  infection  as 

implantation.  Infection  is  a  major  challenge,  and 

a  late  adverse  event  (>2  weeks  after  implantation) 

infectious  complications  are  one  of  the  most  com-

for  an  infection  rate  of  1.2  infections  per  patient 

mon  adverse  events  related  to  pediatric  VAD  use. 

year.  Infections  varied  by  device  type;  8%  and 

The  causes  of  infection  are  fairly  similar  between 

21%  of  children  with  a  para-corporeal  pulsatile 

adults  and  children  with  a  few  notable  exceptions. 

device  experienced  early  and  late  infections, 

There are a few unique aspects in pediatric MCS use 

respectively,  18%  of  children  with  a  para-

that  may  make  children  susceptible  to  infectious 

corporeal  continuous  device  experienced  early 

complications  which  differs  from  adults:  the  size  of 

and  late  infections,  and  10%  and  20%  of  children 

a  child  can  present  a  challenge  for  device  implanta-

with  an  implantable  continuous  device  experi-

tion  and  cannula  positioning  often  resulting  in  large 

enced  early  and  late  infections,  respectively. 

cannulas  in  small  patients,  the  small  size  of  a  child 

There  is  limited  data  available  in  children 

may  result  in  the  VAD  being  close  to  other  lines, 

related  to  the  type  and  location  of  infection  and 

tubes  or  devices,  and  temporary  VADs  are  more 

how  infectious  complications  may  vary  according 

commonly  used  in  children  for  prolonged  periods 

to  the  type  of  VAD  implanted.  It  is  important  to 

and  as  a  bridge  to  transplant  compared  to  adults 

remember  that  the  various  device  types  currently 

where  durable  support  is  more  common. 

in  use  are  used  in  different  populations  with  dif-

Studies  have  reported  a  wide  range  of  overall 

ferent  pre-VAD risk  profiles which may contribute 

infection  rates  in  pediatric  patient  undergoing 

to  differences  in  infection  risk  and  variation  in 

VAD  support  from  17  to  69%  (Rossano  et  al. 

infection  rates  across  devices.  Additionally,  the 

2021;  Auerbach  et  al. 2018; Cabrera  et  al. 2013; 

different  device  types  themselves  carry  inherent 

Rosenthal  et  al. 2016; Lichtenstein  et  al. 2021) 

risk  of  infection  based  on  location  of  implantation 

(Auerbach,  Cabrera,  Rosenthal,  Lichtenstein,  and 

(intracorporeal  vs  para-corporeal),  risk  of  compo-

Rossano).  Earlier  studies  seem  to  report  higher 

nents  transitioning  from  inside  the  body  to  the 

infection  rates  among  this  population  with  more 

outside,  and  size  of  device.  Driveline  infections 

recent  studies  showing  less  infectious  complica-

with intracorporeal  devices (HeartMate III) are the 

tions.  In  2013,  Cabrera  et  al.  reported  that  69%  of 

most  common  device-specific  infections. 

patients  from  a  cohort  identified  from  1999  to 

2011  developed  infection  while  receiving  VAD 

support  (including  11%  VAD-specific  infections, 

Pediatric  Etiology  of  Infection 

25%  VAD-related  infections,  and  64%  non-VAD 

infections).  In  2016,  Rosenthal  et  al.  identified 

The most common organisms associated with pedi-

78  infections  among  200  patients  reviewed  from 

atric  VAD  infections  are  similar  to  those  seen  in 

the  PEDIMACS  registry  from  2012  to  2014 

adults.  Most  infections  are  bacterial  in  origin  and  a
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smaller  number  of  infections  are  due  to  fungal  or 

Fungal  infections  can  be  associated  with  a  range 

other  pathogens.  Infections  due  to  S.  aureus  are 

of  MCS  infections  including  bacteremia,  pocket 

most  common.  This  is  followed  by  Pseudomonas 

infections,  drive  line  infections,  and  mediastinitis; 

spp.  as  well  as  organisms  that  are  part  of  skin  flora 

however,  fungi  are  not  common  causes  of  driveline 

such as the coagulate-negative staphylococci group 

infections  and  are  more  frequently  isolated  from 

(e.g.,  S.  epidermidis).  Empiric  therapy  for  infec-

deep  tissues  infections.  Candida  species  are  the 

tions  should  consider  the  most  common  organisms 

most common fungal pathogen causing MCS infec-

typically  seen  in  VAD  infections,  the  patient’s  epi-

tions.  Aspergillus  species  have  been  identified  as  a 

demiologic  and  infectious  history,  as  well  as  the 

rare  cause  and  there  are  some  case  reports  of  other 

center’s  local  epidemiologic  antibiogra m. 

mold  infection. 

Patient  outcomes  related  to  infectious  complica-

Risk  factors  associated  with  fungal  infections  in 

tions  in  pediatric  patients  on  VAD  support  remain 

MCS  patients  remain  incompletely  understood  as 

largely  unknown.  Major  infection  was  cited  as  the 

this  has  not  been  sufficiently  studied  in  VAD 

mode  of  death  for  3.7%  of  deaths  in  the 

patients.  A  few  studies  have  investigated  risk  fac-

PEDIMACS  report  (Rossano  et  al. 2021)  with  no 


tors and extrapolated from established factors based 

difference  reported  across  the  various  device  types 

on existing data from general surgical, transplant, or 

(para-corporeal  pulsatile,  para-corporeal  continu-

critically  ill  individuals.  One  retrospective  study 

ous,  or  implantable  continuous  devices).  It  has 

comparing  risk  factors  for  fungal  vs  bacterial  infec-

been  described  that  VAD  infections  do  not  prevent 

tions  identified  the  use  of  total  parenteral  nutrition 

successful  cardiac  transplantation  in  children. 

on  multivariate  analysis  as  associated  with  devel-

With  MCS  devices  increasingly  being  used  in 

opment  of  fungal  infection  in  VAD  patients  (Aslam 

pediatrics  and  its  use  evolving  into  standard  of 

et  al. 2010).  On  univariate  analysis  the  study  also 

care  for  critically  ill  children  awaiting  cardiac 

identified  other  risk  factors  including  greater  num-

transplantation,  future  investigation  is  needed  to 

ber  of  invasive  devices,  longer  operative  time, 

improve  the  understanding  of  risk  factors  for 

greater  number  of  transfusions,  need  for  hemodial-

infections  and  optimal  strategies  for  infection  pre-

ysis,  and  abdominal  surgery.  Other  studies  have 

vention  and  management. 

identified  additional  device-related  and  host-related 

predisposing  factors  such  as:  prolonged  use  of  anti-

biotics  or  treatment  with  broad-spectrum antibiotics 

Fungal  Infections  in  MCS  Patients 

which  may  make  the  patient  more  susceptible  to 

fungal  colonization  and  infection,  prior  coloniza-

Fungal  Infections  and  Risk  Factors 

tion,  mechanical  ventilation,  presence  of  central 

venous  catheters,  severity  of  illness,  immunosup-

Fungal  infections  present  a  serious  concern  in 

pression,  defects  in  cell-mediated  immunity,  and 

patients  requiring  MCS  due  to  the  high  associa-

neutropenia  (Maly  et  al. 2014). 

tion  with  adverse  events.  Although  less  common 

than  other  types  of  infections,  fungal  infections 

are  associated  with  higher  rates  of  morbidity  and 

Early  Treatment  and  Prophylaxis 

mortality,  poorer  outcomes,  and  can  be  more  dif-

ficult  to  treat,  especially  in  the  setting  of  a  retained  In  2016,  the  ISHLT  published  guidelines  reg-

device. The incidence  of fungal  infections  in  MCS 

arding  treatment  of  fungal  infections  and  included 

recipients  has  decreased  since  the  MCS  devices 

also  MCS  recipients  (Husain  et  al. 2016).  Suc-

were  first  introduced.  Published  studies  cite 

cessful  management  of  fungal  MCS  infections 

6–23%  of  VAD  recipients  developing  a  fungal 

requires  early  recognition  of  potentially  non-

infection  (Aslam  et  al. 2010;  Shoham  et  al. 

specific  signs  and  symptoms;  however,  criteria 

2007;  Nurozler  et  al. 2001;  Goldstein  et  al. 

for  initiating  empiric  antifungal  therapy  in  MCS 

1995)  with  65–71%  infection-related  mortality 

patient’s  remains  poorly  defined.  Empiric  anti-

(Aslam  et  al. 2010; Shoham  et  al. 2007). 

fungal  therapy  should  be  considered  based  on
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clinical  assessment  of  risk  factors,  serologic 

Future  investigations  should  aim  to  improve 

markers  for  invasive  candidiasis,  and  culture 

the  understanding  of  risk  factors  for  fungal  infec-

data.  Early  initiation  of  effective  antifungal  ther-

tion  during  mechanical  circulatory  support,  the 

apy  is  especially  critical  to  the  successful  treat-

optimal  timing  and  duration  of  antifungal  prophy-

ment  of  candidemia  and  may  reduce  morbidity 

laxis  and  the  effectiveness  of  prophylaxis. 

and  mortality.  In  some  cases,  device  removal  and 

replacement  should  be  considered,  especially  in 

device-specific  infections  where  clearance  of 

Conclusion 

infection  may  be  difficult.  In  patients  with  serious 

fungal  infections,  persistent  infection,  or  in  situa-

Infection  is  still  a  common  complication  in  MCS 

tions  where  the  device  cannot  be  replaced,  urgent 

recipients.  Collaborative  studies  are  needed  to 

transplantation  may  be  appropriate  management. 

establish  best-practice  strategies  for  infection 

Given  the  rate  of  fungal  infections  among 

management  and  prevention.  Investigators  should 

MCS  patients  and  the  potential  for  high  morbidity 

use  the  new  2024  ISHLT  infection  definitions 

and  mortality,  the  use  of  antifungal  agents  for 

consensus  document. 

prophylaxis  is  often  raised.  There  is  limited  data 

and  an  absence  of  clinical  trials  to  support  anti-
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Abstract 

Keywords 

Mechanical  circulatory  support  device  (MCS) 

Mechanical  circulatory  support  device  ·  Heart 

can  provide  support  to  the  native  heart  and 

transplant  ·  HLA  antibody  ·  AT1R  ·  MCS  · 

improve  the  patient  hemodynamics.  During 

Cytokines 

the  period  of  the  MCS  support,  the  patients’ 

immune  system  is  also  modulated.  Immuno-

logic  responses  post  MCS  support  include 

Introduction 

increased  HLA  antibodies,  elevated  levels  of 

AT1R  antibodies,  and  inhibition  of  secretion  of 

Heart  transplantation  is  an  effective  way  to  treat 

proinflammatory  cytokines.  This  chapter  will 

end-stage  heart  disease.  However,  a  limited  sup-

summarize  these  changes  and  their  impact  on 

ply  of  donor  hearts  makes  it  impossible  for  many 

the  transplantation  thereafter  and  the  contribu-

heart  transplant  candidates  to  receive  an  organ in  a 

tion  of  the  immunomodulation  to  the  recovery 

timely  manner.  Some  patients  may  not  receive  a 

of  the  heart  function. 

transplant  at  all.  Alternative  treatment  is  needed 

for  these  patients.  Mechanical  circulatory  support 

devices  (MCS)  were  originally  developed  to 

replace  heart  transplantation.  Nowadays,  MCS  is 

used  either  as  destination  therapy  or  as  a  bridge  to 

transplant.  MCS  can  improve  the  condition  of 

X.  Zhang  (✉)  ·  N.  L.  Reinsmoen 
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native  hearts  of  patients  who  are  not  suitable  to 
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transplant  at  the  time  and  enable  the  patient  to
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recover  to  be  a  candidate  for  heart  transplantation 

obvious  than  HLA  class  I  antibodies.  MCS 

(bridge  to  transplant).  Some  patients  may  be  fully 

implantation  does  not  increase  the  risk  to  develop 

recovered  and  do  not  need  transplantation  after 

antibodies  against  MHC  class  I  chain-related  pro-

removal  of  the  MCS  (bridge  to  recovery). 

tein  A  (MICA)  which  has  similar  structure  to 

HLA  class  I  (Askar  et  al. 2013). 

Several  studies  have  shown  that  the  device 

MCS  Implantation  Stimulates  HLA 

type  may  also  impact  the  degree  of  sensitization. 

Antibody  Production 

Implantation  of  the  continuous-flow  HeartMate  II 

LVAD  results  in  sensitization  in  9%  of  patients  as 

As  a  bridge  to  transplant,  MCS  is  implanted  for 

measured  by  the  CDC  assay,  while  implantation 

patients  who  are  not  expected  to  survive  until  an 

of  pulsatile  HeartMate  I  results  in  sensitization  in 

organ  is  available  for  transplant.  Implantation  of 

45%  of  patients  (Drakos  et  al. 2009). Higher  HLA 

MCS,  as  a  major  surgery,  often  involves  blood 

class  II  PRA  levels  were  more  common  in  patients 

transfusion.  Even  though  lymphocyte  depleted 

implanted  with  the  HeartMate  XVE  device  than 

transfusion  is  commonly  applied,  a  minor  amount 

with  HeartMate  II  device  (Arnaoutakis  et  al. 

of  HLA  antigens  can  still  exist  in  the  blood  prod-

2011).  A  retrospective  study  in  a  single  center 

uct.  Blood  products  are  usually  not  HLA-matched 

suggests  that  pulsatile  biventricular  assist  devices 

with  the  patient,  which  potentially  can  cause  sen-

(BiVAD)  do  not  stimulate  more  HLA  antibodies 

sitization  to  the  mismatched  HLA  antigens.  Thus, 

compared  to  LVAD  (Chaidaroglou  et  al. 2021). 

it  is  common  that  patients  become  sensitized  to 

HeartMate  III  is  a  recently  developed  ventricular 

HLA  after  MCS  implantation.  A  study  using  the 

assist  device  whose  rotator  is  magnetically 

International  Society  for  Heart  and  Lung  Trans-

suspended,  which  minimizes  the  friction  and 

plantation  (ISHLT)  registry  data  shows  that 

blood  cell  damage.  In  patients  who  do  not  have 

among  patients  registered  as  “bridge  to  trans-

HLA  antibodies  pre-implantation,  HeartMate  III 

plant”  between  2000  and  2003,  16.6%  of  patients 

stimulates  fewer  high-level  HLA  antibodies 

implanted  with  left  ventricular  assist  device 

(mean  fluorescence  intensity  (MFI)  >10,  000) 

(LVAD)  have  HLA  antibodies  increased  >10% 

than  HeartMate  II  (Jain  et  al. 2022). 

as  measured  by  panel  reactive  antibody  (PRA)  in 

Many  early  studies  on  the  MCS  impact  on 

the  complement-dependent  cytotoxicity  (CDC) 

post-transplant  outcomes  did  not  find  that  higher 

antibody  assay  (Joyce  et  al. 2005). In  contrast, 

levels  of  HLA  sensitization  caused  by  MCS 

only  7.6%  of  patients  without  LVAD  implantation 

implantation  were  translated  into  more  antibody-

show >10%  PRA  increase.  Antibody  levels  deter-

mediated rejection (AMR), cellular  rejection, allo-

mined  by  the  more  sensitive  Luminex  PRA  assay 

graft  vasculopathy, or mortality (Joyce  et  al. 2005) 

confirm  that  LVAD  implantation  is  associated 

(Pamboukian  et  al. 2005)  (Drakos  et  al. 2006) 

with  an  increase  in  PRA  of  HLA  class  I  antibodies 

(Pagani  et  al. 2001)  (Chiu  et  al. 2016). However, 

(Askar  et  al. 2013).  Similar  results  have  also  been 

in  those  studies,  the  CDC  assay,  a  classic  comple-

observed  in  pediatric  patients  bridged  to  heart 

ment  dependent  cytotoxicity  antibody  detection 

transplant  (O’Connor  et  al. 2010).  The  degree 

method,  was  used  to  detect  HLA  antibodies. 

of  sensitization  by  LVAD  implantation  may 

This  assay  is  not  as  sensitive  and  specific  as  the 

be  affected  by  the  level  of  sensitization  pre-

more  modern  test,  the  Luminex-based  single  anti-

implantation.  Patients  with  PRA  >  10%  pre 

gen  beads  test.  More  critically,  antibody  specific-

MCS  implantation  are  at  higher  risk  to  become 

ities  cannot  be  derived  easily  from  the  CDC  assay. 

highly  sensitized,  as  defined  by  PRA  >  90%, 

Therefore,  these  early  studies  did  not  adequately 

post-implantation  (Drakos  et  al. 2009).  The 

evaluate  if  transplants  are  performed  across  donor 

increase  of  HLA  class  II  antibody  PRA  is  less 

HLA-specific  antibodies  as  detected  by  more
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sensitive  and  more  specific  tests.  Transplantation 

moderate/severe  rejection  (Jain  et  al. 2022). 

of  patients  with  increased  PRA  does  not  necessar-

Optimization  of  MCS  design  may  hold  promise 

ily  mean  that  patients  are  transplanted  with  more 

to  reduce  HLA  sensitization  in  future. 

or  stronger  donor-specific  antibodies.  Further-

more,  the  transplantation  with  strong  donor-

specific  antibodies  may  have  been  avoided  by 

MCS  Implantation  Stimulates 

prospective  crossmatches.  Thus,  no  increase  in 

Production  of  Non-HLA  Antibody: 

rejection  and  mortality  is  not  totally  unexpected 

Angiotensin  II  Type  1  Receptor  (AT1R) 

in  those  analyses. 

Antibody 

Transplantation  with  preformed  donor-specific 

antibodies  has  been  associated  with  increased  risk 

Implantation  of  MCS  can  also  stimulate  the  pro-

of 

graft 

rejection 

and 

graft 

dysfunction 

duction  of  antibody  against  a  non-HLA  antigen, 

(Kobashigawa  et  al. 2018).  Binding  of  HLA  anti-

angiotensin  II  type  1  receptor  (AT1R).  AT1R 

body  on  cells  of  the  allograft  can  activate  the 

antibody  is  arguably  the  most  studied  non-HLA 

classic  complement pathway. Complement activa-

antibody  in  transplantation.  AT1R  plays  a  criti-

tion  can  lead  to  the  formation  of  the  membrane 

cal  role  of  regulating  vasoconstriction  and 

attack  complex  which  eventually  causes  cell 

hypertension.  AT1R  antibody  can  bind  AT1R 

death,  or  the  generation  of  complement  factors 

and  activate  AT1R  signaling  (Dragun  et  al. 

C5a  and  C3a,  potent  mediators  of  inflammation. 

2005). Antibodies  against  AT1R  have  been  iden-

Donor  HLA-specific  antibodies  can  also  recruit 

tified  in  patients  with  preeclampsia  or  systemic 

NK  cells  through  the  Fc  fragment  of  antibodies 

sclerosis  (Wallukat  et  al. 1999;  Kill  et  al.  2014; 

(Zhang  et  al. 2012).  Even  low  levels  of  donor-

Gunther  et  al. 2014). Association  of  AT1R  anti-

specific  antibodies  with  MFI  >  1000  can  lead  to 

bodies 

with 

allograft 

rejection 

has 

been 

fourfold  increase  in  AMR  (Coutance  et  al. 2019); 

established  in  kidney,  heart,  and  liver  transplants 

patient  survival  was  not  found  to  be  associated 

(Zhang  and  Reinsmoen  2020). Implantation  of 

with  preformed  donor-specific  antibodies  in  the 

MCS  increases  AT1R  antibodies  to  such  high 

same  study  (Coutance  et  al. 2019).  In  pediatric 

levels  that  the  commercially  available  assay 

heart  transplantation,  the  presence  of  donor-

has  shown  saturated  levels  of  binding  (Zhang 

specific  antibodies  is  also  associated  with  AMR 

et  al. 2018).  The  increase  of  AT1R  antibody 

(Webber  et  al. 2018). 

levels  is  observed  in  all  device  types  in  the 

The  donor  availability  is  a  limiting  factor  for 

study  including  continuous  flow  LVAD,  pneu-

heart  transplantation.  Development  of  HLA  anti-

matic  bilateral  paracorporeal  ventricular  assist 

bodies,  especially  at  high  levels,  further  reduces 

device,  and  total  artificial  heart  (TAH).  The  sat-

the  chance  for  a  patient  of  receiving  a  compatible 

urated  levels  of  AT1R  antibodies  are  associated 

donor  organ.  Several  desensitization  therapies 

with  reduced  patient  survival  post  18-month 

are  used  to  remove/decrease  HLA  antibodies, 

MCS  implantation  (Fig. 1). For  the  patients 

such  as  B  cell  depletion  antibodies,  plasmaphe-

who  were  transplanted  later,  the  saturated  levels 

resis,  intravenous  immune  globulin,  protease 

of  AT1R  antibodies  in  pre-transplant  are  not 

inhibitors,  but  with  mixed  outcomes.  It  is  impor-

associated  post-transplant  survival,  AMR,  or 

tant  to  minimize  HLA  sensitization  caused  by 

ACR.  These  results  suggest  that  AT1R  anti-

MCS  implantation.  It  has  been  shown  that  the 

bodies  can  be  a  potential  prognostic  biomarker 

new  device  HeartMate  III  can  lead  to  less  pro-

for  the  patient  survival  on  the  MCS  support. 

duction  of  high-level  binding  HLA  antibodies, 

Because  many  tissues  and  organs  express 

and  the  patients  who  do  not  develop  de  novo 

AT1R  antigens,  AT1R  antibodies  can  bind  to 

HLA  antibodies  show  a  trend  toward  less 

the  recipient  tissue  and  modulate  AT1R  global

[image: Image 159]
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Fig.  1  The  saturated  level 

of  AT1R  antibodies  is 

associated  with  reduced 

patient  survival  post-MCS 

implantation 

signaling  response  in  patients.  It  has  been  dem-

the  blood,  which  reduces  the  friction  and  thereby 

onstrated  that  AT1R  antibody  can  activate  intra-

preserves  more  high-molecular-weight  multi-

cellular  signals  and  increase  blood  pressure  in 

mers  of  vWF,  results  in  less  HLA  antibody  pro-

kidney  transplant  patients  (Dragun  et  al. 2005). 

duction  than  HeartMate  II  (Bansal  et  al. 2019) 

However,  the  blood  pressure  is  not  increased  in 

(Jain  et  al. 2022). It  is  plausible  that  HeartMate 

MCS  patients  with  saturated  levels  of  AT1R 

III  is  also  associated  with  less  non-HLA  antibody 

antibodies.  Further  study  is  warranted  to  deter-

production. 

mine  if  AT1R  antibodies  can  have  other  global 

effect  which  leads  to  lower  patient  survival  of 

MCS  patients.  Losartan,  an  AT1R  blocker,  is 

MCS  Implantation  Increases  Cytokine 

proposed  for  treatment  of  patients  with  high 

Release 

levels  of  AT1R  antibodies  (Guzzo  et  al. 2017), 

but  the  efficacy  of  losartan  in  MCS  patients 

For  many  patients  who  are  not  eligible  for  heart 

needs  further  study. 

transplantation,  MCS  are  implanted  as  destination 

How  MCS  implantation  stimulates  the  pro-

therapy.  Occasionally,  the  native  heart  is  able  to 

duction  of  non-HLA  antibodies,  such  as  AT1R 

recover  after  MCS  support  and  can  still  function 

antibody,  remains  under  investigation.  One  hy-

after  removal  of  MCS.  In  this  sense,  MCS  is  used 

pothesis  is  that  MCS  increases  the  speed  of 

as  “bridge  to  recovery.”  During  the  support 

blood  flow  and  causes  excess  cleavage  of  proteins 

period,  MCS  allows  the  heart  to  rest  and  improves 

on  the  cell  surface  which  in  turn  exposes  neo-

the  hemodynamics  so  that  the  heart  can  win  the 

antigens  to  trigger  the  production  of  non-HLA 

time  to  recover  to  the  point  that  the  heart  can 

antibodies.  In  line  with  this  hypothesis,  von 

function  after  the  MCS  is  removed  or  that  the 

Willebrand  factors  (vWF),  a  multimeric  glycopro-

patient  can  be  a  candidate  for  transplantation.  In 

tein  regulating  coagulation,  is  excessively  cleaved 

this  recovery  process,  MCS  may  help  heart 

in  patients  with  MCS  (Nascimbene  et  al. 2016). 

recover  via  regulation  of  cytokine  expression.  A 

Implantation  of  HeartMate  III  ventricular  assist 

gene  expression  study  shows  that  early  after  the 

device  with  rotor  fully  magnetically  levitated  in 

MCS  surgery,  inflammatory  genes  may  be

[image: Image 160]
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upregulated  and  then  followed  by  upregulation  of 

ventricular  assistant  device  reduces  total  collagen 

repair  genes  (Sinha  et  al. 2010).  In  the  longer 

and  size  of  myocytes  with  improvement  of  hemo-

follow-up,  MCS  may  prevent  heart  remodeling 

dynamics  (Thohan  et  al. 2005). Proinflammatory 

by  inhibiting  the  secretion  of  proinflammatory 

cytokines  IL-6  and  IL-8  are  also  elevated  in  the 

cytokines.  These  cytokines  play  critical  roles  in 

peripheral  blood  before  LVAD  implantation  com-

heart  remodulation.  The  most  prominent  cytokine 

pared  with  the  heath  control  but  are  reduced  sig-

in  heart  remodulation  is  tumor  necrosis  factor-α

nificantly  30  days  post  implantation  (Goldstein 

(TNF-α).  TNF-α is  a  critical  proinflammatory 

et  al. 1997). 

cytokine that  can stimulate  expression  of adhesion 

molecules  on  endothelial  cells  of  the  heart,  which 

in  turn  recruits  inflammatory  immune  cells. 

Conclusion 

TNF-α can  also  promote  protein  synthesis, 

which 

leads 

to 

hypertrophy 

(Rolski 

and 

Increased  blood  flow  in  MCS  patients  may  cause 

Blyszczuk  2020). In  addition,  TNF-α can  induce 

excessive  cleavage  of  proteins,  which  exposes 

apoptosis  of  cardiomyocytes.  Injection  of  TNF-α

neoantigens.  In  combination  with  mismatched 

mimics the  same  cardiac  response as  seen in  septic 

HLA  antigens  introduced  by  transfusion,  MCS 

shock  induced  by  endotoxin  in  an  animal  model 

may  stimulate  the  production  of  HLA  and 

(Tracey  et  al. 1986). Elevated  TNF-α has  been 

non-HLA  antibodies,  specifically  anti  AT1R  anti-

observed  in  the  left  ventricles  in  patients  with 

body.  Elevated  levels  of  antibodies  can  make  it 

nonischemic  end-stage  cardiomyopathy  com-

more  difficult  for  patients  to  get  compatible 

pared  with  the  healthy  subjects  (Torre-Amione 

donors.  In  certain  situations,  patients  have  to  be 

et  al. 1999).  Serum  levels  of  TNF-α are  also 

transplanted  across  donor-specific  antibodies, 

increased  in  heart  failure  patients  compared  with 

which  increases  the  risk  of  developing  AMR 

the  health  control  (Mann  and  Young  1994).  Impor-

post-transplant.  However,  new  immunosuppres-

tantly,  levels  of  TNF-α are  reduced  in  patients  after 

sive  regimens  allow  for  the  transplantation  across 

LVAD  implantation,  suggesting  the  LVAD  helps 

donor  HLA-specific  antibodies  with  acceptable 

heart  recovery  by  reducing  damages  caused  by  pro-

outcomes.  On  the  other  hand,  MCS  can  modulate 

inflammation  cytokines  (Torre-Amione  et  al. 1999). 

cytokine  expression  and  immune  profile  to  help 

Besides  TNF-α changes  after  LVAD  implanta-

heart  recover  (Fig. 2). 

tion,  support  with  continuous  flow  or  pulsatile 

MCS 

Transfusion 

Stimulate antibodies 

Patient Impact 

Implantation 

Less chance to find 

Mismatched HLA 

HLA Antibodies 

compatible donor 

Increased blood flow and friction 

AT1R Antibodies 

Associated with lower 

patient survival 

Expose 

AT1R neoantigen 

Inhibit inflammatory cytokine release 

Help heart recovery 

TNF-a, IL-8 

Fig.  2  Immune  responses  modulated  by  MCS  implanta-

Increased  speed  of  the  blood  flow  and  friction  cause  the 

tion.  MCS  implantation  often  requires  transfusion.  Mis-

cleavage  of  AT1R,  generating  a  neoantigen  which  thereby 

matched  HLA  antigens  from  the  blood  stimulate  the 

stimulates  AT1R  antibodies.  MCS  also  prevents  inflamma-

production  of  HLA  antibodies,  which  reduces  the  likeli-

tory  cytokines  release 

hood  for  patients  to  receive  compatible  donor  organs. 
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Abstract 

Gastrointestinal  (GI)  bleeding  is  a  leading 

cause  of  readmission  following  left  ventricular 

assist  device  (LVAD)  implantation.  The  patho-

G.  Rubinstein  ·  G.  Sayer 

physiology  of  GI  bleeding  in  this  population  is 
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multifactorial  but  is  highly  associated  with  the 
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NY,  USA 

formation  of  arteriovenous  malformations,  and 

exacerbated  by  acquired  von  Willebrand  dis-
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ease.  High-risk  populations  have  been  identi-
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fied,  and  risk  mitigation  strategies  can  be 
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employed  in  these  patients.  Management  of 
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GI  bleeding  includes  the  use  of  endoscopy 
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and  colonoscopy  to  identify  and  treat  lesions. 
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As  much  of  the  bleeding  originates  in  the  small
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intestine,  adjunct  tests  including  capsule 

reported  during  the  most  recent  time  period 

endoscopy  or  push  enteroscopy  are  often 

(2017–2021)  with  a  76.7%  freedom  from  GI  bleed-

required.  Refractory  cases  may  require  con-

ing  at  2  years,  which  may  be  explained  by  the 

comitant  use  of  medications  such  as  thalido-

introduction  of  the  fully  magnetically  levitated 

mide  or  bevacizumab.  Several  therapies  have 

Heartmate  3  (HM3)  LVAD  (Y uzefpolskaya et al. 

been  identified  for  both  primary  and  secondary 

2023). The  Multicenter  Study  of  MagLev  Technol-

prevention  of  bleeding.  Ongoing  studies  are 

ogy  in  Patients  Undergoing  Mechanical  Circulatory 

identifying  the  impact  of  reduced  antiplatelet 

Support Therapy With HeartMate 3 (MOMENTUM 

and  anticoagulation  protocols  on  GI  bleeding 

3)  reported  lower  rates  of  GI  bleeding  in  patients 

rates. 

supported with the HM3 than those supported by the 

HeartMate  II  LVAD  (27.8%  vs.  33.1%  and  0.252 

Keywords 

vs.  0.423  events/patient-years;  p  <  0.001)  (Mehra 

et  al. 2022). This  has  been  attributed  to  the  imple-

MCS  ·  LVAD  ·  Gastrointestinal  (GI)  bleeding  · 

mentation  of  design  modifications  explicitly  aimed 

Arteriovenous  malformations  (AVM)  · 

at  increasing  LVAD  hemocompatibility,  although 

Angiodysplasia  ·  von  Willebrand  · 

there  may  also  be  other  mechanisms  involved. 

HeartMate  3 

In  this  chapter  we  will  review  the  complex 

pathophysiology  underlying  GI  bleeding,  the 

risk  factors  associated,  as  well  as  what  treatment 

Introduction 

and  prevention  strategies  have  been  identified  for 

the  management  of  GI  bleeding  in  the  LVAD 

Bleeding,  primarily  from  gastrointestinal  (GI)  tract, 

population. 

is  the  second  most  common  complication  following 

continuous  flow  left  ventricular  assist  device 

(LVAD)  implantation  (Yuzefpolskaya  et  al. 2023). 

The  Pathophysiology  of  GI  Bleeding 

The incidence of GI bleeding varies across the world 

During  LVAD  Support 

and  between  institutions  and  ranges  between  10% 

and  40%  (Shrode  et  al. 2014;  Cochrane  et  a  l. 2016; 

Multiple  mechanisms  have  been  identified  to  con-

Suarez  et  al. 2011;  Shah  et  a  l. 2017a).  An  increased 

tribute  to the  increased  incidence of  GI bleeding in 

incidence  of  GI  bleeding  was  seen  across 

the  LVAD  population  (Fig. 1). LVAD  therapy 

continuous-flow  LVAD  types  with  a  reported  prev-

introduces  a  new  physiology  to  the  human  body 

alence for the HVAD LVAD of 35.1% at 2 years and 

by  replacing  pulsatile  with  continuous  flow.  The 

prevalence  for  the  HeartMate  II  LVAD  reported 

ramifications  of  this  change  are  most  pronounced 

between  19%  and  44%  (Rogers  et  al. 2017; 

in  the  endothelial  system  where  decreased 

Demirozu et al. 2011;  Uriel et al. 2010). GI bleeding 

pulsatility  results  in  a  cascade  of  events  that  alters 

is  the  leading  cause  of  readmission  after  LVAD 

blood  vessel  development  as  well  as  function  of 

implantation  (Goldstein  et  al. 2015;  Lemor  et  al. 

the  coagulation  system.  In  addition,  the  presence 

2020; Hasin et al. 2013). Although mortality follow-

of  a  foreign  intracardiac  pump  causes  both  direct 

ing  GI  bleeding  hospitalization  is  relatively  low,  GI 

and  indirect  destruction  of  blood  products  leading 

bleeding  hospitalization  are  associated  with  longer 

to  altered  coagulability.  Furthermore,  the  admin-

length  of  stay  (Shah  and  Qayed  2018), with  the 

istration  of  antiplatelet  agents  and  anticoagulants 

highest  rates  of  readmission  after  adverse  event 

may  further  exacerbate  a  predisposition  to  bleed-

hospitalization  (28.7%),  and  higher  than  average 

ing.  The  most  important  pathologies  responsible 

hospitalization  cost. 

for  the  development  of  GI  bleeding  in  patients 

In  more  contemporary  reports,  GI  bleeding  rates 

supported  with  LVAD  are  explained  below  and 

have decreased. According to the 2022 International 

include  angiodysplasia  and  arteriovenous  malf-

Society  of  Heart  and  Lung  Transplantation  (ISHLT) 

ormations,  acquired  von  Willebrand  disease,  and 

registry,  lower  rates  of  GI  bleeding  have  been 

platelet  dysfunction.  However,  it  is  important  to

[image: Image 161]
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remember  that  GI  bleeding  in  this  population 

on  angiodysplasia  (Tabit  et  al. 2016).  Similarly,  in  a 

may  also  stem  from  the  common  etiologies  in 

study  using  LVAD  patients’  blood,  pericyte  apopto-

the  general  population  such  as  peptic  and  trau-

sis was reduced by using TNF-α blockers, leading to 

matic  ulcers,  gastritis,  colitis,  diverticulitis,  malig-

a  significant  reduction  in  the  incidence  of  abnormal 

nancies,  and  more. 

blood  vessel  formation  (Tabit  et  al. 2018). 

It  is  important  to  mention  that  the  process  of 

inflammation  and  angiodysplasia  starts  prior  to 

Angiodysplasia 

LVAD  implantation.  Patel  et  al.  performed  nasal 

endoscopy  in  a  group  of  advanced  HF  patients 

Early  studies  evaluating  the  anatomical  abnormal-

with  and  without  LVAD  support  (Patel  et  al. 

ities  during  LVAD  support  found  that  arteriove-

2016). They  found  that  nasal  hypervascularity 

nous  malformations  (AVM)  are  the  predominant 

was  present  in  both  groups  of  patients,  although 

contributor  to  GI  bleeding  in  LVAD  patients 

the  severity  of  hypervascularity  was  lower  in  the 

(Demirozu  et  al. 2011;  Draper  et  al. 2014; Letsou 

HF  group  than  the  LVAD  group.  This  group 

et  al. 2005).  These  early  findings  led  to  further 

extended  their  findings  by  performing  video  cap-

investigations  of  the  angiogenesis-related  signal 

sule  endoscopy  in  a  group  of  heart  failure 

cascade  during  with  LVAD  support. 

(HF)  patients  and  compared  the  findings  with 

In  general,  angiogenesis  is  regulated  by  the 

non-heart  failure  controls  (Patel  et  al. 2022). 

growth 

factors 

Angiopoetin-1 

(Ang-1) 

and 

They 

found 

significantly  higher  rates  of 

Angiopoetin-2  (Ang-2)  (Tabit  et  al. 2016). 

angiodysplasia  among  the  HF  group  compared 

Ang-1  is  produced  by  perivascular  cells  (pericyte) 

to 

the 

non-HF 

group 

(50% 

vs. 

13%; 

and  promotes,  in  conjunction  with  vascular  endo-

p  =  0.0002).  These  results  suggest  that  the  under-

thelial  growth  factor  (VEGF),  stable  vessel  devel-

lying  pathophysiology  of  heart  failure,  character-

opment.  Ang-2  is  produced  by  endothelial  cells 

ized  by upregulation  of  inflammatory pathways, is 

and  stored  in  Weibel-Palade  bodies  together  with 

responsible 

for 

initiating 

the 

path 

toward 

von  Willebrand  factor  (vWF).  Ang-2  functions  as 

angiodysplasia  rather  than  the  LVAD  itself. 

a  competitive  inhibitor  to  Ang-1,  and  in  conjunc-

However,  the  presence  of  the  LVAD  further  exac-

tion  with  VEGF,  it  promotes  inflammation  and 

erbates  the  inflammatory  milieu  while  simul-

unstable  blood  vessel  formation.  Overexpression 

taneously  inducing  changes  to  the  coagulation 

of  Ang-2  leads  to  vascular  malformations  and  GI 

system  that  increase  the  propensity  of  bleeding 

angiodysplasia.  Other  mediators,  such  as  throm-

from  angiodysplastic  lesions.  In  a  system  already 

bin  and  TNF-α,  play  an  important  role  in  the 

predisposed 

to 

angiodysplasia 

formation, 

regulation  of  these  pathways  (Tabit  et  al. 2016; 

continuous-flow  physiology  may  further  promote 

John  et  al. 2009). Thrombin,  through  its  endothe-

the  development  of  AVMs. 

lial  cell  receptor,  and  TNF-α initiate  an  intracellu-

Heyde’s  syndrome  is  a  medical  condition  char-

lar 

cascade 

ultimately 

leading 

to 

Ang-2 

acterized  by  GI  bleeding  from  angiodysplasia  in 

overexpression  and  AVM  formation.  TNF-α also 

patients  with  aortic  stenosis  (Lourdusamy  et  al. 

induces  pericyte  apoptosis,  leading  to  a  reduction 

2021). It  is  thought  that  hypoperfusion  of  the  GI 

in  Ang-1  expression,  further  suppressing  normal 

tract,  resulting  from  narrow  pulse  pressure  and 

blood  vessel  development  (Lejeune  et  al. 1998; 

lower  effective  cardiac  output,  promotes  inflam-

Fiedler  et  al. 2006). 

mation  and  angiodysplasia  development  in  the  GI 

Patients  supported  with  LVAD  have  lower  levels 

mucosa.  Since  contemporary  LVAD  physiology  is 

of Ang-1 and higher  levels of TNF-α, thrombin, and 

also  characterized  by  a  narrow  pulse  pressure,  it  is 

Ang-2.  This  ultimately  promotes  higher  levels  of 

presumed  that  a  similar  mechanism  may  be 

abnormal  blood  vessel  formation.  In  an  experimen-

responsible  for  the  excess  rates  of  GI  bleeding  in 

tal  model,  it  has  been  shown  that  the  use  of  Ang-2-

the  LVAD  population.  Evidence  supporting  this 

blocking  antibody  or  vorapaxar,  a  direct  thrombin 

assertion  came  from  a  study  of  the  HeartMate  II 

inhibitor,  reverses  the detrimental  effect  of  thrombin 

LVAD,  in  which  patients  with  a  lower  pulsatility
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index,  a  surrogate  marker  for  native  heart 

development  of  acquired  von  Willebrand  disease 

pulsatility  and  pulse  pressure,  had  higher  rates  of 

type  IIa.  The  high  shear  stress  between  blood  and 

GI  bleeding  (Wever-Pinzon  et  al. 2013).  This 

pump  alters  the  three-dimensional  structure  of  the 

study  was  retrospective  and  therefore  unable  to 

large  vWF  multimers  and  enhances  its  proteolysis 

differentiate  whether  the  low  pulsatility  index  was 

by  ADAMTS-13  (Zhou  et  al. 2010; Siedlecki 

a  causative  factor  or  merely  a  marker  for 

et  al. 1996).  The  loss  of  large  vWF  multimers  is 

coexisting  conditions  such  as  right  ventricular 

associated  with  reduced  aggregation  of  platelets 

failure  that  may  also  predispose  to  increased  GI 

and  an  increased  GI  bleeding  rate  in  LVAD 

bleeding. 

patients  (Uriel  et  al. 2010).  Although  the  magni-

LVAD  technology  is  constantly  improving  and 

tude  of  shear  stress  may  vary  in  each  type  of 

contemporary  HM3  LVAD  has  an  artificial  pulse, 

LVAD,  acquired  von  Willebrand  disease  has 

created  by  rapid  speed  deceleration  followed  by 

been  reported  across  the  spectrum  of  continuous-

rapid  speed  acceleration  every  2  s.  This  pump 

flow  LVADs  (Sponga  et  al. 2012;  Birschmann 

algorithm  generates  approximately  15  mmHg  of 

et  al. 2014).  A  different  explanation,  in  counter 

extra  pulse  pressures  and  could  contribute  to  the 

to  a  widely  held  notion,  was  proposed  by  a  study 

reduction  in  GI  bleeding  rates  in  the  MOMEN-

evaluating  vWF  reactivity  in  LVAD  patients 

TUM  3  trial,  although  other  factors  may  also  be 

(Yang  et  al. 2022). The  authors  showed  that  high 

responsible  (Mehra  et  al. 2022). In  an  effort  to 

shear  stress  results  in  conformational  changes  in 

decrease  the  stimulus  for  AVM  formation,  the 

vWF  are  associated  with  platelet  activation  and 

recent  American  Association  for  Thoracic  Sur-

production  of  VEGF-carrying  extracellular  vesi-

gery  (AATS)/International  Society  for  Heart  and 

cles  ultimately  leading  to  aberrant  angiogenesis 

Lung  Transplantation  (ISHLT)  guidelines  now 

and  vascular  permeability.  The  hyperadhesive 

recommend  to  decrease  the  LVAD  pump  speed 

vWF,  alongside  oxidative  stress,  activates  plate-

that  will  allow  the  aortic  valve  to  open  more 

lets  to  release  their  VEGF  containing  intracellular 

frequently,  decrease  aortic  regurgitation  inci-

content  which  further  transmigrate  through  the 

dence,  and  facilitate  desirable  pulsatility  (Kirklin 

endothelial  barrier  to  promote  angiogenesis. 

et  al. 2020). Studies  evaluating  the  prevalence  of 

These  findings  may  suggest  that  the  aforemen-

AVM  in  patients  supported  with  the  novel  HM3 

tioned  high  shear  stress  in  patients  supported 

are  still  not  available  and  would  perhaps  provide 

with  LVAD  leads  to  vWF  activation  rather  than 

more  insight  to  the  pathophysiology  of  AVM  in 

cleavage.  Supporting  these  finding  is  that  fact  that 

patients  supported  with  LVAD. 

ADAMTS-13  activity  was  found  to  be  relatively 

low  in  patients  supported  with  LVAD,  indicating 

that  cleavage  is  not  the  underlying  mechanism. 

Acquired  von  Willebrand  Disease 

Although  limited  by  its  small  sample  size 

(n  =  26),  this  comprehensive  study  used  multiple 

von  Willebrand  factor  (vWF)  functions  as  a  bridg-

vWF  assays  allowing  to  detect  the  structural, 

ing  molecule  at  sites  of  vascular  injury  and  is 

oxidational,  and  conformational  changes  of  vWF 

important  for  normal  platelet  adhesion  as  well  as 

under  high  shear  stress. 

promoting  platelet  aggregation  under  conditions 

In  the  first  report  from  HM3  patients,  a  lower 

of  high  shear  stress  (Proudfoot  et  al. 2017).  The 

rate  of acquired von Willebrand  disease in patients 

first  acquired  von  Willebrand  disease  reports  in  supported  with  HM3  compared  to  patients 

cardiology  were  in  patients  with  aortic  stenosis 

supported  with  HeartMate  II  (HM  II)  (Netuka 

(Kellermair  et  al. 2018).  It  is  hypothesized  that 

et  al. 2016)  were  reported.  This  was  followed  by 

high  shear  stress  resulting  from  the  narrowing  of 

a  prospective,  multicenter  sub-study  from  the 

the  aortic  valve  subsequently  leads  to  cleavage  of 

MOMENTUM  3  trial,  in  which  60  HM3  patients 

high-molecular-weight 

multimers 

(HMWM). 

were  compared  with  30  randomly  selected  HM  II 

Continuous  flow  LVADs  are  associated  with 

patients  from  the  Prevention  of  HeartMate  II 

high 

shear 

stress 

and 

as 

such 

with 

the 

Pump  Thrombosis  Through  Clinical  Management
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(PREVENT)  study  biobank.  The  authors  reported 

in  platelet  granules  and  plays  an  important  role 

that  HM3  patients  had  higher  preservation  of 

in  platelet  adhesion  and  aggregation,  was  found  to 

HMWM  vWF  ratio  compared  to  the  HM  II 

have  decreased  levels  in  bleeders,  which  may  be 

pump  at  90  days  post-implant  (54.1%  vs.  42.4%, 

explained  by  platelet  granules  secretion  defects 

p  <  0.0001)  (Fig. 2)  (Bansal  et  al. 2019). More-

(Klaeske  et  al. 2021).  In  addition,  oxidative  stress, 

over,  a  study  conducted  in  Germany  compared 

measured  by intraplatelet  reactive  oxygen  species, 

HMWM  levels  in  35  HM3  patients  versus 

have  been  shown  to  be  increased  in  patients 

35  HVAD  patients  (Klaeske  et  al. 2019).  They 

supported  with  LVAD  and  is  positively  associated 

found  that  patients  supported  with  HM3  had  less 

with  platelet  apoptosis  (Mondal  et  al. 2015).  The 

reduction  of  HMWM  and  a  higher  concentration 

high  shear  stress  does  not  only  result  in  degrada-

of  coagulation  factor  VIII,  supporting  the  evi-

tion  of  key  platelet  structures  but  also  in  their 

dence  that  HM3  poses  less  shear  stress  subse-

activation,  which  may  eventually  lead  to  elevated 

quently  leading  to  more  intact  vWF  multimeric 

risk  for  abnormal  platelet  aggregation.  The  bal-

structure  and  lower  bleeding  events.  Currently, 

ance  between  the  two  opposite  effects,  as  well  as 

there  is  no  linear  correlation  between  the  activity 

the  interplay  between  other  pathophysiological 

of  von  Willebrand  disease  and  the  magnitude  of 

factors,  accounts  for  the  presence  of  both  bleeding 

GI  bleeding,  and  it  is  reasonable  to  state  that 

and 

thrombotic 

complications 

in 

patients 

acquired  von  Willebrand  disease  during  LVAD 

supported  with  LVAD. 

support  cannot  be  the  sole  explanation  for  the 

high  rate  of  GI  Bleeding. 

Risk  Factors  for  GI  Bleeding  During 

LVAD  Support 

Platelet  Dysfunction 

Older  age  is  the  most  commonly  identified  risk 

High  mechanical  shear  stress  also  affects  other 

factor  for  GI  bleeding  in  patients  supported  with 

blood  elements  other  than  vWF  multimers,  such 

LVAD  (Shah  and  Qayed  2018). In  an  analysis  of 

as  the  platelets  themselves.  The  nonphysiological 

1149  patients  supported  with  cf-LVAD,  older 

shear  stress  leads  to  shedding  of  key  platelet  adhe-

patients  (73.4  ±  3.0  years)  had  lower  survival 

sive  receptors  such  as  glycoprotein  (GP)  IIb/IIIa, 

free  of  GI  bleeding  at  1  year  compared  to  younger 

VI  and  Ibα,  major  membrane  protein  complexes 

patients  (54.3  ±  11.2  years)  (Kim  et  al. 2016). 

on  platelets’  surface  that  play  a  crucial  role  in 

Age-related  changes  in  collagen,  vascular  perme-

platelets’  aggregation  capacities  and  hemostasis 

ability,  and  the  coagulation  system,  alongside 

(Chen  et  al. 2015, 2019).  At  times  of  platelet 

higher  comorbidities  and  medications  used,  may 

activation,  GPIIb/IIIa  receptors  undergo  confor-

provide  a  reasonable  explanation. 

mational  changes  allowing  it  to  attach  to  macro-

Female  sex  is  another  reported  risk  factor  for  GI 

molecular  ligands  such  as  collagen,  fibrinogen, 

bleeding  during  LVAD  support  (Yavar  et  al. 2018; 

and  vWF  and  facilitate  platelet  adhesion  and 

Rubinstein  et  al. 2022).  Major  bleeding  has  been 

aggregation.  Following  similar  line,  the  surface 

reported  to  be  more  prevalent  in  females  compared 

expression  of  P  selectin  and  GPIbα were  found 

to  males  in  large  registry-based  analysis  both  in 

to  be  significantly  decreased  in  LVAD  patients 

Europe  and  in  the  United  States  (Joshi  et  al. 2019; 

who  had  bleeding  events  compared  to  patients 

Magnussen  et  al. 2018). Multiple  pathophysiologi-

who  did  not  bleed  (Klaeske  et  al. 2021). Other 

cal  explanations  may  account  for  this  observation. 

platelet  defects  during  LVAD  support  such  as 

Some  of  the  theories  include  differences  in  blood 

impaired  intracellular  granules  section  (α  and  δ) 

coagulation 

related 

to 

hormonal 

cascades, 

and  reduced  expression  of  CD62  have  been 

sex-specific  pharmacodynamics  and  pharmacoki-

observed  (Geisen  et  al. 2018).  A  platelet  receptor, 

netics  relating  to  the  use  of  anticoagulations,  and 

platelet  endothelial  cell  adhesion  molecule-1 

higher  rates  of  right  ventricle  dysfunction  in 

(PECAM-1),  a  signaling  mediator  partly  stored 

females,  as  explained  later  in  this  chapter. 
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Fig. 2  (a) Analysis of vWF 

multimeric  content  via  gel 

electrophoresis.  Analysis  of 

multimeric  content  via  gel 

electrophoresis.  Bands 

2–15  were  classified  as  low-

and  intermediate-

molecular-weight 

multimers,  and  those  >15 

as  HMWMs.  The  vWF 

HMWM  ratio  was 

calculated  for  an  individual 

band  as  the  ratio  of  the 

fluorescent  intensity  of 

HMWMs  to  the  low  and 

intermediate  multimers.  To 

account  for  variability 

between  gels,  the 

normalized  vWF  HMWM 

ratio  was  calculated  as  the 

ratio  of  the  patient  vWF 

HMWM  ratio  and  normal 

pooled  plasma  (NPP)  vWF 

HMWM  ratio.  HMWM, 

high-molecular-weight 

multimer;  vWF,  von 

Willebrand  factor.  (Used 

with  permission  of  Bansal 

et  al. 2019). (b)  vWF 

HMWMs  degradation 

analysis.  Preservation  of 

vWF  HMWMs  expressed 

as  a  percentage  of 

normalized  vWF  HMWM 

ratio  in  the  primary  end 

point  analysis  (at  90  days 

after  implantation)  and 

longitudinal  assessments 

between  pumps.  The  HM3 

pump  preserves  vWF 

HMWMs  compared  with 

the  HMII.  HM3,  HeartMate 

3;  HMII,  HeartMate  II; 

HMWM,  high-molecular-

weight  multimer;  vWF,  von 

Willebrand  factor.  (Used 

with  permission  of  Bansal 

et  al. 2019) 

Right  ventricular  (RV)  dysfunction,  both 

in  increased  pulmonary  artery  and  central  venous 

before  and  after  LVAD  implantation,  is  a  major 

pressures  and  decreased  cardiac  output,  ultimately 

risk  factor  for  development  of  GI  bleeding  in 

leading  to  portal  hypertension  and  portal  venous 

patients  supported  with  LVAD.  RV  failure  results 

congestion. The increase in portal venous pressure
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results  in  increased  intestinal  mucosal  permeabil-

parameters  such  as  age  and  albumin  (Klajda 

ity,  triggering  GI  bleeding.  Additionally,  RV 

et  al. 2022). One  possible  explanation  is  that 

failure  can  lead  to  an  increased  risk  of  throm-

sarcopenic  patients  are  less  resilient  to  cope  with 

boembolism  in  the  splanchnic  circulation,  further 

bleeding  events  and  anticoagulation  complica-

increasing  the  risk  of  GI  bleeding.  Patients  with 

tions.  Another  plausible  explanation  is  that 

RV  dysfunction  and  fluid  overload  may  have 

sarcopenia  is  essentially  a  consequence  of  long-

enhanced  AVM  formation  as  a  result  of  increase 

standing  RV  dysfunction  preimplantation  which 

in  portal  vein  pressure  and  coagulopathy  and  thus 

may  lead  to  bleeding,  as  explained  above.  Either 

are  more  prone  to  develop  GI  bleeding  (Jabbar 

way,  nutrition  support  pre- and  post  LVAD 

et  al. 2015;  Sparrow  et  al. 2015). RV  dysfunction 

implantation  has  to  be  evaluated  and  addressed 

prior  to  LVAD  implantation  is  associated  with 

to  reduce  adverse  events  and  improve  outcomes. 

increased  risk  of  GI  bleeding  postimplantation, 

In  an  attempt  to  implement  known  risk  factors 

likely  attributed  to  the  presence  of  angio-

into  clinical  practice  to  help  clinicians  identify 

dysplasias  before  LVAD  implantation  which  fur-

patients  that  are  prone  to  develop  GI  bleeding 

ther  exacerbate  postimplantation  (Sparrow  et  al. 

following  LVAD  implantation,  the  Utah  Bleeding 

2015).  Postoperatively,  it  has  been  shown  that 

Risk  Score  has  been  proposed.  It  is  consisted  of 

hemodynamic  profile  is  associated  with  GI  bleed-

seven  risk  factors:  age  >54  years,  history  of  pre-

ing  and  may  assist  in  the  prediction  of  its  occur-

vious  bleed,  coronary  artery  disease,  chronic  kid-

rence.  For  instance,  every  5  mmHg  increase  in 

ney  disease,  severe  right  ventricular  dysfunction, 

right  atrial  pressure  and  in  transpulmonary  gradi-

mean  pulmonary  artery pressure below  18 mmHg, 

ent  (above  15  mmHg  threshold)  are  associated 

and  glucose  >107  mg/dL  (Yin  et  al. 2018).  How-

with  higher  rates  of  GI  bleeding  with  hazard  ratios 

ever,  the  tool  was  unable  to  predict  GI  bleeding  in 

of  1.18  and  1.68,  respectively  (Gulati  et  al. 2022). 

an  external  validation  study  (Peivandi  et  al. 2022). 

In  addition,  right  atrial  pressure  above  16  mmHg 

Although  complex  and  only  possible  in  very 

and  lower  mean  arterial  pressure  and  pulse  pres-

specific  conditions,  evidence  show  that  heart 

sure  are  also  risk  factors  for  GI  bleeding  (Joly 

transplantation  decreased  the  risk  for  rebleeding 

et  al. 2018).  Furthermore,  it  has  been  shown  that 

in  patients  who  had  previously  GI  bleeding  during 

a  deep  Y  descent  obtained  by  catheter  waveform 

LVAD  support  (Patel  et  al. 2017). 

during  right  heart  catheterization,  classically  indi-

cates  RV  dysfunction,  was  associated  with  higher 

rates  of  GI  bleeding  in  patients  supported  with 

The  Management  and  Prevention  of 

LVAD  (Imamura  et  al. 2020a). 

GI  Bleeding  During  LVAD  Support 

Other  reported  predictors  for  GI  bleeding 

include  history  of  GI  bleeding  (Shah  and  Qayed 

Management  of  GI  Bleeding 

2018;  Dailey  et  al. 2022),  preimplantation  right 

ventricle  enlargement,  and  tricuspid  valve  regur-

Successful  management  of  GI  bleeding  is  chal-

gitation  (Liebo  et  al. 2021). In  addition,  selective 

lenging and  requires a multidisciplinary  approach. 

serotonin  reuptake  inhibitors  (SSRIs),  although 

Hemodynamic  stability  should  be  quickly  asse-

beneficial  in  improving  quality  of  life,  have  been 

ssed,  and  appropriate  resuscitation  is  warranted 

shown  to  increase  the  incidence  of  GI  bleeding  in 

in  unstable  patients.  Current  methodologies  to 

patients  supported  with  LVAD,  specifically  from 

manage  GI  bleeding  in  LVAD  patients  include 

the  upper  GI  origin  (Behrend  et  al. 2021; Ruan 

temporary  discontinuation  of  anticoagulant  and 

2015;  Schultz  et  al. 2016).  The  mechanism  is 

antiplatelet  medications,  intravenous  administra-

likely  associated  with  the  essential  role  of  seroto-

tion  of  proton  pump  inhibitors  (Lau  et  al. 2007), 

nin  in  the  normal  function  of  platelets. 

and  invasive  endoscopic  cauterization  to  investi-

Preoperative  pectoralis  muscle  size,  a  marker 

gate  causes  of  bleedings  and  directly  treat 

for  sarcopenia,  was  found  to  be  a  risk  factor  for  GI 

bleedings.  In  rare  cases,  administration  of 

bleeding,  even  after  adjustment  for  frailty 

vitamin  K,  fresh  frozen  plasma,  cryoprecipitate, 

[image: Image 163]
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Fig. 3 Proposed GI bleeding management algorithm. (Created with BioRender.com)

or  concentrated  von  Willebrand  factors  are  given 

up  to  50%  of  the  cases,  the  source  is  not  identified 

for  refractory  bleeding  episodes,  but  these  agents 

(Axelrad  et  al. 2018; Dakik  et  al. 2016). When  the 

may  further  complicate  the  clinical  scenario  by 

source  is  not  visible  in  upper  and/or  lower  endos-

increasing  the  risk  of  pump  thrombosis.  Capsule 

copies,  it  is  thought  to  be  obscure  GI  bleeding 

endoscopy  may  be  valuable  in  the  diagnosis  of 

which  is  typically  due  to  small  bowel  AVMs 

obscure  GI  bleeding,  although  a  single-center 

(Fig. 4). In  these  situations,  capsule  endoscopy 

analysis  did  not  see  a  difference  in  outcomes 

may 

be 

useful 

to 

provide 

the 

diagnosis 

with  its  use  (Zikos  et  al. 2017).  A  summary  of 

(Amornsawadwattana  et  al. 2016). In  cases  that 

the  proposed  approach  to  the  management  of  GI 

capsule  endoscopy  fails  to  locate  the  source, 

bleeding  in  patients  supported  with  LVAD  is  illus-

tagged  red  blood  cell  scan  or  angiography  may 

trated  in  Fig. 3. 

be  used.  Since  these  are  solely  diagnostic  tools, 

deep  or  double-balloon  enteroscopies  are  consid-

ered  when  the  source  is  through  to  be  located  in 

Endoscopy 

the  small  bowel. 

Whether  endoscopy  is  useful  in  the  secondary 

Upper  and  lower  GI  endoscopy  are  the  core  of 

prevention  of  GI  bleeding  in  patients  with  LVADs 

initial  evaluation  and  are  best  suited  for  acute 

was  tested  in  a  retrospective  study  of  295  LVAD 

overt  bleeding.  Current  guidelines  recommend 

patients, out of which 97 (33%) had at least 1 episode 

considering 

gastroscopy 

and 

endoscopy 

in 

of  GI  bleeding  (Palchaudhuri  et  al. 2021). They 

LVAD  recipients  presenting  with  GI  bleeding 

found  that  undergoing  endoscopic  intervention  did 

(Potapov  et  al. 2019).  Concomitant  treatment  is 

not  significantly  decrease  the  odds  for  subsequent 

possible  once  the  source  is  identified.  However,  in 

recurrent  GI  bleeding  (adjusted  odd  ratio  1.18; 

[image: Image 164]
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p  =  0.58).  In  another  study,  87  patients  supported 

endoscopy  procedures  were  evaluated.  The  study 

with  LVAD  underwent  239  endoscopies  (Axelrad 

found  that  more  than  two  thirds  of  the  endoscopies 

et  al. 2018).  The  diagnostic  and  therapeutic  yield  of 

revealed  no  source  of  bleeding  and  less  than  17% 

resulted  in  endoscopic  intervention,  likely  due  to 

high  rates  of  AVM  in  this  population.  To  optimize 

the  endoscopic  management  of  GI  bleeding  in 

patients  supported  with  LVAD  and  improve 

resource  utilization,  an  alternative  algorithm  has 

been proposed by the authors (Fig. 5). A prospective 

validation  study  demonstrated  a  68%  increase  in 

endoscopic  diagnostic  yield,  113%  increase  in  ther-

apeutic  yield,  and  18%  decrease  in  estimated  costs, 

while  resulting  in  similar  rebleeding  events  in  com-

parison 

to 

conventional 

algorithm 

controls 

(Axelrad  et  al. 2020).  These  findings  suggest  that 

although  endoscopy  confers  one  of  the  most  valu-

able  tools  in  the  diagnosis  and  treatment  of  GI 

bleeding,  its  implementation  must  be  determined 

Fig.  4  AVM  identified  using  endoscopy.  Endoscopic 

according  to  the  clinical  scenario  and  per  each  indi-

image  showing  multiple  arteriovenous  malformations  and 

vidual  patient. 

bleeding  in  the  gastric  mucosa  of  a  patient  with  HMII 

LVAD  support.  (Used  with  permission  of  Demirozu  et  al. 

2011) 

Fig.  5  Proposed  algorithm.  Proposed  endoscopic  algo-

GIB,  gastrointestinal  bleed;  pRBC,  packed  red  blood 

rithm  for  the  management  of  gastrointestinal  bleeding  in 

cells.  (Used  with  permission  of  Axelrad  et  al. 2018)

continuous-flow  left  ventricular  assist  device  recipients. 

[image: Image 166]
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Secondary  Prevention  of  GI  Bleeding 

(Shah  et  al. 2017b).  They  found  that  significantly 

lower  rates  of  patients  in  the  octreotide  group  devel-

In  a  subset  of  patients,  GI  bleeding  is  recurrent 

oped  recurrent  GI  bleeding  during  a  6-month  fol-

and  can  result  in  multiple  readmissions.  When 

low-up  compared  to  matched  historical  cohort  no 

bleeding  is  refractory  to  conventional  treatments, 

treated  with  octreotide  (24%  vs.  43%,  respectively; 

alternative  pharmacological  agents  can  be  consid-

p  =  0.04). 

ered.  Octreotide,  a  somatostatin  analog,  may 

Thalidomide,  a  potent  angiogenesis  inhibitor, 

decrease  portal  vein  pressure  due  to  splanchnic 

has  been  used  for  the  prevention  of  GI  bleeding 

vasodilatation  effect,  leading  to  enhancement  in 

recurrence  in  case  series  and  a  small  retrospective 

platelet  aggregation,  inhibition  of  GI  angiogene-

study  (Draper  et  al. 2015;  Seng  et  al. 2017; Chan 

sis,  and  suppression  of  digestive  enzymes 

et  al. 2017).  There  is  evidence  of  its  effectiveness 

(Szilagyi  and  Ghali  2006). Multiple  reports  have 

in  treating  refractory  GI  bleeding  in  LVAD 

described  the  use  of  octreotide  in  the  management 

patients  after  multiple  endoscopic  interventions 

of  GI  bleeding  in  patients  supported  with  LVAD 

(Chan  et  al. 2017). Its  effect  in  secondary  preven-

(Shah  et  al. 2017b;  Malhotra  et  al. 2017; 

tion  had  been  analyzed  in  a  metanalysis  and  was 

Rennyson  et  al. 2013). 

found  to  be  the  drug  with  the  most  robust  effect  on 

The  contribution  of  octreotide  to  secondary  pre-

preventing  recurrent  GI  bleeding  (Rai  et  al. 2021). 

vention  has  been  shown  by  a  study  conducted  on 

However, the  main  concern  with  thalidomide  is  its 

30  cf-LVAD  patients  who  received  20  mg  of  long-

serious  adverse  event  profile.  Some  of  the  adverse 

acting  subcutaneous  octreotide  every  4  weeks  for  a 

events  in  the  use  of  thalidomide  include  bone 

median  time  of  498.8  ±  356.0  days  (Juricek  et  al. 

marrow  suppression  leading  to  pancytopenia, 

2018).  GI  bleeding  was  significantly  lower  during 

pump  thrombosis,  and  neuropathy.  As  a  result, 

octreotide  treatment  as  compared  to  prior  to  initia-

the  use  of  thalidomide  requires  strict  patient  selec-

tion  of  the  treatment  (0.7  ±  1.3  vs.  3.4  ±  3.1  events/ 

tion  and  careful  monitoring. 

year;  p  <  0.001)  (Fig. 6), accompanied  by  signifi-

Danazol,  an  androgen  mainly  used  for  the  treat-

cant  reductions  in  red  blood  cell  and  fresh  frozen 

ment  of  endometriosis,  has  been  used  in  the  sec-

plasma  transfusions,  days  in  hospital,  and  need  for 

ondary  prevention  of  refractory  bleeding  from 

endoscopic  procedures  (p  <  0.05  for  all),  without 

intestinal  angiodysplasias  (Schettle  et  al. 2014; 

any  associated  complications.  Similar  results  were 

Botero and Pruthi 2013). It has shown effectiveness 

seen  in  a  multicenter  retrospective  study  that  evalu-

in  the  management  of  patients  of  LVAD  patients 

ated  51  patients  supported  with  LVAD  who  were 

who  experience  refractory  GI  bleeding  and  require 

treated  with  octreotide  as  secondary  prevention 

multiple  procedures  (Schettle 

et  al. 

2018). 

Fig.  6  Comparison  of  the 

frequency  of 

gastrointestinal 

(GI)  bleeding  before  and 

after  octreotide  therapy. 

Comparison  of  the 

frequency  of 

gastrointestinal 

(GI)  bleeding  before  and 

after  octreotide  therapy. 

P  <  0.05  by  Wilcoxon 

signed-rank  test.  (Used  with 

permission  of  Juricek  et  al. 

2018) 
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Moreover,  it  has  been  found  to  be  superior  to 

adjustments  may  improve  outcomes  and  adverse 

octreotide  in  a  recent  meta-analysis  (Rai  et  al. 

event  profile  of  these  patients  (Uriel  et  al. 2016; 

2021). Similarly,  estrogen-based  hormonal  therapy 

Imamura  et  al. 2018a). Hemodynamic  ramp  tests 

has  been  proposed  to  play  a  role  in  vascular  endo-

can  identify  and  facilitate  the  treatment  of  hemo-

thelium  stabilization  and  reduction  in  bleeding. 

dynamic  abnormalities  that  may  increase  the  risk 

However,  the  use  of  both  danazol  and  estrogen-

of  GI  bleeding.  Hemodynamic  optimization  is 

based  therapies  has  been  limited  because  of  con-

associated 

with 

reduced 

hemocompatibility-

cerns  of  prothrombotic  effects  and  the  ability  of 

related  adverse  events  (Imamura  et  al. 2019). A 

patients  to  tolerate  the  long-term  hyperandrogenic 

study  comparing  patients  with  optimized  hemo-

and  hyper  estrogenic  symptoms,  as  well  as  the  lack 

dynamics  to  non-optimized  patients  found  lower 

of  larger  studies  to  confirm  their  effects. 

bleeding  event  rates  in  the  optimized  group  com-

Several  other  biological  therapies  targeting 

pared  to  the  non-optimized  group. 

specific  components  in  the  pathophysiology  of 

Omega-3,  an  unsaturated  fatty  acid  which  is 

GI  bleeding  have  been  described;  however,  evi-

rich  in  fish  oil,  has  anti-inflammatory  and  anti-

dence  is  limited.  Some  of  these  therapies  include 

angiogenic  effects  (Zhang  et  al. 2014; Wang 

bevacizumab,  a  humanized  monoclonal  antibody 

et  al. 2014). Omega-3  properties  are  mediated  by 

against 

VEGF 

(Asleh 

et 

al. 

2020), 

and 

its  effect  on  cyclooxygenase,  lipoxygenase,  and 

Adalimumab,  an  anti-TNF  alpha  monoclonal 

cytochrome  P450  enzymes  altering  cell  prolifera-

antibody. 

tion  and  invasion  and  suppressing  inflammation 

Other  potential  treatment  options  include  vWF 

and  AVM.  Furthermore,  it  has  also  been  shown  to 

and  factor  VIII  concentrate  infusions,  specifically 

decrease  TNF-α production  in  patients  with  heart 

in  patients  in  which  bleeding  is  suspected  to  be  a 

failure  (Mehra  et  al. 2006).  The  effect  of  omega-3 

result  of  acquired  von  Willebrand  disease.  How-

on  GI  bleeding  was  evaluated  in  a  single-center 

ever,  week  evidence  and  potential  prothrombotic 

study  on  166  consecutive  LVAD  patients,  out  of 

effects  limit  their  implementation  into  clinical 

which  30  had  received  4  gm/d  of  omega-3 

practice.  In  addition,  doxycycline  may  decrease 

(Imamura  et  al. 2018b).  The  1-year  GI  bleeding-

ADAMTS-13  activity  and  enhance  vWF  binding 

free  rate  was  higher  in  the  omega-3  group  com-

to  collagen,  though  data  regarding  the  clinical 

pared  to  the  control  group  (97%  vs.  73%; 

effects  in  vivo  are  still  sparse. 

p  =  0.02)  (Fig. 7). Moreover,  the  frequency  of 

GI  bleeding  was  significantly  lower  in  the  omega-

3  group  (0.08  ±  0.42  vs.  0.37  ±  0.93  events/year; 

Primary  Prevention  of  GI  Bleeding 

p  =  0.01).  Among  the  patients  who  developed  GI 

bleeding, 

the 

omega-3 

group 

had 

lower 

High  LVAD  pump  speed  has  been  suggested  to 

blood  product  requirements  and  had  shorter  dura-

play  a  role  in  the  pathophysiology  of  GI  bleeding. 

tion  of  stay  in  the  hospital.  A  following  study 

Investigators  have  found  that  a reduction  in  LVAD 

conducted  on  a  similar  cohort  reported  higher 

pump  speed  promotes  aortic  valve  opening, 

rates  of  freedom  from  hemocompatibility-related 

enhances  arterial  pulsatility,  and  may  be  effective 

adverse  events  among  the  omega-3  group 

in  the  reduction  of  GI  bleeding  (Wever-Pinzon 

(90%  vs.  70%;  p  =  0.023)  with  similar  results  in 

et  al. 2013). However,  further  studies  didn’t  sup-

a  propensity-matched  cohort  (Imamura  et  al. 

port  these  findings.  Nevertheless  the  AATS/ 

2020b).  The  overall  results  with  the  use  of 

ISHLT  guideline  recommends  to  set  a  lower 

omega-3  seem  promising,  and  the  adverse 

pump  speed  to  decrease  the  stimulus  for  arterio-

event  profile  is  minimal,  encouraging  its  use, 

venous  malformations  and  decrease  the  risk  for 

although  it  has  not  yet  been  evaluated  in  a  ran-

gastrointestinal  bleeding  (Kirklin  et  al. 2020). 

domized  study. 

Speed  optimization,  rather  than  absolute  speed 

Several  studies  have  demonstrated  the  positive 

reduction,  may  provide  an  alternative  approach. 

effect  of  neurohormonal  blockade  on  GI  bleeding 

Hemodynamic  optimization  by  LVAD  speed 

prevention,  particularly the  benefit  of  angiotensin-

[image: Image 167]
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Fig.  7  Comparison  of 

freedom  from  GI  bleeding 

(a)  and  GI  bleeding  rate  (b) 

between  the  omega-3  group 

and  propensity-matched 

control  group.  *P  <  0.05  by 

log-rank  test  and  †P  <  0.05 

by  Mann-Whitney  U  test. 

Background  was  matched 

between  two  groups  in  age, 

sex,  device  types,  and 

aspirin  dose  at  discharge  by 

using  the  propensity  score 

matching  analysis.  Hazard 

ratio  was  calculated  by  Cox 

proportional  hazard  ratio 

analysis.  (Used  with 

permission  of  Imamura 

et  al. 2018b)

converting  enzyme  (ACE)  inhibitors  or  angioten-

equivalent  ACE  inhibitor/ARB  dose  was  >5  mg, 

sin  receptor  blockers  (ARB).  Converse  et  al.  ana-

the  risk  of  major  GI  bleeding  decreased  in  a  dose-

lyzed  111  HM  II  patients  and  reported  a  57% 

threshold  manner  (aHR:  0.28;  p  =  0.025).  In 

reduction  in  the  risk  of  major  GI  bleeding  and  a 

another  study  on  129  HM  II  and  HVAD  patients, 

63%  reduction  in  the  risk  of  AVM-related  bleed-

the  use  of  ACE  inhibitors  or  ARBs  was  associated 

ing  among  patients  who  were treated  with  an  ACE 

with  reduced  GI  bleeding  rates  6–12  months  fol-

inhibitor  or  ARB  (Converse  et  al. 2019).  When 

lowing  index  discharge  ( p  =  0.042)  (Imamura 

the 

mean 

daily 

postimplantation 

lisinopril-

et  al. 2020c).  The  specific effect  of  ACE  inhibitors

[image: Image 168]
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Fig.  8  The  effect  of  ACE 

inhibitors  or  ARBs  on  GI 

bleeding  incidence.  Percent 

of  patients  with  GI  bleeding 

and  AVM-related  GI 

bleeding  by  ACE  inhibitor/ 

ARB  status  (ACE  inhibitor/ 

ARB  subjects  in  blue,  no 

ACE  inhibitor/ARB 

subjects  in  red).  (Used  with 

permission  of  Houston  et  al. 

2017) 

or  ARBs  in  lowering  AVM-related  GI  bleeding 

studies,  ACE  inhibitors/ARBs  were  not  found  to 

was  demonstrated  in  a  study  on  131  patients 

affect GI bleeding rates (HR 1.002, p = 0.971) in a 

supported  with  LVAD  (Houston  et  al. 2017). 

large  INTERMACS  analysis  (Jennings  et  al. 

They  showed  that  48%  of  the  patients  who  were 

2021). Interestingly  though,  in  this  same  analysis, 

not  treated  with  ACE  inhibitors  or  ARBs  devel-

loop  diuretics  and  phosphodiesterase-5  inhibitors 

oped  GI  bleeding,  while  29%  were  due  to  AVMs 

were  associated  with  increased  risk  for  bleeding 

(Fig. 8). In  comparison,  only  24%  of  the  patients 

(HR  1.274,  p  <  0.001  and  1.241,  p  <  0.001, 

who  were  treated  with  angiotensin  II  inhibitors 

respectively),  whereas  beta-blockers  were  associ-

developed  GI  bleeding,  of  which  only  9%  were 

ated  with  lower  bleeding  risk  (HR  0.871, 

attributed  to  AVMs.  A  larger-scale  INTERMACS 

p  =  0.006).  The  loop  diuretic  finding  may  be  an 

analysis  showed  that  among  more  than  11,000 

associative  finding  rather  than  a  causative  finding, 

patients  supported  with  LVAD,  those  who  were 

as  these  agents  used  to  treat  excess  venous 

treated  with  ACE  inhibitors  or  ARBs  had  signif-

congestion,  which  has  also  been  associated  with 

icantly  lower  risk  of  GI  bleeding  ( p  =  0.01) 

GI 

bleeding. 

The 

association 

between 

(Brinkley  et  al. 2021). The  precise  mechanism 

phosphodiesterase-5  inhibitors  is  likely  due  to  an 

remains  uncertain,  but  it  has  been  proposed  that 

inhibitory  effect  on  platelets,  which  has  been 

ACE  inhibitors/ARBs  promote  reverse  remo-

described  previously  (Ji  and  Hou  2011). The  pos-

deling  of  the  right  ventricle  function  and  alleviate 

itive  effect  of  beta  blockers  on  bleeding  preven-

venous  congestion,  resulting  in  decreased  in-

tion  has  not  been  shown  in  other  analyses,  and 

flammation  and  improved  function  of  the  co- therefore  further  studies  are  needed  to  confirm  this 

agulation  cascade.  In  addition,  ACE  inhibitors 

observation. 

and  ARBs  block  angiotensin  II  and  angiotensin 

The  beneficial  effect  of  digoxin  in  preventing 

I  receptors  and  inhibit  the  downstream  intrac-

GI  bleeding  was  also  reported.  Digoxin  inhibits 

ellular  cascade  that, when not inhibited, ultimately 

the  HIF-1α/Ang-2  pathway  which  results  in 

results  in  the  formation  of  VEGF,  angiogenesis, 

neo-angiogenesis  suppression.  It  is  believed  that 

and  AVMs.  Despite  promising  findings  in  some 

patients  supported  with  LVAD  suffer  from
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localized  mucosal  hypoxia  and  splanchnic  hypo-

United  States  who  were  being  managed  with  a 

perfusion  leading  to  the  chain  of  events  that 

reduced  antithrombotic  strategy  (Katz  et  al. 

results  in  the  production  of  VEGF  and  Ang-2 

2015). Eventually,  38%  of  the  patients  received 

ultimately  give  rise  to  angiogenesis  mediated  by 

warfarin  alone,  28%  received  aspirin  alone,  and 

the  HIF-1α pathway  (Vukelic  et  al. 2018;  El  Rafei 

34%  were  with  no  antithrombotic  therapy.  The 

et  al. 2021).  In  a  retrospective  study  of  199  LVAD 

authors  reported  93.8%  freedom  from  ischemic 

patients,  the  frequency  of  GI  bleeding  was  lower 

stroke  at  1  year  and  92.7%  freedom  from  device 

among  the  64  patients  who  received  digoxin  com-

thrombosis,  suggesting  that  a  reduced  anti-

pared  with  the  135  patients  who  had  not  received 

thrombotic  strategy  could  be  employed  with  rea-

digoxin  (16%  vs.  33%,  p  =  0.01)  (Vukelic  et  al. 

sonable  safety.  However,  it  is  worth  noting  that 

2018).  Multivariable-adjusted  analysis  confirmed 

bleeding events  remained  highly  prevalent  despite 

that  digoxin  use  was  independently  associated 

the  reduced  antithrombotic  approach with a bleed-

with  a  reduced  risk  for  GI  bleeding.  Two  other 

ing  event  occurring  in  52%  of  patients. 

recent  retrospective  analyses  on  346  and  640 

Recently,  Marshal  et  al.  conducted  a  single-

patients  supported  with  LVAD  had  shown  similar 

center  analysis  on  patients  supported  with  HM3 

trend  of  reduced  GI  bleeding  in  patients  treated 

(Marshall  et  al. 2021). In  this  study,  50  of 

with  digoxin  (El  Rafei  et  al. 2021; Abbasi  et  al. 

161  HM3  patients  (31.1%)  were  treated  with 

2022).  However,  a  large  INTERMACS  registry-

reduced  antithrombotic  therapy  starting  at  a 

based  analysis  of  13,732  patients  supported  with 

median  time  of  90.5  days  after  LVAD  implanta-

LVAD did not find an association between digoxin 

tion.  At  1-year  follow-up,  only  5.0%  of  patients 

use  and  GI  bleeding  (HR  1.087;  p  =  0.169) 

on  the  reduced  therapy  developed  a  thrombotic 

(Jennings  et  al. 2021). 

event.  Furthermore,  the  authors  reported  that 

switching  patients  from  standard  to  reduced  ther-

apy  decreased  the  occurrence  of  major  bleeding 

Adjustment  of  Antiplatelet 

from  1.252  to  0.324  events  per  patient-year 

and  Anticoagulation  Therapies  Due 

( p  =  0.006).  Overall,  these  studies  demonstrate 

to  Bleeding 

the  feasibility  of  reducing  the  overall  intensity  of 

antiplatelet/anticoagulant  therapy. 

Traditionally,  both  antiplatelet  therapy  (aspirin) 

and  anticoagulant  therapy  (warfarin)  have  been 

recommended  as  standard  of  care  for  LVAD 

Antiplatelet  Therapy 

patients  to  prevent  thromboembolic  events.  How-

ever,  the  risk  of  bleeding  and  thrombosis  needs  to 

The  role  of  antiplatelet  therapy  was  further  evalu-

be  assessed  in each  individual  patient,  with  adjust-

ated  in  an  European  registry  of  74  HM  II  patients 

ment  of  these  therapies  as  needed.  In  particular,  it 

who  were  followed  on  a  vitamin  K  antagonist 

is  not  uncommon  to  reduce  or  discontinue  aspirin 

alone  for  2  years  (Netuka  et  al. 2017). In  this 

following  a  bleeding  event.  Adjustments  may  also 

cohort,  96%  freedom  from  ischemic  stroke  and 

be  made  to  warfarin  targets  after  the  first  or  recur-

94%  freedom  from  hemorrhagic  stroke  were 

rent  bleeding  events.  However,  reduction  or  elim-

reported.  The  elimination  of  antiplatelet  therapy 

ination  of  these  medication  does  raise  the  concern 

was  then  investigated  in  the  randomized  preven-

for  increasing  thrombotic  risk.  A  two-center  study 

tion  of  nonsurgical  bleeding  by  management  of 

of  older-generation  LVADs  showed  an  increased 

HM  II  patients  without  antiplatelet  therapy  (PRE-

risk  of  thromboembolic  events  following  an  epi-

VENT  II)  trial.  This  study  intended  to  randomize 

sode  of  GI  bleeding,  which  was  thought  to  be 

350  HM  II  patients  to  aspirin  or  placebo  in  addi-

related  to  reduction  in  antiplatelet  and  anticoagu-

tion  to  standard  anticoagulant  therapy  but  was 

lant  therapies (Stulak  et al. 2014). This  was  further 

unfortunately  terminated  early  due  to  slow  enroll-

investigated  in  a  multicenter  observational  re-

ment.  Preliminary  results  in  65  patients  demon-

gistry  that  included  100  HM  II  patients  in  the 

strated  similar  freedom  from  bleeding  events

730

G. Rubinstein et al. 

(52.8%  vs.  56.09%,  respectively,  log  rank 

improvements  in  bleeding  were  not  accompanied 

p  =  0.86)  and  thrombotic  events  (90.7% 

by  increases  in  other  hemocompatibility-related 

vs.  84.9%;  p  =  0.56)  between  the  aspirin  and 

adverse  events,  particularly  in  thrombotic  events. 

placebo  groups  at  6-month  follow-up  (Jorde 

Importantly,  the  findings  remained  consistent 

et  al. 2020). 

across  all  subgroups  investigated,  including 

Due  to  the  improved  hemocompatibility  pro-

patients  with  a  history  of  diabetes,  coronary 

file  of  the  HM3  LVAD,  and  particularly,  the  very  stenting,  atrial  fibrillation,  or  thrombotic  events. 

low  rate  of  pump  thrombosis,  there  has  been 

Consequently,  many  programs  have  started  to 

renewed  interest  in  modifying  antiplatelet  and 

reduce  the  requirement  for  routine  aspirin  therapy. 

antithrombotic  regimen.  Lim  et  al.  reported  that 

The  optimal  international  normalized  ratio 

an  aspirin-free  protocol  (starting  from  3-month 

(INR)  goal  in  HM3  patients  has  also  been 

postimplantation)  was  associated  with  favorable 

questioned.  A  small  pilot  study  of  15  HM3 

outcome,  with  no  pump  thrombosis  or  thrombo-

patients  demonstrated  that  a  reduced  INR  target 

embolism  and  82%  survival  at  2  years  (Lim  et  al. 

of  1.5–1.9  was  not  associated  with  an  increase  in 

2020).  Furthermore,  a  sub-analysis  from  the 

thrombotic events  in patients  supported with HM3 

MOMENTUM  3  study  evaluated  the  effects  of 

(Netuka  et  al. 2018). 

two  different  doses  of  aspirin  (usual-dose  of 

Due  to  the  difficulty  of  maintaining  tight  INR 

325  mg,  n  =  141,  and  low-dose  of  81  mg, 

control,  other  investigators  have  explored  the  idea 

n  =  180)  within  the  HM3  arm  of  the  trial  (both 

of  using  an  alternative  anticoagulant.  In  particular, 

groups  were  also  treated  with  anticoagulation 

attention  has  focused  on  replacing  warfarin  with  a 

targeted  to  an  INR  of  2.0–3.0)  (Saeed  et  al. 

direct  oral  anticoagulant  (DOAC).  A  small  case 

2020).  At  2  years,  both  groups  had  similar  safety 

series  demonstrated  the  potential  to  implement 

profiles  demonstrating  a  survival  free  from 

DOACs  in  the  management  of  LVAD  patients 

hemocompatibility-related 

adverse 

events 

of 

(Nanas  et  al. 2015). However,  a  randomized  con-

43.4%  and  45.3%  ( p  =  0.94).  There  were  also 

trolled  single-center  pilot  study  of  dabigatran  in 

no  differences  in  survival  free  from  hemorrhagic 

the  management  of  patients  supported  with 

(usual-dose 

54.4% 

vs. 

low-dose: 

51.7%, 

HVAD  was  terminated  early  due  to  a  higher  rate 

p  =  0.42)  or  thrombotic  (usual-dose  76.8% 

of  thromboembolic  events  in  the  dabigatran  group 

vs.  low-dose:  75.7%,  p  =  0.92)  events. 

(Andreas  et  al. 2017). Following  the  publication 

The  recent  publication  of  the  Antiplatelet 

of  this  study,  concerns  were  raised  that  the  results 

Removal  and  Hemocompatibility  Events  With 

may  have  been  due  to  underdosing  of  dabigatran 

the  HeartMate  3  Pump  (ARIES-HM3)  study  led 

(the  dose  of  75  mg  BID  was  used  for  patients  with 

to  a  significant  change  in  the  prevailing  paradigm 

a 

creatinine 

clearance 

between 

30 

and 

(Mehra  et  al. 2023).  In  this  study,  patients  who 

80  mL/min).  More  promising  results  were 

received  a  HeartMate  3  LVAD  were  randomly 

reported  by  an  in  vitro  study  evaluating  the  effects 

assigned  to  aspirin  or  placebo  in  addition  to  the 

of  apixaban,  dabigatran,  aspirin,  and  warfarin  on 

standard 

warfarin 

regimen. 

Randomization 

pump  thrombosis  formation,  clotting  times, 

occurred  within  1  week  of  LVAD  implant  and 

hemolysis, 

platelet 

aggregation, 

and 

von 

patients  were  followed  for  12  months,  with  a 

Willebrand  activity  (Rao  et  al. 2021).  In  this 

primary  outcome  of  survival  free  from  non-

study,  apixaban  had  a  similar  hemostatic  profile 

surgical 

hemocompatibility-related 

adverse 

to  warfarin  with  longer  time  to  clotting  compared 

events  (stroke,  thrombosis,  major  bleeding).  At 

with  the  other  medications  tested.  A  recent  retro-

12  months,  placebo  was  noninferior  to  aspirin  in 

spective  analysis  compared  20  HM3  patients 

terms  of  the  primary  endpoint  (74.2%  vs.  68.1%, 

treated  with  warfarin  to  15  HM3  patients  treated 

p  <  0.001  for  noninferiority).  Nonsurgical  bleed-

with  apixaban  (Whitehouse  et  al. 2022).  The 

ing  was  reduced  in  the  placebo group  (relative  risk 

authors  found  lower  rates  of  bleeding  in  the 

0.66,  p  =  0.002),  as  was  gastrointestinal  bleeding 

apixaban  group  compared  to  the  warfarin  group 

specifically  (relative  risk  0.61,  p  =  0.007).  These 

(6%  vs.  30%,  respectively),  although  this  result

[image: Image 169]
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Fig. 9  Central  figure  summarizing  the  main  pathophysiological  components  (left  side  of the  figure)  and  risk  factors  (right side of the figure) for gastrointestinal bleeding following mechanical circulatory support

was  not  statistically  significant  ( p  =  0.1).  There 

Competing  Interest  Declaration  The  author(s)  has  no 

was  no  difference  in  thrombotic  complications  at 

competing  interests  to  declare  that  are  relevant  to  the  con-

tent  of  this  manuscript. 

1-year  follow-up.  Several  ongoing  studies  will 

further  investigate  the  use  of  alternative  anticoag-

ulants  in  the  HM3  population  (NCT04974684, 
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Abstract 

including  device  exchange  or  heart  transplan-

Pump  thrombosis  is  a  specific  cause  of  major 

tation.  Given  the  clinical  significance  of  pump 

left  ventricular  assist  device  dysfunction  asso-

thrombosis,  much  of  the  advancement  in 

ciated  with  an  increased  risk  of  significant 

device  technology  over  the  last  two  decades 

morbidity  and  mortality,  often  requiring 

has  been  focused  on  improving  design  and 

emergent  medical  or  surgical  intervention, 

functionality  to  reduce  the  risk  of  thrombosis 

and  subsequent  device  malfunction.  In  this 

chapter,  we  discuss  a  historical  perspective  of 

LVAD  pump  thrombosis,  from  first-generation 
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the  prevention,  detection,  and  management  of 

hemolysis  related  to  the  rotor  may  all  increase  the 

acute  pump  thrombosis,  and  the  current  state of 

risk  of  thrombosis.  This  factor  has  driven 

outcomes  following  this  complication. 

advances  in  device  technology  and  pump  design, 

leading  us  to  the  current  generation  of  magneti-

Keywords 

cally  levitated  continuous-flow  devices,  which 

minimize  heat  generation,  surface  contact  points, 

Thrombosis  ·  Stroke  ·  Anticoagulation  · 

and 

risk 

for 

mechanical 

hemolysis. 

Next, 

Hemolysis  ·  Pump  failure  ·  Device  exchange  · 

patient-related  factors  may  increase  the  risk  for 

Ventricular  assist  device 

this  complication  –  this  includes  hypercoagulable 

disorders, atrial fibrillation,  infection, malignancy, 

obesity,  stasis  within  segments  of  the  pump–-

Introduction 

ventricular  interface,  and  others.  Finally,  clinical 

management  may  directly  impact  the  risk  of  pump 

Pump  thrombosis  is  a  specific  cause  of  major  left 

thrombosis,  from  initial  surgical  implantation  to 

ventricular  assist  device  (LVAD)  dysfunction, 

postoperative  care.  In  the  operating  room,  kinked 

often  requiring  emergent  medical  or  surgical 

inflow  cannulas  or  outflow  grafts  may  increase 

intervention,  including  device  exchange  or  heart 

risk.  Postoperatively,  inadequate  anticoagulation 

transplantation.  Thrombosis  may  occur  at  any 

and  low  pump  flow  due  to  low-speed  settings  may 

blood-contacting  surface  along  the  device  vessel, 

also  increase  risk. 

with  most  events  within  the  pump  itself.  Hemo-

In  this  chapter,  we  discuss  a  historical  perspec-

dynamically  significant  pump  thrombosis  leads  to 

tive  of  LVAD  pump  thrombosis,  from  first-

hemolysis,  abnormal  device  parameters,  and  pro-

generation  pulsatile  flow  devices  to  axial  and 

gressive  worsening  of  heart  failure  not  explained 

magnetically  levitated  continuous-flow  devices. 

by  structural  disease.  Furthermore,  it  has  been 

We  will  also  discuss  the  pathophysiology  of 

found  to  be  independently  and  significantly 

pump  thrombosis,  including  the  physiological 

related  to  an  increased  risk  of  major  morbidity 

changes  that  occur  following  device  implantation 

and  mortality,  thereby  greatly  limiting  overall 

that  have  been  shown  to  increase  risk.  We  then 

VAD  efficacy  and  outcomes  (Kirklin  et  al. 2014; 

discuss  the  risk  factors  for  pump  thrombosis  – 

Mehra  et  al. 2014; Starling  et  al. 2014).  Preven-

from  patient,  to  device,  to  clinical  management  – 

tion  and  management  of  pump  thrombosis 

the  incidence  of  pump  thrombosis  across  devices, 

requires  careful  balance  of  the  necessity  of  ade-

the  prevention,  detection,  and  management  of 

quate  anticoagulation,  with  the  potentially  fatal 

acute  pump  thrombosis,  and  the  current  state  of 

increased  risk  of  bleeding  complications.  Given 

outcomes  following  this  complication. 

the  clinical  significance  of  pump  thrombosis, 

much  of  the  advancement  in  device  technology 

over  the  last  two  decades  has  been  focused  on 

Historical  Perspective 

improving  design  and  functionality  to  reduce  the 

risk  of  thrombosis  and  subsequent  device 

The  first  LVAD  approved  for  clinical  use  as  a 

malfunction. 

bridge  to  transplantation  (BTT)  and  destination 

There  are  a  number  of  physiological  changes 

therapy  (DT)  was  the  pulsatile-flow  HeartMate 

that  occur  following  LVAD  implantation,  each  of 

device,  demonstrated  to  be  superior  to  medical 

which  may  increase  a  patient’s  risk  of  developing 

management  in  2001  (Rose  et  al. 2001).  This 

pump  thrombosis.  The  etiology  of  pump  throm-

device  has  a  large  pump  chamber  and  a  textured 

bosis  may  be  considered  in  three  primary  catego-

interior,  which  contributed  to  the  low  risk  of 

ries:  pump,  patient,  and  clinician.  First,  thrombus 

occlusive  pump  thrombosis  events.  The  rate  of 

formation  may  be  related  to  the  characteristics  of 

thrombosis  was  found  to  be  0.06  events  per 

the  pump  itself.  For  instance,  smaller  pump  cham-

patient-year  in  the  initial  REMATCH  trial  (Rose 

bers,  heat  generated  by  the  rotor,  and  mechanical 

et  al. 2001). Thromboembolic  complications  were
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also  relatively  low  in  patients  receiving  this  first-

and  the  shear  stresses  of  the  impeller  rotor,  this 

generation  pulsatile-flow  device,  with  a  stroke 

risk  was  not  realized  in  early  clinical  trials  and 

rate  of  10%.  However,  the  long-term  success  of 

experience.  However,  in  early  2014,  clinicians 

this  device  was  limited  by  device  durability, 

across  multiple  tertiary  medical  centers  in  the 

including  inflow-valve  failure,  erosion  of  the  out-

United  States  began  to  notice  a  dramatic  increase 

flow  graft,  rupture  of  the  pump  lining,  motor  in  clinically  significant  pump  thromboses  in  these 

failure,  and  mechanical  wear  on  the  bearings. 

devices.  What  initially  began  as  a  single-center 

In  the  mid-2000s,  continuous-flow  LVADs 

internal  quality  review  expanded  to  a  multicenter 

began  to  gain  popularity,  and  early  landmark  trials 

experience  with  895  device  implantations  from 

began  to  demonstrate  improved  outcomes,  and 

2004  to  2013  that  highlighted  a  concerning 

eventually  superiority  versus  earlier  generation 

trend.  Beginning  in  March  of  2011,  rates  of 

volume–displacement 

pulsatile-flow 

devices. 

pump  thrombosis  of  the  HeartMate  II  at  3  months 

These  devices  were  supported  for  their  smaller 

post-implantation  increased  from  2.2%  to  8.4%; 

size,  simpler  design,  and  long-term  mechanical 

along  the  same  time  period,  the  median  time  to 

reliability  compared  to  previous  generation 

pump 

thrombosis 

events 

decreased 

from 

pulsatile-flow 

devices. 

These 

factors 

also 

18.6  months  to  2.7  months.  Clinical  outcomes  of 

increased  the  risk  for  potential  complications  – 

patients  experiencing  pump  thrombosis  events 

most  notably,  there  was  early  concern  that  smaller 

were  poor  –  16.6%  of  patients  required  urgent 

pump  size  and  increased  blood-contacting  sur-

heart  transplantation  and  28.8%  of  patients 

faces  in  the  newer  generation  continuous-flow 

required  urgent  pump  replacement.  Patients 

devices  would  increase  the  risk  for  pump  throm-

undergoing  surgical  intervention  had  comparable 

bosis  and  thromboembolism,  requiring  higher 

survival  to  patients  without  pump  thrombosis.  On 

levels  of  prophylactic  anticoagulation. 

the  contrary,  of  the  38  patients  who  were  managed 

The  HeartMate  II  device,  an  axial-flow  pump 

medically  for  pump  thrombosis,  mortality  was 

with  an  internal  rotor  that  spins  on  an  axis  to 

48.2%  (Starling  et  al. 2014). These  concerning 

propel  blood  forward,  was  demonstrated  to  be 

findings  were  validated  by  a  broader  study  of 

safe and  effective for utilization  for  up to 6 months 

INTERMACS  data,  which  identified  that  freedom 

in  2007,  with  initially  low  rates  of  pump  throm-

from  device  exchange  or  death  due  to  pump 

bosis  and  thromboembolic  complications  –  only 

thrombosis  decreased  from  99%  at  6  months  in 

2  of  133  patients  required  device  replacement  for 

2009  to  94%  in  2012  (Kirklin  et  al. 2014).  Both 

pump  thrombosis,  and  8  of  133  patients  had  an 

studies  highlighted  that  increased  LDH  levels 

ischemic  stroke  in  the  early  postoperative  period 

consistently  preceded  device  thrombosis.  How-

(Miller  et  al. 2007). In  comparison  to the pulsatile-

ever,  neither  analysis  was  able  to  identify  an  asso-

flow  HeartMate  device,  the  axial-flow  HeartMate  ciation  with  changes  in  device  implantation 

II  device  demonstrated  improved  durability  and 

technique,  postoperative  patient  management, 

survival  free  of  disabling  stroke  and  device  failure 

detection  techniques  and  diagnostic  studies,  or 

at  2 years.  In  this  landmark  trial,  patients  receiving 

device  design  and  production  changes  (Kirklin 

the  HeartMate  II  had  a  rate  of  disabling  strokes  of 

et  al. 2014;  Starling  et  al. 2014).  The  factors 

11%  at  2  years  and  a  rate  of  pump  thrombosis 

associated  with  increased  risk  for  thrombosis  in 

requiring  device  replacement  of  1.5%  (Slaughter 

the  INTERMACS  data  included  later  implant 

et  al. 2009). Given  the  clinical  benefits  associated 

year,  younger  age,  higher  creatinine,  larger  body 

with  this  device,  its  utilization  rapidly  increased  to 

mass  index,  white  race,  left  ventricular  ejection 

become  the  most  implanted  pump  in  the  United 

fraction  above  20%,  and  higher  lactate  dehydro-

States. 

genase  (LDH)  level  at  1  month  (Kirklin  et  al. 

While  there  was  a  theoretical  risk  of  increased 

2014). Further  deep  dives  of  HeartMate  II  patients 

pump  thrombosis  in  the  axial-flow  HeartMate  II 

also  identified  preceding  infection,  female  gender, 

devices  given  the  small  pump  size,  the  heat  gen-

and  higher  BMI  as  factors  that  increased  the 

erated  by  the  friction  of  the  mechanical  bearings, 

risk  of  pump  thrombosis  (Boyle  et  al. 2014; 
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Uriel  et  al. 2014).  While  not  identified  in  these 

to  the  HVAD,  the  HeartMate  III  device  functions 

retrospective reviews,  other factors theorized to be 

with a centrifugal, magnetically levitated rotor. The 

associated  with  increased  risk  of  pump  thrombo-

focus  of  the  design  is  on  the  reduction  of  shear 

sis  in  the  HeartMate  II  include  any  alteration  that 

stress  and  heat  generation,  wide  blood-flow  pas-

may  reduce  flow  and  heat  dissipation  through  the 

sages,  frictionless  flow,  lack  of  mechanical  bear-

device  –  this  includes  the  development  of  aortic 

ings,  and  artificial  pulsatility  aimed  to  reduce  stasis 

insufficiency,  arrhythmias,  mechanical  kinking  of 

of  flow  within  the  pump.  In  the  initial  MOMEN-

grafts  due  to  patient  movement,  and  states  of 

TUM  III  trial  comparing  6-month  outcomes 

hypovolemia  (Starling  et  al. 2014). 

between  the  HeartMate  II  and  HeartMate  III 

The  increased  rates  of  pump  thrombosis  iden-

devices,  it  was  found  that  there  was  no  significant 

tified  in  axial-flow  LVADs  increased  the  sense  of 

difference  in  rates  of  death  or  disabling  stroke,  but 

urgency  to  develop  a  device  that  minimized  such 

there were significantly lower rates of pump throm-

risk,  contributing  to  the  development  of  magneti-

bosis  in  the  HeartMate  III  group,  at  0%  versus 

cally  levitated  devices.  The  first  such  device  was 

10.1%  (Mehra  et  al. 2017). The  advantage  of  the 

the  HeartWare  Ventricular  Device  (HVAD).  The 

HeartMate  III  device  became  more  evident  at 

HVAD  is  a  centrifugal  continuous-flow  device 

2  years,  with  1.1%  versus  15.7%  risk  of  pump 

that  utilizes  magnetic  and  hydrodynamic  forces 

thrombosis,  1.6%  versus  17.0%  reoperation  rate, 

to create a suspended impeller  without  mechanical 

and  10.1%  versus  19.2%  risk  of  disabling  stroke 

bearing  contact  points.  After  initial  demonstration 

(Mehra  et  al. 2018). The  final  report  of  the 

of  safety  and  noninferiority  of  this  device  com-

MOMENTUM  III  trial  demonstrated  superiority 

pared  to  a  contemporaneous  control  group  of 

of  the  HeartMate  III  device  with  respect  to  survival 

HeartMate  II  device  recipients  in  the  ADVANCE 

free  of  disabling  stroke  or  device  replacement. 

trial  (Aaronson  et  al. 2012), the  randomized 

There  were  70  cases  of  suspected  or  confirmed 

ENDURANCE  trial  confirmed  noninferiority  of 

pump  thrombosis  (13.9%)  with  the  axial-flow 

the  device  with  respect  to  survival  free  from  dis-

pump  and  7  cases  with  the  centrifugal-flow  pump 

abling  stroke  or  device  removal  for  pump  mal-

(1.4%)  (Mehra  et  al. 2019). 

function 

or 

failure 

(Rogers 

et 

al. 

2017). 

Other  devices  that  have  not  reached  full  com-

Unfortunately,  the  ENDURANCE  trial  revealed 

mercial  utilization,  including  the  MicroMed 

no significant  reduction in  pump thrombosis  in the 

DeBakey,  Jarvik  Heart,  and  Ventrassist,  have  had 

HVAD  compared  to  the  HeartMate  II  (Rogers 

varying  degrees  of  thrombotic  events. 

et  al. 2017). Subsequent  analysis  of  patients  in 

the  ADVANCE  trial  revealed  that  survival  at 

1  year  in  patients  experiencing  pump  thrombosis 

Pathophysiology  of  Pump  Thrombosis 

was  69.4%  versus  85.5%  in  patients  without 

thrombosis.  Factors  associated  with  increased 

Implantation  of  an  LVAD  leads  to  a  number  of 

risk  for  pump  thrombus  included  elevated  MAP 

physiological  alterations  that  –  in  addition  to  the 

over  90  mmHg,  aspirin  dose  less  than  81  mg,  INR 

risk  associated  with  the  device  itself  –  increase  the 

less  than  2,  and  elevated  INTERMACS  level  at 

risk  of  hematological  and  coagulation  abnormali-

the  time  of  implantation  (Najjar  et  al. 2014). Inter-

ties.  Pump  thrombosis  may  be  related  to  risks 

estingly,  in  a  comparison  of  pump  thrombosis  in 

associated  with  the  patient  (e.g.,  hypercoagulable 

the  HeartMate  II  and  HVAD  devices,  it  was  found 

state,  infection,  vascular  disorders,  endothelial 

that  increases  in  LDH  levels  were  more  pro-

dysfunction),  the  pump  itself  (e.g.,  the  physiolog-

nounced  in  the  HeartMate  II group,  while elevated 

ical  changes  and  coagulation  aberrancies  that 

D-dimer  was  more  pronounced  in  the  HVAD 

occur  following  device  implantation,  as  well  as 

group  (Birschmann  et  al. 2014). 

stresses  exerted  by  the  pump),  and  the  clinical 

The  greatest  advancement  that  contributed  to  a 

management  of  the  patient  (e.g.,  device  malposi-

reduction  in  pump  thrombosis  risk  came  with  the 

tion  and  kinking,  inadequate  anticoagulation,  low 

development  of  the  HeartMate  III  device.  Similar 

pump  flow). 
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On  gross  observation  of  pump  thrombosis 

pump  serves  as  a  nidus  for  thrombus  adherence 

upon  explantation  of  HeartMate  II  devices,  clini-

and  formation  (de  Biasi  et  al. 2015). Despite  tita-

cians  noted  the  presence  of  fibrin  and  denatured 

nium’s  characteristic  as  a  highly  biocompatible 

protein  near  the  inflow  bearing.  Thus,  it  became 

metal  with  an  oxide  layer  that  prevents  platelet 

suspected  that  heat  generation  and  shear  stress  at 

adhesion  (Shah  et  al. 2017b), it  has  been  demon-

the  inflow  bearing  of  the  rotor  contribute  to  hemo-

strated  that  fibrinogen  and  other  proteins  are  able 

lysis  deposition  of  fibrin.  As  this  fibrin  accumu-

to  adhere  firmly  to  it  (Mikhalovska  et  al. 2004). 

lates,  it  narrows  the  inflow  pathway,  further 

This  includes  prothrombotic  contact  proteins  that 

increasing  shear  stress  on  red  blood  cells  and 

are  involved  with  the  intrinsic  pathway,  including 

increasing  fibrin  deposition;  ultimately  this  cre-

high  molecular  weight  kininogen  (HMWK),  pre-

ates  a  hemodynamically  significant  obstruction  to 

kallikrein,  factor  XI,  and  factor  XII,  as  well  as 

flow  (Shah  et  al. 2014; Starling  et  al. 2014). Two  inhibitors  of  thrombolysis  (Nielsen  et  al. 2006, 

types  of  clot  have  been  grossly  identified  in 

2008). The  risk  of  this  protein  adherence  and 

explanted  thrombosed  LVADs.  There  is  red  clot, 

cascade  activation  may  be  reduced  by  various 

which  is  rich  in  red  blood  cells  and  is  primarily 

techniques  in  the  engineering  process;  one  such 

associated  with  blood  stasis,  ingested  clot,  or 

technique  is  sintering.  This  process  utilizes  heat 

inadequate  anticoagulation;  there  is  also  white 

and  pressure  to  form  a  solid  material,  without 

clot,  which  is  composed  of  platelets  within a  fibrin 

melting  the  material;  sintering  creates  a  pseudo-

mesh.  Whereas  red  clot  is  loose  and  may  be  found 

intima,  which  prevents  direct  contact  between  the 

throughout  the  pump,  it  is  the  white  clot  that  is 

titanium  surface  and  the  blood  (Soltani  et  al. 

found  primarily  on  the  pump  surface  near  the 

2015). The  success  of  the  magnetically  levitated 

heat-generating  bearings,  growing  as  further  tur-

centrifugal  pump  in  the  HeartMate  III  device  in 

bulent  flow  leads  to  increased  fibrin  deposition 

reducing  pump  thrombosis  has  demonstrated, 

and  platelet  adhesion  (Fig. 1)  (Gurbel  et  al. 

however,  that  contact  between  blood  and  the  tita-

2018;  Prasad  et  al. 2015;  Shah  et  al. 2014). 

nium  surfaces  of  the  device,  alone,  is  insufficient 

The  pathophysiology  of  thrombosis  in  LVADs 

to  trigger  substantial  thrombosis. 

is  comparable  to  the  development  of  platelet  and 

fibrin-rich  arterial  clots.  Platelets  are  activated  by 

shear  stresses  and  the  tissue  factors  and  proteases 

Hypercoagulability  and  Platelet 

released  during  states  of  hemolysis.  These  plate-

Activation 

lets  adhere  to  fibrinogen,  von  Willebrand’s  factor 

(vWF),  and  other  proteins  on  the  blood-exposed 

In  patients  with  LVADs,  hypercoagulability  is 

titanium  surfaces,  and  continued  release  of  tissue 

driven  by  a  number  of  factors,  including  the  base-

factors  leads  to  clot  propagation.  This  may  be 

line  hypercoagulable  state  of  inflammation  asso-

considered  through  the  lens  of  Virchow’s  triad  – 

ciated  with  end-stage  heart  failure,  the  increased 

endothelial  injury  (which,  in the  case  of LVADs, is 

platelet  reactivity  related  to  LVAD-induced  hemo-

primarily  related  to  blood’s  contact  with  the 

lysis,  and the  positive  feedback  of continued prop-

device  surfaces),  hypercoagulability,  and  stasis 

agation  of  white  clot  as  aggregating  platelets 

or  aberration  of  blood  flow  (Fig. 2)  (de  Biasi 

release  further  activating  factors. 

et  al. 2015). 

Irrespective  of  LVAD  placement,  the  state  of 

end-stage  heart  failure  is  associated  with  an 

increased  level  of  local  and  global  inflammation 

Bioreactive  Material 

in  the  body,  which,  like  sepsis,  is  associated  with  a 

state  of  hypercoagulability  and  platelet  activation 

Analogous  to  endothelial  injury  leading  to  the 

(Mehra  et  al. 2014;  de  Stoppelaar  et  al. 2014). 

release  of  thrombogenic  factors  and  mediators 

Patients with heart  failure  have been demonstrated 

that  propagate  platelet  activation  and  the  coagula-

to  have  increased  markers  of  platelet  activation, 

tion  cascade,  the  titanium  alloy  within  the  LVAD 

increased  plasma  fibrinopeptide  A  and  thrombin

[image: Image 170]

[image: Image 171]
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Fig.  1  Photos  of  HeartMate  II  device  thrombosis.  (a) 

(d)  Cross-sectional  view  of  the  HeartMate  II  motor  with 

Fibrin-only  clot,  or  white  clot.  (b)  Fibrin  and  blood  clot, 

significant  combined  fibrin  and  blood  clot.  (Uriel  et  al. 

or  white  and  red  clot.  (c)  Blood-only  clot,  or  red  clot. 

2014) 

Fig.  2  Virchow’s  triad  as 

applied  to  LVAD 

physiology.  Ti  titanium,  plt. 

platelet,  HMWK  high 

molecular  weight 

kininogen,  LVAD  left 

ventricular  assist  device,  AP 

activated  platelet,  TF  tissue 

factor,  MP  microparticle, 

CO  carbon  monoxide. 

(de  Biasi  et  al. 2015)
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activation,  and  increased  plasma  concentrations 

mechanics  introduced  in  the  HeartMate  III  were 

of  endothelial  procoagulants,  vWF,  fibrinolytic 

able  to  so  greatly  reduce  pump  thrombosis  risk 

products,  and  D-dimer  (Jafri  1997;  Lin  et  al. 

(Fraser  et  al. 2012; Moazami  et  al. 2013).  Rotary 

2021;  Lip  and  Gibbs  1999).  There  is  also  a  dem-

pumps  are  known  to  damage  blood  cells,  causing 

onstration  of  impaired  fibrinolysis  and  increased 

hemolysis  and  ultimately  platelet  activation. 

oxidative  stress  in  patients  with  heart  failure.  Fur-

There  are  a  number  of  factors  that  increase  the 

ther,  the  prothrombotic  state  is  worsened  by  the 

degree  to  which  this  occurs  –  higher  rotor  speed 

frequent  association  of  vascular  disease,  endothe-

and  shear  stress,  exposure  time  to  the  impeller 

lial  dysfunction,  dysfunctional  nitric  oxide  regu-

device,  blood  viscosity,  afterload  being  pumped 

lation,  and  a  low-flow  state  causing  stasis  (Lin 

against,  decreased  preload,  and  heat  generated 

et  al. 2021). 

within  the  pump  (Shah  et  al. 2017b).  Other  factors 

Placing  an  LVAD  into  this  preexisting  state  of 

involved  in  device  placement,  including  kinking 

hypercoagulability  introduces  additional  pro-

at  the  inflow  or  outflow  graft,  may  increase  shear 

thrombotic  risk.  Platelet  activation  markers,  plate-

forces  and  disturb  the  flow  of  blood  into  the  rotor 

let  activity, and  activated  platelet  counts  have  each 

(de  Biasi  et  al. 2015). While  some  of  these  factors 

been  found  to  be  upregulated  following  LVAD 

may  be  managed  and  mitigated  clinically,  others 

implantation  (Bonaros  et  al. 2004;  Radovancevic 

are  inherent  to  the  devices  themselves. 

et  al. 2009). One  such  marker  is  the  formation  of 

The  complex  cascade  of  pump  thrombosis  is 

platelet  complexes  with  monocytes  (MPC),  which 

initiated  with  shear  stress  and  hemolysis  as  blood 

has  been  noted  to  increase  in  both  the  short- and 

flows  through  narrow  channels  with  high  heat  and 

long 

term 

following 

device 

placement 

traumatic  rotor  interactions.  Patients  with  nor-

(Radovancevic  et  al. 2009). This  increase  in  plate-

mally  operating  pumps  free  of  clinically  detect-

let  counts  and  activity  may  be  amplified  in  the 

able  thrombus  are  noted  to  have  elevated  LDH 

setting  of  increased  inflammation,  most  notably 

levels,  elevated  serum-free  hemoglobin,  and 

sepsis.  Sepsis  leads  to  aberrations  in  inflamma-

reduced  serum  haptoglobin  –  three  markers  of 

tory,  immune,  and  coagulation  systems,  and  plate-

hemolysis.  Free  heme  begins  to  circulate  and 

lets  are  one  of  the  earliest  cell  types  to  be  affected 

accumulate,  with  eventual  saturation  of  heme 

by it  (de Stoppelaar  et  al. 2014). In  fact,  sepsis  was 

scavenging  mechanisms  (Shah  et  al. 2017b). 

shown  to  be  associated  with  risk  of  pump  throm-

This  circulating  free  heme  directly  leads  to  an 

bosis  in  both  the  HeartMate  II  and  HVAD  devices 

increase  in  reactive  oxygen  species  production, 

–38%  of  HeartMate  II  patients  with  pump  throm- which  creates  a  state  of  inflammation,  increases 

bosis  were  found  to  have  preceding  sepsis  in  a 

vascular  tone,  injures  the  endothelium,  and  acti-

retrospective 

study, 

and 

a 

review 

of 

the 

vates  platelets  (Fig. 3)  (Montezano  and  Touyz 

ADVANCE  trial  revealed  that  4%  of  HVAD 

2012; Shah  et  al. 2017b). Moreover,  the  break-

patients  with  sepsis  developed  pump  thrombosis 

down  of  this  excessive  free  heme  by  heme 

requiring  device  exchange  (John  et  al. 2014; Uriel 

oxygenase-1  increases  circulating  carbon  monox-

et  al. 2014). 

ide  (CO)  and  iron  levels;  both  of  these  substances 

contribute  to  activation  of  coagulation,  as  well  as 

reduction  of  plasmin  activity  and  inhibition  of 

Aberrant  Blood  Flow  and  Shear  Stress 

fibrinolysis  (Nielsen  et  al. 2013; Shah  et  al. 

2017b;  Smith  and  Nielsen  2013).  Additionally, 

While  the  hypercoagulable  milieu  and  the  inter-

extracellular  free  hemoglobin  may  scavenge  nitric 

action  between  blood  and  titanium  surfaces 

oxide  and  reduce  it  to  nitrate.  Nitric  oxide  nor-

increase  the  propensity  to  form  thrombus  within 

mally  functions  to  inhibit  platelet  activation  and 

LVADs,  it  is  the  aberrant  blood  flow  and  shear 

aggregation  via  the  cGMP  pathway;  thus,  during  a 

stresses  within  the  device  that  most  significantly 

state  of  hemolysis,  inhibition  of  platelet  activation 

drive  the  development  of  pump  thrombosis.  It  is 

and  aggregation  is  suppressed.  This  relationship  is 

for  this  reason  that  the  alterations  in  flow 

supported  by  Saeed  and  colleagues’  finding  that

[image: Image 172]
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Fig.  3  Mechanism  of  hemolysis-induced  thrombosis  after  LVAD  implantation.  sfHg  serum-free  hemoglobin,  CO  carbon monoxide,  LVAD  left  ventricular  assist  device,  CarboxyHb  carboxyhemoglobin.  (Shah  et  al. 2017b) sildenafil  administration,  which  functions  by 

increasing  the  degree  of  shearing,  hemolysis,  and 

inhibiting  phosphodiesterase-5  and  potentiating 

clot  propagation  further.  The  heat  generated  by 

nitric  oxide,  reduces  the  risk  of  device  thrombosis 

friction  at  bearing  sites  facilitates  this  process, 

and  ischemic  stroke  in  HeartMate  II  patients  with 

denaturing  proteins  and  stabilizing  the  clot 

low-level  hemolysis  (Saeed  et  al. 2017). 

further. 

In  addition  to  the  hemolysis,  reactive  oxygen 

species,  and  CO  triggering  a  state  of  hyper-

coagulability  and  platelet  activation,  it  is  believed 

Risk  Factors  for  Pump  Thrombosis 

that  the  shear  stress  itself  activates  platelets  via 

adhesion-induced  molecular  pathways.  The  rela-

The  risk  factors  for  pump  thrombosis  may  be 

tionship  between  shear  stresses  and  platelet  aggre-

considered  in  three  primary  categories:  pump, 

gation  has  been  demonstrated  both  in  vitro  and 

patient,  and  clinician  (Fig. 4). 

in  vivo  (de  Biasi  et  al. 2015;  Holme  et  al. 1997; 

Jian-ning  et  al. 2003;  Nesbitt  et  al. 2009). It  has 

been  shown  that,  at  low  levels  of  shear  stress, 

Pump-Related  Risk  Factors  for  Pump 

platelet  aggregation  remains  driven  by  adherence 

Thrombosis 

between  integrin  αIIbβ3  and  fibrinogen  adsorbed 

on  the  titanium  surface;  at  higher  degrees  of  shear, 

Device  design  and  implantation  technique  have  a 

there  is  a  shift  toward  aggregation  between  GPIb 

significant  impact  on  the  risk  of  developing  pump 

membrane  proteins  and  vWF  (de  Biasi  et  al. 2015; 

thrombosis.  Features  associated  with  the  device 

Jackson  et  al. 2009). 

that  increase  risk  include  increased  degree  of 

As  shear  forces  contribute  to  the  accumulation 

shear  stress,  smaller  passages  for  blood  to  pass 

of  platelet-rich  clot,  the  channels  through  which 

through,  high  levels  of  heat  generation  with  poor 

blood  must  pass  in  the  rotor  become  more  narrow, 

heat  dissipation,  and  increased  duration  of  time

[image: Image 173]
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Fig.  4  Factors  associated  with  complications  after  LVAD  therapy.  (Shah  et  al. 2017b) 

blood  spends  in  the  pump.  Other  factors  associ-

often  have  endothelial  dysfunction  and  vascular 

ated  with  the  device  implantation  that  may 

disease. 

Further, 

other

cardiovascular 

increase  the  risk  for  pump  thrombosis  include 

comorbidities  increase  the  risk  of  thrombus  for-

malpositioned  or  excessively  long  inflow  and  out-

mation  outside  of  the  LVAD  chambers,  which  can 

flow  cannulas  (Shah  et  al. 2017b). For  example,  then  migrate  to  and  occlude  the  device.  For greater  acute  angulation  of  the  inflow  cannula 

instance, 

atrial 

fibrillation,  interventricular 

immediately  postoperatively  and  after  30  days 

dyssynchrony,  and  dilated  cardiac  chambers  and 

has  been  observed  in  patients  with  pump  throm-

aneurysms  all  predispose  to  local  thrombosis 

bosis  (Mehra  et  al. 2014;  Taghavi  et  al. 2013). 

(Shah  et  al. 2017b). 

Additionally,  thrombus  may  form  in  the  arterial 

Other  patient-specific  risk  factors  for  pump 

circulation,  with  risk  increased  by  positioning  of 

thrombosis  were  identified  in  studies  of  the 

the  outflow  cannula  in  the  middle  portion  of  the 

HeartMate  II  and  HVAD.  Risk  factors  among 

ascending  aorta  (Mehra  et  al. 2014). 

patients  receiving  the  HeartMate  II  device 

included  later  implant  year,  younger  age,  higher 

creatinine,  higher  body  mass  index,  white  race, 

Patient-Related  Risk  Factors  for  Pump 

left  ventricular  internal  diastolic  diameter  ≥7  cm, 

Thrombosis 

severe  right-heart  failure,  left  ventricular  ejection 

fraction  >20%,  and  higher  LDH  level  at  1  month 

At  baseline,  patients  undergoing  LVAD  implanta-

(Kirklin  et  al. 2014; Shah  et  al. 2017a).  Analysis 

tion  are  at  increased  risk  for  systemic  thrombosis, 

of  pump  thrombosis  in  HVAD  patients  revealed 

given  the  hypercoagulable  state  associated  with 

risk  factors  of  elevated  MAP  >90  mm  Hg,  aspirin 

severe  end-stage  heart  failure.  The  chronic  state  of 

dose  ≤81  mg,  international  normalized  ratio  ≤2, 

inflammation  leads  to  heightened  activity  of  coag-

and  preoperative  INTERMACS  profile  level  ≥3 

ulation  factors  and  platelets;  low  cardiac  output 

(Najjar  et  al. 2014).  Interestingly,  in  a  study  of 

creates  a  low-flow  state  of  stasis;  and  patients 

patients 

with 

preexisting 

hypercoagulability
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disorders  (i.e.,  antiphospholipid  antibody,  anti-

III  patients.  The  Minimal  Anti-coaGulation 

cardiolipin 

antibody, 

lupus 

anticoagulant, 

EvaluatioN  To  aUgment  heMocompatibility 

protein  C,  protein  S,  factor  V  Leiden,  and/or 

(MAGENTUM  1)  study  demonstrated  that  trans-

heparin-induced  thrombocytopenia)  undergoing 

itioning  patients  to  an  goal  INR  of  1.5–1.9  was 

LVAD  implantation  with  HeartMate  II,  HeartMate 

safe  and  effective  (Netuka  et  al. 2018). 

III,  and  HVAD  devices,  there  was  no  significant 

Risk  of  pump  thrombosis  may  also  increase  in 

increase  in  pump  thrombosis  or  thromboembolic 

various  hemodynamic  alterations  and  changes  in 

complications  (Dufendach  et  al. 2020). 

pump  settings.  For  instance,  low  pump  speeds 

reduce  the  dissipation  of  heat,  increasing  heat 

within  the  pump  itself  and  increasing  the  denatur-

Management-Related  Risk  Factors 

ation  of  proteins  that  can  strengthen  clot  forma-

for  Pump  Thrombosis 

tion.  This  may  also  occur  with  low  preload,  as 

well  as  cardiac  arrhythmias  that  reduce  forward 

Management  decisions  intra- and  postoperatively 

flow.  In  addition  to  the  greater  impact  of  heat 

may  directly  affect  the  risk  of  development  of 

generation,  these  changes  also  increase  the  dura-

pump  thrombosis.  These  factors  include  implanta-

tion  of  time  at  which  the  blood  is  in  contact  with 

tion  technique  and  device  positioning  (described 

the  pump  surfaces  (Mehra  et  al. 2014). 

above),  anticoagulation  management,  and  hemo-

dynamic  management  (Shah  et  al. 2017b). 

Short- and  long-term  anticoagulation  in 

Prevention  of  Pump  Thrombosis 

LVAD  patients  has  been  a  matter  of  debate.  In 

2010,  it  was  suggested  that  heparin  bridging  to 

Adequate  anticoagulation,  setting  appropriate 

warfarin  is  not  necessary  for  HeartMate  II 

pump  speeds  and  hemodynamics,  preventing  and 

devices  in  the  short  term.  In  a  study  of 

managing  infection,  and  routine  surveillance  for 

418  patients  who  received  differing  levels  of 

signs  of  developing  pump  thrombosis  are  key  in 

heparin  bridging,  there  was  no  significant  differ-

reducing  the  risk  of  pump  thrombosis. 

ence  noted  in  thromboembolic  events  or  pump 

Key  evaluations  of  steps  that  may  be  taken  to 

thrombosis  (Slaughter  et  al. 2010). This  was 

prevent  pump  thrombosis  in  the  HeartMate  II 

challenged  with  the  release  of  the  prospective 

device  were  undertaken  following  the  observed 

PREVENT study, aiming  to  combat  the increased 

increase  in  pump  thrombosis  incidence  in  the 

rate  of  pump  thrombosis  in  HeartMate  II  devices. 

early  2010s.  As  the  prevalence  of  pump  thrombo-

In  addition  to  specific  implantation  techniques 

sis  rapidly  rose,  patterns  were  noted  among 

and  maintaining  pump  speeds  >9000  RPM,  the 

patients  experiencing  it  –  low  pump  speeds,  aortic 

utilization  of  heparin  bridging  with  an  eventual 

valve  abnormalities,  mechanical  issues  related  to 

goal  INR  of  2.0–2.5  helped  to  significantly 

implantation,  and  variation  in  anticoagulant  man-

reduce  the  rate  of  pump  thrombosis  in  HeartMate 

agement.  The  PREVENT  trial  was  a  prospective 

II  devices  at  6  months  from  8.9%  to  1.9% 

study  published  in  2017  that  aimed  to  determine 

(Maltais et al. 2017). The  necessity  for  adequate 

the  utility  of  patient  management  techniques  in 

anticoagulation  was  further  supported  by  a  2016 

reducing  pump  thrombosis  rates  in  HeartMate  II 

study  that  highlighted  the  increased  rate  of 

patients.  Key  recommendations  included  the  fol-

thrombotic 

complications 

in 

HeartMate 

II 

lowing  (taken  directly  from  the  PREVENT  trial 

devices  for  an  INR  <  2.0,  with  2.6  identified  as 

publication  (Maltais  et  al. 2017): 

the  optimal  INR  to  maximize  benefit  and  mini-

mize  risks  (Nassif  et  al. 2016). Anticoagulation 

Surgical  Recommendations 

with  a  target  INR  >  2.0  is  still  recommended  in 

1.  Create  an  adequately  sized  pump  pocket, 

the  newest  generation  of  devices,  including  the 

located  inferiorly  deep  and  lateral. 

HeartMate  III;  however,  there  is  evidence  that 

2.  Position  the  inflow  cannula  parallel  to  the  sep-

lower  INR  may  be  well  tolerated  in  HeartMate 

tum,  oriented  to  the  central  left  ventricle. 
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3.  Position  the  outflow  graft  right  of  the  sternal 

association  with  the  degree  of  anticoagulation, 

midline  to  avoid  compression  of  the  right 

finding  that  INR  was  inversely  associated  with 

ventricle. 

thrombotic  events  in  HeartMate  II  patients,  with 

4.  Position  the  pump  below  the  diaphragm. 

a  hazard  ratio  of  0.40  for  increasing  INR;  they 

5.  Fixate  the  pump  (e.g.,  to  the  diaphragm  or  the 

identified  2.6  as  the  optimal  INR  based  on 

chest  wall)  to  prevent  migration. 

weighted  mortality  of  thrombotic  and  bleeding 

complications  (Nassif  et  al. 2016). The  current 

Anticoagulation  and  Antiplatelet  Management 

manufacturer  and  ISHLT  recommendations  for 

1.  In  patients  without  persistent  bleeding,  begin 

anticoagulation  in  HeartMate  II  devices  remain 

bridging 

with 

unfractionated 

heparin 

or 

an  INR  of  2.0–3.0,  as  well  as  aspirin  81–325  mg 

LMWH  within  48  h  of  device  implantation 

(Gurbel  et  al. 2018). 

with  a  goal  PTT  of  40–45  s  in  the  first  48  h, 

Currently,  despite  the  significantly  lower 

followed  by  titration  up  to  PTT  of  50–60  s  by 

documented 

rates 

of 

pump 

thrombosis 

in 

96  h.  If  heparin  is  contraindicated,  consider 

HeartMate  III  devices,  the  manufacturer  recom-

other  alternatives,  including  argatroban,  intra-

mendation  for  anticoagulation  remains  an  INR  of 

venous  warfarin,  and  bivalirudin. 

2.0–3.0.  In patients  who are high  risk for bleeding, 

2.  Initiate  warfarin  within  48  h  to  obtain  goal  INR 

or  who  have  had  documented  bleeding  episodes, 

of  2.0–2.5  by  postoperative  days  5–7,  at  which 

there  is  evidence  that  lower  goal  INR  may  be 

time  heparin  therapy  may  be  discontinued. 

sufficient.  As  described  above,  the  MAGENTUM 

3.  When  there  is  no  evidence  of  bleeding,  initiate 

1  study  prospectively  assessed  the  efficacy  of  an 

aspirin  therapy  (81–325  mg  daily)  2–5  days 

INR  target  of  1.5–1.9  in  HeartMate  III  patients, 

after  HMII  implantation. 

following  6  weeks  of  standard  warfarin  anti-

4.  Maintain  the  patient  throughout  LVAD  support 

coagulation  (INR  2.0–3.0)  and  aspirin.  In  the 

on  aspirin  and  warfarin  with  goal  INR  of 

sample  of  15  patients,  the  primary  endpoint  of 

2.0–2.5. 

6-month  survival  free  of  pump  thrombosis,  dis-

abling  stroke,  or  major  bleeding  was  met  in 

Pump  Speed  Management 

14  patients;  one  experienced  recurrent  GI 

1.  Run  pump  speeds  >9000  RPM  and  avoid 

bleeding  (Netuka  et  al. 2018).  While  not 

speeds  <8600  RPM. 

practice-changing  nationally,  this  study  has  pro-

2.  Adjust  pump  speed  to  permit  intermittent  aor-

vided  support  for  the  ability  to  safely  reduce 

tic  valve  opening  only  after  the  above  goals  are 

degree  of  anticoagulation  in  patients  with  a  high 

achieved. 

risk  of  bleeding  or  recent  bleeding  episodes,  and  it 

has  set  the  stage  for  larger  scale  trials.  Current 

Blood  Pressure  Management 

research  is  also  evaluating  the  utility  of  direct 

1.  Maintain  a  MAP  <  90  mm  Hg. 

oral 

anticoagulants 

(DOACs) 

in 

the 

anti-

coagulative 

management 

of 

patients 

with 

Evaluation  of  the  300  patients  across  24  insti-

HeartMate  III  devices.  Early  data  has  suggested 

tutions  participating  in  this  prospective  study 

safety  and  efficacy  of  apixaban,  with  lower  bleed-

found  that  full  adherence  to  implant  techniques, 

ing  complications  than  warfarin  (Whitehouse 

heparin  bridging,  and  pump  speeds  ≥9000  RPMs 

et  al. 2022). 

resulted  in  a  significantly  lower  risk  of  pump 

Much 

of 

the 

knowledge 

gained 

from 

thrombosis  (1.9%  vs.  8.9%),  as  well  as  a  lower 

HeartMate  II  with  regard  to  implant  technique 

composite  risk  of  suspected  thrombosis,  hemoly-

and  management  may  not  be  directly  applicable 

sis,  and  ischemic  stroke  (5.7%  vs.  17.7%)  at 

to  the  current  commercially  utilized  HeartMate  III 

6  months  (Maltais  et  al. 2017). 

pericardial  pump that  has eliminated  the need  for a 

Around  the  same  time,  Nassif  and  colleagues 

pump  pocket.  Additionally,  given  a  focus  on 

retrospectively  reviewed  cases  of  pump  thrombo-

wider  blood  flow  channels  and  the  use  of  full 

sis  in  patients  with  HeartMate  II  devices  and  their 

magnetic 

levitation, 

the 

impact 

of 

the
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pump–blood  interface  on  contributions  to  throm-

greater  than  three  times  the  upper  limit  of  normal  is 

bosis  has  been  minimized  as  outlined  above. 

utilized  as  a  threshold  for  further  workup  (Gold-

stein  et  al. 2013). Others  have  suggested  that  lower 

LDH  thresholds  are  more  appropriate  for  flagging 

Diagnosis  of  Pump  Thrombosis 

potential pump thrombosis, including 2- to 2.5-fold 

higher  than  the  upper  limit  of  normal  or  significant 

Successful  management  of  patients  with  develop-

change  in  temporal  trend  in  a  patient  who  is  being 

ing  pump  thrombosis  relies  heavily  on  early 

monitored.  By  the  time  LDH  has  increased  to 

detection. 

Numerous  algorithms 

have  been 

>1000  IU/liter,  it  is  significantly  more  likely  that 

derived  to  workup  and  manage  suspected  pump 

pump thrombosis has developed to a point at which 

thrombosis,  with  an  emphasis  on  assessing 

medical  therapy  is  insufficient  and  surgical  inter-

markers  of  hemolysis,  worsening  of  heart  failure, 

vention  is  required  (Mehra  et  al. 2014). Early  tem-

or  abnormal  pump  parameters  and  increasing 

poral  changes  in  LDH  profiles  may  provide  an 

pump  power  (Goldstein  et  al. 2013; Maltais  et  al. 

opportunity  for  early  medical  intervention;  thus, 

2017).  While  some  patients  with  pump  thrombo-

LDH  should  be  regularly  monitored  as  a  screening 

sis  may  present  with  florid  heart  failure  and  abnor-

tool  in  all  LVAD  patients. 

mal  pump  parameters,  others  in  early  stages  of 

As  the  burden  of  pump  thrombosis  increases, 

thrombus  formation  may  present  asymptomati-

there  may  be  detectable  hemodynamic  compro-

cally  with  minor  signs  of  hemolytic  anemia. 

mise  that  occurs.  This  may  present  as  worsening 

Early  detection  with  adequate  screening,  particu-

heart 

failure 

and 

reduced 

left 

ventricular 

larly  for  patients  at  high  risk,  is  key. 

unloading,  or  as  elevated  pump  powers  in  the 

Pump  thrombosis  is  intricately  associated  with 

absence  of  other  physiological  causes.  Any 

hemolysis.  Early  hemolysis  from  shear  forces 

patient  with  worsening  heart  failure  symptoms 

within 

the 

pump 

may 

contribute 

to 

a 

should  be  admitted  and  thoroughly  worked  up 

pro-coagulant  cascade  that  increases  platelet  and 

for  underlying  cause,  including  pump  thrombosis. 

coagulation 

factor 

activation. 

As 

thrombus 

Similarly,  isolated  LVAD  power  increases  that  are 

deposits  on  the  rotor  and  within  the  pump,  the 

not  transient  or  related  to  changes  in  systemic 

degree  of  shear  stress  increases,  leading  to  further 

blood  pressure,  typically  defined  as  either 

increased  hemolysis.  Thus,  clinical  manifesta-

>10  W or >2  Wover  baseline,  should  be  assessed 

tions  of  early  developing  pump  thrombosis  can 

for  possible  pump  thrombosis  (Fig. 5)  (Goldstein 

appear  as  new  or  worsening  hemolytic  anemia  – 

et  al. 2013). Log  file  pattern  analysis  of  patients 

decreased  hemoglobin,  red-tinged  urine,  worsen-

with  HVADs  may  be  used  to  not  only  detect  pump 

ing  renal  function,  elevated  LDH,  and  reduced 

thrombosis,  but  also  to  predict  response  to  treat-

haptoglobin  (Goldstein  et  al. 2013;  Grabska 

ment  with  tPA  –  it  has  been  shown  that  log  file 

et  al. 2020; Shah  et  al. 2014;  Starling  et  al. 

patterns  that  demonstrate  relatively  low  power 

2014).  While  hemolysis  may  also  develop  in  the 

increases  and  gradual  rates  of  power  increase  in 

absence  of  pump  thrombosis  –  malpositioned  can-

the  setting  of  pump  thrombosis  are  associated 

nulae,  low-grade  and  unavoidable  hemolysis 

with  increased  likelihood  of  successful  treatment 

within  the  rotor,  or  other  postoperative  complica-

with  tPA  (Jorde  et  al. 2015). 

tions  such  as  heparin-induced  thrombocytopenia  – 

In  addition  to  ensuring  adequate  pump 

the  identification  of  an  elevation  in  LDH,  with  or 

speeds  and  anticoagulation  in  the  case  of 

without  other  signs  of hemolysis,  should raise  a  red 

suspected  pump  thrombosis,  immediate  next 

flag  for  pump  thrombosis  workup.  LDH  has  been  steps  in  workup  include  chest  radiograph  to 

shown  to  be  a  more  sensitive  indicator  of  pump 

assess  device  location,  position,  and  possible 

thrombosis  than  other  markers  of  hemolysis, 

displacement;  echocardiography  with  ramp  test 

including  plasma  free-hemoglobin  concentration, 

to  assess  the  adequacy  of  LV  unloading;  and 

hemoglobinuria,  anemia,  or  elevated  bilirubin 

CTA  of  the  chest  to  directly  visualize  thrombi 

level  (Shah  et  al. 2014).  Typically,  an  LDH  level 

(Goldstein  et  al. 2013;  Gurbel  et  al  . 2018;  Li

[image: Image 174]
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Fig.  5  Algorithm  for  the  diagnosis  and  management  of  pump  thrombus.  (Goldstein  et  al. 2013) et  al. 2019).  Uriel  and  colleagues  developed  an 

Acute  Management  of  Pump 

echocardiographic  ramp  test  protocol  to  be  uti-

Thrombosis 

lized  in  the  workup  of  suspected  device  mal-

function  or  pump  thrombosis  in  HeartMate  II 

devices;  this  protocol  involves  an  assessment  of 

When  pump  thrombosis  is  suspected  or  identified, 

left  ventricular  end-diastolic  dimensions,  fre-

emergent  consultation  with  a  multidisciplinary 

quency  of  aortic  valve  opening,  valvular  insuf-

LVAD  team  is  recommended  in  order  to  confirm 

ficiency,  blood  pressure,  and  LVAD  parameters  diagnosis  and  initiate  early  medical  and/or  surgi-

at  speed  increments  of  400  rpm  from  8000  to 

cal  intervention  (Long  et  al. 2019). 

12,000  rpm.  Patients  with  confirmed  pump 

Patients  with  suspected  pump  thrombosis 

thrombosis  were  found  to  have  had  a  lesser 

should  be  aggressively  anticoagulated  without 

reduction  of  left  ventricular  end-diastolic 

delay  –  long-acting  anticoagulation  should  be 

dimensions,  lesser  reduction  of  pulsatility 

held  in  the  face  of  possible  surgical  intervention, 

index,  and  a  greater  increase  in  power  at 

and  short-term  parenteral  anticoagulation  with 

increasing  LVAD  speed  compared  to  those  with-

heparin  and  additional  antiplatelet  agents  (e.g., 

out  thrombosis;  complete  AV  closure  was  also 

GPIIb/IIIa  inhibitors)  should  be  initiated.  Throm-

noted  at  higher  speeds  in  patients  with  con-

bolytics,  including  tPA,  also  have  suggested  util-

firmed  thrombosis.  These  findings  may  be  lev- ity  and  demonstrated  success;  however,  there  is 

eraged  to  drive  anticoagulation  management 

evidence  of  increased  bleeding  risk  without  added 

and  surgical  decision-making  in  suspected 

benefit  compared  to  nonthrombolytic  anti-

cases  of  pump  thrombosis  (Uriel  et  al. 2012). 

coagulation  (Dang  et  al. 2017).  Much  of  the  data 

Of  note,  CTA  has  a  high  specificity  but  low 

and  recommendations  for  thrombolytics  have 

sensitivity  for  detecting  pump  thrombosis  –  it 

been  gained  with  the  HeartWare  HVAD  platform, 

is  more  reliable  in  detecting  thrombosis  within 

which  is  no  longer  in  commercial  utilization.  Data 

the  ventricle  or  outflow  graft;  artifact  makes  it 

on  thrombolytics  in  the  HeartMate  devices  is  less 

near-impossible  to  identify  thrombus  within  the 

well  outlined.  While  lacking  substantial  evidence, 

rotor,  with  diagnosis  of  such  thrombi  confirmed 

direct  thrombin  inhibitors  such  as  argatroban  or 

upon  pump  explantation  (Tran  and  Nijjar  2017). 

bivailrubin  are  also  occasionally  utilized  in  this
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setting  to  rapidly  increase  the  PTT  (Gurbel  et  al. 

that  is  causing  significant  hemodynamic  compro-

2018). 

mise  or  impending  collapse  should  be  managed  in 

If  identified  early,  increased  anticoagulation 

the  operating  room.  If  surgical  pump  exchange  is 

may be sufficient  for management  of pump throm-

required,  subxiphoid,  lateral  thoracotomy,  sub-

bosis.  This  is  particularly  true  if  the  patient  pre-

costal,  and  redo  sternotomy  approaches  may  be 

sents  with  subtherapeutic  INR  or  evidence  of 

used  (Tchantchaleishvili  et  al. 2014).  While  a 

inadequate  baseline  anticoagulation  (Goldstein 

complex  and  high-risk  intervention,  recent  data 

et  al. 2013).  A  key  study  of  HeartWare  patients 

has  suggested  very  acceptable  outcomes  of  device 

with  pump  thrombosis  by  Najjar  and  colleagues 

exchange  for  suspected  thrombosis.  A  2014  study 

identified  a  success  rate  of  medical  management 

comparing  sternotomy  versus  subcostal  approach 

(defined  as  clinical  resolution,  improvement  in 

for  HeartMate  II  device  exchange  revealed  an 

hemolysis  biomarkers,  and  return  to  normal 

overall  mortality  rate  of  10%,  with  results  that 

pump  parameters)  of  approximately  50%.  Man-

favored  a  subcostal  approach  (Ota  et  al. 2014). 

agement  consisted  of  heparin,  GPIIb/IIIa  antago-

The  subcostal  approach  was  also  favored  in  a 

nists, 

and 

tPA, 

either 

individually 

or 

in 

2017  study,  revealing  reduced  recovery  time  and 

combination.  The  greatest  success  was  achieved 

transfusion  requirement  when  compared  with 

with  tPA,  either  alone  or  with  other  agents  (reso-

sternotomy  (Gaffey  et  al. 2017).  Similarly, 

lution  in  9  of  11  patients),  followed  by  the  use  of 

Moazami  and  colleagues  assessed  the  outcomes 

eptifibatide  (resolution  in  3  of  6  patients); 

of  79  HeartMate  II  device  replacements  in 

improvement  was  not  seen  with  the  use  of  heparin 

72  patients,  25  of  which  were  related  to  pump 

alone.  In this  series,  tPA was  utilized  either periph-

thrombosis;  they  identified  an  operative  mortality 

erally  or  centrally  into  the  LV  cavity  –  it  was 

of  6.5%  (Moazami  et  al. 2013).  In  a  meta-analysis 

successful  in  resolving  the  pump  thrombus  in 

comparing  surgical  and  medical  therapy  for  pump 

6  of  8  patients  when  administered  peripherally 

thrombosis  in  HeartWare  and  HeartMate  II 

and  in  4  of  7  when  administered  centrally.  Of 

devices,  there  was  a  significant  survival  benefit 

important  note,  half  of  the  patients  failed  initial 

associated  with  device  replacement.  Of  the 

medical  therapy  and  required  surgical  interven-

610  patients  with  pump  thrombosis,  225  patients 

tion;  5  patients  (16%)  who  underwent  attempted 

had  surgical  pump  exchange,  and  186  were 

medical  therapy  died  in  the  short  term,  4  of  whom 

treated  medically;  surgical  therapy  resulted  in 

also  required  pump  exchange  after  failed  therapy 

higher  success  (81.3%  vs.  45.4%),  lower  30-day 

(Najjar  et  al. 2014). Medical  therapy  alone  has 

mortality rate  (16.7%  vs.  34.5%), and  lower  recur-

demonstrated  poorer  outcomes  in  HeartMate  II 

rence  rate  (11.8%  vs.  38.3%)  (Luc  et  al. 2019). 

devices.  In  the  early  series  of  HeartMate  II  pump 

In  the  case  of  pre-pump  thrombosis  located  at 

thromboses,  short-term  mortality  was  50%  in  the 

the  inflow  cannula,  management  options  include 

38  patients  treated  medically  with  anticoagulation 

thrombolysis,  a  washout  maneuver,  or  pump 

versus  one  death  among  19  patients  undergoing 

exchange.  In  outflow  graft  thrombosis,  endo-

urgent  surgical  pump  exchange  (Starling  et  al. 

vascular  balloon  dilation  or  stenting  may  be  uti-

2014).  This  difference  may  be  due  to  greater  clot 

lized  (Scandroglio  et  al. 2016). 

burden  or  due  to  delay  in  detection  of  thrombosis 

until  a  point  at  which  it  is  not  salvageable  without 

pump  replacement. 

Conclusion 

Despite  the  utility  of  medical  management  of 

pump  thrombosis  in  a  subset  of  patients,  many 

Pump  thrombosis  is  a  challenge  that  has  plagued 

patients  require  surgical  reintervention  and  pump 

the  durability  of  LVADs  throughout  their  devel-

exchange.  Thrombosis  can  result  in  severe  hemo-

opment,  particularly  the  second-generation  axial 

dynamic  compromise,  complete  stoppage  of  the 

continuous-flow  pumps.  The  pathophysiology  is 

pump,  cardiac  arrest,  and  death  –  thus,  thrombosis 

complex,  and  the  clinical  consequences  can  be 

that  is  not  responsive  to  early  anticoagulation  or 

dire.  It  is  prudent  that  clinicians  across  specialties
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are  prepared  to  encounter,  diagnose,  and  manage 

management  of  suspected  pump  thrombus.  J  Heart 

LVAD  pump  thrombosis,  particularly  among 

Lung  Transplant.  2013;32(7):667–70. 

Grabska  J,  Schlöglhofer  T,  Gross  C,  Maw  M,  Dimitrov  K, 

these  earlier  generation  devices.  With  continued 

Wiedemann  D,  et  al.  Early  detection  of  pump  throm-

advancement  in  device  technology  and  anti-

bosis  in  patients  with  left  ventricular  assist  device. 

coagulation  strategies,  however,  LVAD  pump 

ASAIO  J.  2020;66(4):348–54. 

thrombosis  may  become  a  challenge  of  the  past. 

Gurbel  PA,  Shah  P,  Desai  S,  Tantry  US.  Antithrombotic 

strategies  and  device  thrombosis.  Cardiol  Clin. 

2018;36(4):541–50. 
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Abstract 

survival  and  quality  of  life  in  patients  dying 

Left  ventricular  assist  devices  (LVADs)  have 

of  heart  failure.  While  the  durability  and  ease 

increasingly 

been 

employed 

to 

improve 

of  use  of  these  devices  has  improved  signifi-

cantly  over  the  past  2  decades,  there  continues 

to  be  a  large  education  component  to  self-man-

agement  and  living  with  an  LVAD.  This 
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includes  not  only  the  patient  but  also  their 
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ity  management  of  living  with  a  LVAD.  This 
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chapter  discusses  the  journey  of  what  care-
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Keywords 

Herein,  phases  of  caregiver  burden  starting 

from  pre-LVAD  implantation  all  the  way  to  end-

Left  ventricular  assist  devices  ·  Caregiver 

of-life  are  reviewed  (Fig. 1). 

burden  ·  Psychosocial  stressors  ·  LVAD  care 

Prior  to  LVAD  Implantation 

Introduction 

Given  the  aforementioned  impact  on  caregivers, 

After  the  implantation  of  a  left  ventricular  assist 

prior  to  LVAD,  most  institutions  employ  multi-

device  (LVAD),  caregivers  are  faced  with  a  new 

disciplinary  teams  consisting  of  medical  and  sur-

role  that  comes  with  new  responsibilities.  Interna-

gical  physicians  and  advanced  practice  providers, 

tional  Society  for  Heart  Lung  Transplant  (ISHLT) 

LVAD  coordinators,  physical  and  occupational 

2023  Guidelines  state  that  “caregiver  burden 

therapists,  social  workers,  and  psychiatrists/psy-

should  be  assessed  prior  to  durable  mechanical 

chologists  to  evaluate  candidacy  for  LVAD.  In 

circulatory  support  implantation  to  ensure  that 

most  cases,  as  in  keeping  with  the  ISHLT  guide-

support  will  be  available”  (Class  1,  Level  of  Evi-

lines  described  above,  a  designated  caregiver  is 

dence  C).  Furthermore,  the  guidelines  state  that 

“

required  to  be  a  candidate  for  LVAD,  with  rare 

significant  caregiver  burden  or  lack  of  any  care-

exceptions  in  which  patient  can  demonstrate  the 

giver”  is  a  relative  contraindication  to  LVAD 

ability  to  independently  perform  aspects  of  LVAD 

implantation  (Saeed  et  al. 2023). 

care.  In  general,  there  is  not  only  a  patient-specific 

It  should  be  noted  up  front  the  limitations  of 

consent  employed  but  a  caregiver-consent  as  well. 

both  these  guidelines  and  the  research  that  will  be 

Both  patient  and  caregiver  receive  evaluation  by 

presented  in  this  chapter.  Most  guidelines  and 

social  workers  and  LVAD  coordinators.  Caregiver 

studies  focus  on  the  traditional  dyad  of  an  indi-

involvement  varies  significantly  and  depends  on  a 

vidual  living  with  an  LVAD  and  their  caregiver. 

patient’s  preoperative  functional  status  and  level 

They  do  not  address  nontraditional  systems  of 

of 

independence 

(Chaudhry 

et 

al. 

2022). 

support  such  as  when  extended  families  or  com-

Although  a  familial  or  spousal  relationship  is  not 

munities  are  involved  in  the  care  of  an  individual, 

a  requirement  for  a  caregiver,  nor  is  cohabitation, 

what  to  do  when  a  caregiver  is  no  longer  capable 

a  prior  small  single  center  study  has  shown  that 

of  filling  that  role,  and  for  the  most  part,  they 

caregiver  relationships  were  more  likely  to  be 

focus  only  on  those  with  a  caregiver  available. 

maintained  for  the  duration  of  LVAD  support 

Caregiver  burden  for  those  living  with  an 

when  the  caregiver  was  a  spouse  and  resided  in 

LVAD  is  high;  however,  it  is  a  role  many  find 

the  same  home  as  the  patient.  This  “consistent” 

meaningful.  A  qualitative  study  interviewing 

caregiver  resulted  in  fewer  30-day  readmissions 

caregivers  of  those  with  LVADS  illustrated  three 

than  when  the  caregiver  resigned  their  role 

core  themes  of  the  LVAD  caregiver  experience: 

“

(Koeckert  et  al. 2017). 

commitment,  sacrifice,  and  moving  beyond.” 

Much  of  the  caregiver  involvement  prior  to 

Commitment  was  illustrated  through  many  care-

LVAD  centers  on  ensuring  they  can  adequately  per-

givers  stating  that  they  did  not  regret  their  choice 

form  their  duties;  however,  there  is  a  shift  toward 

and  would  do  it  again.  However,  at  the  same  time 

having conversations that ensure the LVAD is in line 

they  described  professional  sacrifices  such  as  tak-

with  both  patient  and  caregivers’  goals  of  care,  with 

ing  time  off  work  and  quitting  jobs  as  well  as 

these  discussions  now  taking  a  center  stage  in  the 

personal  sacrifices  including  giving  up  time  with 

caregiver  preimplantation  experience. 

friends,  traveling,  and  at  times  not  tending  to  their 

Due  to  the  complexities  of  medical  decision-

own  health.  Lastly,  they  also  described  “moving 

making  surrounding  advanced  medical  procedures 

beyond”  which  the  authors  encouragingly 

and  the  difficulties  in  conveying  their  risks  and 

described  as  positive  adaptations  to  life  with  an 

benefits,  there  has  been  a  move  toward  shared 

LVAD  (Baker  et  al. 2010). 

decision-making 

in 

the 

choice 

for 

LVAD

[image: Image 175]
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Fig.  1  Sources  of  stress 

and  support  for  the 

caregiver  of  a  person  living 

with  an  LVAD 

implantation.  Shared  decision-making  aims  to  cen-

An  additional  factor  that  further  complicates 

ter  patient  and  caregiver  preferences  and  choose 

decision-making is that  for  some  patient-caregiver 

therapies  that  better  align  with  those  stated  prefer-

dyads,  the  LVAD  represents  a  destination  therapy, 

ences. The DECIDE-LVAD trial compared standard 

whereas  for  others  it  can  represent  a  bridge  to 

tools  to  shared-decision  making  in  those  receiving 

transplant.  Both  the  limited  life-expectancy  that 

LVADs.  The  control  (standard  tools)  group  received 

comes  with  a  destination  LVAD  and  the  uncer-

a  patient  teaching  session  with  a  specialized  LVAD 

tainty  that  comes  with  the  LVAD  as  a  bridge  to 

coordinator  and  preexisting  industry  pamphlets/ 

transplant  (where  the  outcome  of  a  decision  by  a 

videos  as  well  as  program-specific  documents.  The 

committee  or  a  second  surgery  for  transplant  is 

shared  decision-making  (decision-support)  group 

unknown)  are  stressors  for  caregivers.  This 

received (1) delivery of a 2.5-hour clinician-directed 

emphasizes  that  for  all  patients,  regardless  of 

decision  support  training  and  (2)  use  of  the 

whether  they  choose  not  to  receive  any  advanced 

26-minute  video  and  8-page  pamphlet  decision 

therapies,  receive  an  LVAD  as  a  bridge  to  trans-

aids  developed  specifically  for  the  trial.  The 

plant,  or  receive  a  destination  LVAD,  palliative 

decision-support  group  showed  a  larger  increase  in 

care  should  be  involved  early. 

knowledge  than  the  standard  tools  group.  Impor-

tantly,  as  is  the  goal  of  shared  decision-making, 

there was an increase in concordance between stated 

Post-VAD  Implantation 

values  and  patient-reported  treatment  choice.  How-

ever,  this  did  not  translate  to  concordance  between 

Once  the  LVAD  has  been  implanted,  there  is  a 

patient-reported  values  and  the  eventual  treatment 

shift  toward  education  surrounding  caring  for  the 

received.  Importantly,  those  in  the  shared  decision-

patient  with  the  LVAD.  There  is  no  one  standard-

making  group  were  less  likely  to  eventually  receive 

ized  LVAD  curriculum,  and  the  instructions  to 

LVAD  (Allen  et  al. 2018; McIlvennan  et  al. 2018). 

patients  tend  to  be  based  on  institutional
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protocols, 

although 

different 

studies 

have 

further  training  for  those  who  do  not  display  ade-

attempted  to  address  what  might  be  important  in 

quate  knowledge.  This  led  to  a  protocolized 

a  post-VAD  curriculum. 

development  of  a  post-LVAD  “Simulation-Based 

Post-LVAD 

implantation, 

caregivers 

are 

Mastery  Learning  Curriculum”;  however,  at  this 

instructed  in  caring  for  LVAD.  They  generally 

point  it  has  not  been more  widely  adopted  (Barsuk 

receive  nursing  sessions  teaching  them  aseptic 

et  al. 2020). What  has  been  more  widely  adopted 

technique  for  dressing  changes.  This  varies  by 

is  VAD  coordinators,  highly  trained  medical  pro-

institution  but  usually  takes  the  form  of  several 

fessionals  that  are  available  to  respond  to  the 

one-on-one  hour-long  nursing  sessions.  Patients 

concerns  and  questions  of  LVAD  patients  and 

and  caregivers  also  get  instructed  on  monitoring 

their  caregivers  at  all  times. 

the  function  of  the  pump,  responding  to  LVAD 

alarms,  changing  the  controller  if  malfunctions 

occur,  and  changing  from  different  power  sources 

Postdischarge  Care 

(battery  to  AC,  etc.).  They  are  also  instructed  on 

monitoring  for  complications  including  bleeding 

Rehabilitation 

and  strokes.  Patients  and  caregivers  also  both 

receive  instruction  on  use  of  blood  thinners. 

Generally,  patients  are  given  plenty  of  support 

Some  institutions  require  that  patients  go  outside 

from  their  VAD  center  and  coordinators.  There 

of  the  hospital  with  their  caregiver  prior  to  dis-

are  certain  changes  to  consider  after  discharge 

charge  to  prove  their  ability  to  operate  the  VAD 

from  the  hospital;  LVAD  centers  provide  exten-

independently. 

sive  counseling  and  specific  instructions  prior  to 

Although  institutions  attempt  to  teach  care-

discharge.  In  fact,  most  centers  provide  three  to 

givers  to  troubleshoot,  unexpected  complications 

four  sessions  that  are  1-h  long  for  the  patient  and 

can  arise  in  the  post-VAD  while  the  patient  is  still 

caretaker  detailing  daily  activities,  caring  for  the 

hospitalized.  This  includes  but  is  not  limited  to  the 

VAD,  and  changes  to  lifestyle.  Rehabilitation  is 

need  for  inotrope  support  due  to  right  ventricular 

vital  to  the  success  of  caring  for  yourself  after 

dysfunction  post-LVAD,  the  need  for  concomitant 

LVAD  implantation.  Many  patients  report  a 

dialysis  with  LVAD,  and  stroke  with  limiting 

decreased  perception  of  disability  after  discharge 

functional  deficits.  All  of  these  situations  may 

from  the  hospital  (Grady  et  al. 2003).  Physical 

portend  an  increased  level  of  support  compared 

activity  is  encouraged  and  may  be  monitored  at  a 

to  what  the  caregiver  was  prepared  for  prior.  This 

cardiac  rehabilitation  center  to  help  patients 

is  compounded  by  the  limitations  in  number  of 

increase  their  strength,  endurance,  and  avoid 

rehabilitation  centers  that  are  able  to  support 

deconditioning  after  the  procedure  (Eickmeyer 

LVAD  patients. 

et  al. 2019;  Wilson  et  al. 2009).  However,  strenu-

When  interviewed  in  a  single-center  study, 

ous  activity,  contact  sports,  and  exposures  to 

caregivers,  patients,  VAD  educators,  and  physi-

extreme  heat  or  cold  should  be  avoided  as  they 

cians  described  several  central  aspects  to  post-

may  inadvertently  lead  to  damage  to  the  device  or 

LVAD  training.  One  is  that  there  is  a  lack  of 

malfunctioning  (Givertz  2011;  Kato  et  al. 2014). 

standardization  in  post-LVAD  education.  How-

Caregivers  gain  an  important  understanding  of  the 

ever,  at  the  same  time,  they  recognized  that  adult 

LVAD  device  and  function  at  cardiac  rehabilita-

learners  learn  through  different  modalities,  and 

tion  programs  as  it  can  serve  as  a  transition  point 

that  having  multiple  different  modalities  to 

from  hospital  to  home.  A  group  of  119  LVAD 

enhance  learning  may  be  beneficial.  Additionally, 

patients  and  91  caregivers  were  surveyed  at  two 

they  emphasize  the  importance  of  repetition  in 

inpatient  cardiac  rehabilitation  institutes  (Ferrario 

post-LVAD  education  of  both  patients  and  care-

et  al. 2019).  Patients  reported  anxiety  and  depres-

givers.  In  addition  to  repetition,  they  felt 

sion  symptoms  decreased  and  perception  of  their 

refreshers  of  important  information  were  impor-

general  health  status  rose.  Caregivers  felt  care-

tant.  This  took  the  form  of  tests  of  knowledge,  and 

giver  strain  significantly  decreased,  and  both
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patients  and  caregivers  felt  they  had  a  better 

your  providers  to  ensure  you  have  proper  equip-

understanding  of  device  function  and  manage-

ment,  medication,  and  are  in  reasonable  health  to 

ment  skills  (Ferrario  et  al. 2019). 

travel  (Hanke  et  al. 2021). However,  most  LVAD 

patients  with  stable  health  are  considered  safe  to 

fly  (Hammadah  et  al. 2017).  Recent  study  illus-

Shower 

trated  many  LVAD  patients  contact  their  airline 

beforehand  to  inform  them  and  inquire  about  rules 

After  discharge,  patients  and  caregivers  will  need 

and  regulations  (Hanke  et  al. 2021). Patients  may 

to  assume  responsibility  for  the  care  of  their 

face  delays  with  airport  security  due  to  extensive 

LVAD.  In  terms  of  hygiene  and  cleanliness, 

checks  as  they  cannot  go  through  metal  detectors 

patients  cannot  participate  in  activities  that 

or  body  scanners,  so  they  are  advised  to  allow 

would  require  submerging  themselves  in  water 

time  for  this  (Hanke  et  al. 2021). Many  patients 

like  bathing  or  swimming,  as  the  control  unit 

carry  VAD  equipment  onto  flights  as  carry-on 

and  power  source  cannot  get  wet  (Givertz  2011; 

luggage  and  organize  a  medical  emergency  con-

Holmes  2003; Kato  et  al. 2014; Wilson  et  al. 

tact  at  a  VAD-experienced  center  close  to  their 

2009).  But,  after  the  surgical  sites  have  healed 

destination  (Hanke  et  al. 2021).  While  on  the 

and  there  is  proper  equipment  covering  it,  patients 

flight, patients  would maintain adequate hydration 

are  likely  able  to  shower  (Givertz  2011;  Kato  et  al. 

and  have  access  to  fully  charged  batteries 

2014;  Wilson  et  al. 2009). The  first  3  months  after 

(Hammadah  et  al. 2017). 

LVAD  implantation  require  intense  modification 

The  American  Heart  Association  and  the  North 

of  roles  at  home  for  patients  and  caregivers  given 

American  Society  of  Pacing  and  Electrophysiology 

the  new  additions  to  self-care.  A  meta-analysis 

released  a  consensus  statement  recommending 

regarding  the  caregiver  experience  finds  this 

6  months  driving  restriction  for  patients  with  an 

time  period  to  have  peak  caregiver  strain  likely 

implantable  cardioverter-defibrillator  for  secondary 

due  to  the  new  roles  and  requirements  of  LVAD 

prevention  (Epstein  et  al. 1996), and  1  week  driving 

patients  (Streur  et  al. 2020). However,  caregiver 

restriction  for  patients  who  receive  an  ICD  for  pri-

mental  health  was  also  found  to  improve  at  the 

mary  prevention  (Epstein  et  al. 2007).  The  United 

3-month  point  likely  reflecting  both  patients  and 

States  societies  have  not  defined  guidelines  for 

caregivers  adjusting  to  their  life  with  an  LVAD, 

when  it  is  safe  to  drive  with  an  LVAD.  However, 

becoming  comfortable  with  their  device  and  mod-

in  2003,  the  Canadian  Cardiovascular  Society  had 

ifications  to  daily  life  (Streur  et  al. 2020). 

recommended  LVAD  patients  stop  driving  perma-

nently  (Baskett  et  al. 2012). However,  given  the 

advances  in  LVAD  technologies,  the  increased  use 

Driving  and  Traveling 

of LVADs as destination therapy, and improvements 

in patient discharged home leading active lives, they 

Driving  restrictions  are  dependent  on  multiple 

updated  their  recommendation  to  driving  2  months 

factors  including  institutional  policies,  patients’ 

post  LVAD  implantation  in  patients  who  are  doing 

functional  status,  and  state  laws  (Hanke  et  al. 

well  (Baskett  et  al. 2012).  The  Federal  Aviation 

2018).  However,  in  a  multicenter,  global  study 

Administration  currently  does  not  have  guidelines 

of  390  LVAD  patients,  the  majority  felt  their  driv-

regarding  LVAD  patients  and  air  travel. 

ing  capabilities  were  adequate  and  continued  to 

drive  without  major  complications  (Hanke  et  al. 

2018).  Returning  to  work  is  similarly  based  on  the 

Sexual  Activity 

individual  patient’s  stability,  recovery  after  the 

procedure,  and  functional  status.  For  many  youn-

Sexual  activity  has  also  become  an  increasing  area 

ger  patients,  it  is  usually  possible,  but  individual 

of  interest  for  LVAD  patients  (Kugler  et  al. 2018; 

factors  must  be  considered  (Givertz  2011).  In 

Steinke  et  al. 2013).  The  European  Society  of 

terms  of  traveling,  this  should  be  discussed  with 

Cardiology  (ESC)  and  the  American  Heart
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Association  (AHA)  released  a  position  paper  in 

usually  define  the  parameters  they  want  patients  to 

2013  stating  sexual  activity  may  be  reasonable 

keep  track  of  in  detail.  These  parameters  generally 

after  placement  of  a  left  ventricular  assist  device 

include  weighing  themselves  daily,  checking  for 

(LVAD)  as  a  class  IIb  recommendation  (Steinke 

swelling  of  legs  and  abdomen,  and  signs  of  ortho-

et  al. 2013).  They  also  mention  patients  may  have 

static  hypotension  (Givertz  2011;  Kato  et  a  l. 2014). 

renewed  sexual  interest  and  energy  after  LVAD 

Daily  weights  can  assist  medical  providers  in  mon-

placement  due  to  their  improvement  in  hemody-

itoring  for  heart  failure  symptoms  and  dehydration, 

namics  (Steinke  et  al. 2013). Many  people  may  be 

both  of  which  will  affect  management  of  the  LVAD. 

understandably  anxious  about  intercourse  after 

Additionally,  patients  may  also  be  asked  to  monitor 

LVAD  placement,  due  to  fears  of  interaction 

their  blood  pressure  at  home  as  increased  pressures 

with  the  device  and  injury  to  the  LVAD  patients. 

will  affect  the  function  of  the  LVAD  and  need  to  be 

Notably,  most  patients  and  partners  are  particu-

corrected  promptly  (Givertz  2011;  Kato  et  a  l. 2014; 

larly  concerned  about  pulling  out  the  driveline 

Wilson  et  al. 2009). Many  LVAD  patients  may 

(Samuels  et  al. 2004; Steinke  et  al. 2013). How-

develop  high  blood  pressure,  and  regulating  blood 

ever, 

education 

regarding 

sexual 

positions, 

pressure  is  important  in  the  prevention  of  strokes 

hooking  up  the  LVAD  to  batteries,  and  using 

(Eisen  et  al. 2022). Monitoring  of  blood  pressure  at 

barriers  to  protect  the  LVAD  are  all  strategies  to 

home can  be different  than what is  traditionally seen 

circumvent  this  potential  problem  (Steinke  et  al. 

in  an  office  setting.  If  patients  remain  pulsatile, 

2013).  The  majority  of  patients  in  a  particular 

standard  BP  cuff  may  be  used,  but  this  should  be 

study  group  of  LVAD  patients  resumed  sexual 

discussed  with  their  medical  providers  (Eisen  et  al. 

activity  after  being  home  for  1  month  (Samuels 

2022). More  commonly,  when  patients  are  not  pul-

et  al. 2004). 

satile  or  pulse  is  greatly  diminished,  they  will  need 

Increasing  interest  in  this  topic  led  researchers 

to  use  a  Doppler  machine  to  measure  their  mean 

to  create  a  SALVADOR  scale  (Sexual  Activities 

arterial  pressure  (MAP)  and  be  provided  specific 

in  Left  Ventricular  Assist  Device  Patients  or  PaRt-

instructions  and  training  (Eisen  et  al. 2022).  The 

ners)  (Kugler  et  al. 2018).  They  studied  a  group  of 

American  Heart  Association  released  a  statement 

72  patients  with  LVADs  and  48  partners  with 

in  April  2022  addressing  blood  pressure  goals  for 

validated  self-report  instruments.  They  found 

LVAD  patients  (Eisen  et  al. 2022).  They  referenced 

most  patients  and  partners  expectedly  report 

the  2013  International  Society  for  Heart  and  Lung 

changes  in  quality  of  sexuality  after  implantation 

Transplantation  (ISHLT)  guidelines  with  goals 

of  the  device.  In  this  setting,  they  recommend 

including  systolic  BP  <130  and  diastolic  BP  <85. 

counseling  on  sexuality  be  initiated  into  regular 

MAP  goals  were  previously  recommended  to  be 

follow-up  care  for  LVAD  patients  (Kugler  et  al. 

less  than  or  equal  to  80  (Feldman et al. 2013)  but  

2018).  This  may  be  one  strategy  to  improve  qual-

more  recently  75–90  (Cowger  et  a l. 2020).  Lastly, 

ity  of  life  and  ease  anxiety  and  concerns  for 

patients  may  also  be  asked  to  check  their  tempera-

patients  and  partners,  so  they  resume  normal 

ture  daily  and  should  be  counseled  on  checking  for 

physical  activities  including  sexual  activity  post 

early  signs  of  infection  and  reporting  these  to  their 

LVAD  implantation. 

VAD  centers  promptly  (Givertz  2011;  Kato  et  al  . 

2014). All  of  this  information  is  monitored  closely 

during  follow-up  in  VAD  clinic  appointments. 

Medical  Management 

Most  patients  with  uncomplicated  surgeries 

will  follow  up  frequently  in  the  first  month,  and 

Patients  and  caregivers  will  also  be  responsible  for 

then  monthly  after  this,  although  this  may  vary  by 

close  and  consistent  follow-up  with  their  medical 

protocol  at  different  VAD  centers  (Givertz  2011). 

providers,  monitoring  their  device  at  home,  and 

The  providers  will  generally  review  medications, 

education  regarding  their  anticoagulation  regimens 

device  function,  diet  and  exercise,  emergency 

and  other  medications.  Home  monitoring  will  be 

contacts,  and  reasons  to  seek  care  (Givertz 

dependent  on  specific  LVAD  centers,  and  they  will 

2011).  Researchers  are  studying  the  benefits  of

46

Left Ventricular Assist Devices

763

noninvasive  remote  monitoring  in  LVAD  patients, 

different  types  of  LVAD  alarms  as  discussed  in 

meaning  telephone  monitoring  of  LVAD  parame-

detail  in  prior  sections.  Home  INR  testing  is  con-

ters,  alarms,  blood  pressure,  INR,  body  weight, 

venient  and  effective,  encourages  self-care,  and 

temperature,  driveline  exist  status,  weight,  and 

reduces  adverse  events  (Van  Beek  et  al. 2021). 

symptoms  of  edema  (Veenis  and  Brugts  2020). 

This  reduces  the  hassles  and  burdens  of  INR 

There  is  also  emerging  data  that  remote  hemody-

management. 

namic  monitoring  in  LVAD  patients  is  safe  and 

feasible  with  the  CardioMEMs  device,  which  col-

Importance  of  Caregiver  Self-Care 

lects  information  about  the  patient’s  pulmonary 

The  ISHLT  guidelines  list  lack  of  a  caregiver  or 

artery  pressures  at  home  (Veenis  et  al. 2021). 

significant  caregiver  burden  as  a  relative  contra-

With  frequent  visits  and  individualized  care  tai-

indication  to  an  LVAD  as  an  IIb  recommendation 

lored  to  the  patient’s  concerns,  both  patients  and 

(Feldman  et  al. 2013;  Saeed  et  al. 2023). There-

caregivers  become  more  empowered  in  their  med-

fore,  caregiver  burden  for  LVAD  patients  is  sig-

ical  care  which  can  ease  the  burden  faced  by  both 

nificant  and  important  (Baker  et  al. 2010; Wright 

collectively. 

et  al. 2015).  The  role  of  caregivers  in  the  LVAD 

journey  cannot  be  ignored.  It  has  previously  been 

noted  that  married  LVAD  patients  have  a  higher 

LVAD-Specific  Management  (Driveline, 

2-year  survival  rate  than  comparable  unmarried 

INR,  and  Alarms) 

patients  (Wright  et  al. 2015),  underscoring  the 

importance  of  healthy  caregiver  relationship. 

Anticoagulation  or  antiplatelet  therapy  is  also  an 

Not  only  does  caregiving  for  those  with 

important  part  of  patient  self-care  because  LVAD 

LVADs  affect  the  professional  and  personal  lives 

devices  are  at  risk  for  blood  blot  formation.  Blood 

of  caregivers,  but  it  also  has  a  profound  impact  on 

clots  can  damage  the  device  itself  or  move  into 


their  emotional  well-being  as  well.  A  prior  study 

systemic  circulation  and  cause  a  stroke  (Givertz 

has  shown  high  rates  of  Post-Traumatic  Stress 

2011).  Patients  are  usually  on  a  regimen  of  war-

Disorder  (PTSD)  in  spouses  of  those  with  Ven-

farin  and  aspirin,  although  this  regimen  is  deter-

tricular  Assist  Devices  as  a  bridge  to  transplant. 

mined  and  optimized  by  the  LVAD  team  (Givertz 

Notably,  patients  themselves  in  this  study  did  not 

2011).  When  taking  anticoagulation,  the  interna-

show  the  same  rates  of  PTSD.  Furthermore,  the 

tional  normalized  ratio  (INR)  goal  range  will  be 

same  study  found  that  caregivers  were  more  likely 

set  by  individual  providers  based  on bleeding  risk, 

to 

worry 

about 

“device-related  problems 

history  of  prior  thromboembolic  event,  and  type 

(malfunctioning,  pain,  infection,  and  stroke)  than 

of  device  (Wilson  et  al. 2009). It  is  very  important 

the  patients  themselves.”  Interestingly,  94.7%  of 

for  patients  to  check  their  INR  consistently  and 

patients  in  this  study  were  men  and  96.3%  of  the 

frequently  as  detailed  by  their  medical  providers, 

caregivers  (all  spouses)  were  women,  suggesting 

usually  in  the  office  setting  (Givertz  2011;  Wilson 

a  gendered  nature  to  caregiver  burden  (Bunzel 

et  al. 2009). Diet  and  interaction  between  medi-

et  al. 2007). 

cations  can  also  effect  the  INR  levels.  As  patients 

Overarching  themes  from  a  qualitative  study 

are  often  on  blood  thinners,  they  are  at  higher  risk 

involving  a  series  of  interviews  illustrated  “com-

of  bleeding  compared  to  others  not  taking  these 

mitment,  sacrifice,  and  moving  beyond”  as  three 

medications.  Patients  and  caretakers  should  be 

emerging  themes  (Baker  et  al. 2010).  Caregivers 

aware  of  the  signs  and  symptoms  of  bleeding 

can  face  significant  financial  strain,  as  they  spend 

and  neurological  events  so  these  can  be  addressed 

more  time  with  patients  they  may  have  less  time 

promptly  (Givertz  2011;  Kato  et  al. 2014; Wilson 

socializing  with  friends  and  sometimes  neglect 

et  al. 2009).  Caregivers  will  pay  close  attention  to 

their  own  health  (Baker  et  al. 2010). However, 

driveline  hygiene  as  well  as  helping  with  dressing 

caretakers  also  showed  significant  commitment, 

change  to  avoid  infections.  Caregivers  are  also 

resilience,  and  an  ability  to  adapt  to  their  new 

generally 

well-educated 

on 

distinguishing 

roles  (Baker  et  al. 2010). Additionally,  it  was  felt
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as  LVAD  can  improve  quality  of  life  it  was  a 

et  al. 2010; Garcia  and  Grouls  2023;  Barrett 

unique  trajectory  compared  with  other  disease 

et  al. 2023; Rogers  et  al. 2017;  Evangelista  et  al. 

states  that  generally  decline.  This  allowed  patients 

2012; Swetz  et  al. 2011; Sidebottom  et  al. 2015). 

to  have  increasing  self-support  and  therefore 

In  fact,  the  PAL-HF  randomized  trial  showed  an 

increased  resilience  and  adaptability  in  caretakers 

interdisciplinary  palliative  care  intervention  in 

(Baker  et  al. 2010).  They  also  emphasize  that 

advanced  heart  failure  patients  shows  significant 

ongoing  support  from  the  medical  team  as  well 

benefit  in  quality  of  life,  anxiety,  depression,  and 

as  effective  education  and  preparation  greatly 

spiritual  well-being  (Rogers  et  al. 2017). Impor-

increased  competence  and  was  seen  as  a 

tantly,  they  facilitate  discussions  regarding  what 

protective-factor  for  caregivers  (Baker  et  al. 

patients  view  as  “unacceptable  conditions”  that 

2010).  Similarly, a systematic review of  15 studies 

may  prompt  further  considerations  regarding 

found  caregiver  strain  increases  1–3  months  post 

their  device  status  (Garcia  and  Grouls  2023). 

LVAD  implantation,  but  caregiver  mental  health 

The  goal  of  these  conversations  is  to  deliver 

scores  also  showed  improvement  at  3  months 

goal-concordant  care, or  to ensure  care is  aligning 

(Streur  2020). This  suggests  the  first  3  months 

with  a  patient’s  known  values  when  they  are  very 

involve  the  most  change,  adaptation,  shift  in 

ill  (Garcia  and  Grouls  2023; Barrett  et  al. 2023). 

responsibility,  and  difficulty  with  adjustment  to 

Swetz  et  al.  created  the  concept  of  “preparedness 

life  with  an  LVAD,  and  medical  professionals 

planning”  for  mechanical  circulatory  support, 

should  assist  caretakers  in  this  transition  (Streur 

emphasizing  intensive  advance  care  planning 

2020).  Strategies  such  as  appointment  date  coor-

conversations  leading  to  better  overall  care  of 

dination  across  specialties,  telemedicine  care  for 

the  patients  (Swetz  et  al. 2011). 

common  problems,  and  encouraging  caregivers  to 

Most  patients  and  caregivers  desire  open  and 

plan  some  time  for  themselves  may  be  beneficial 

honest  communication  regarding  death  with  an 

in  this  early  period  (Streur  2020). Overall,  these 

LVAD  which  may  include  providing  a  granular 

findings  suggest  that  with  time  as  patients  and  view  of  the  process  and  surrounding  circum-

caregivers  adjust  to  their  new  roles,  responsibili-

stances  (McIlvennan  et  al. 2016,  2019).  Timing 

ties,  and  life  with  an  LVAD,  the  caregiver  burden 

and  cause  of  death  after  LVAD  transplantation  has 

can  potentially  decrease. 

been  reported  from  the  INTERMACS  registry 

(McIlvennan  et  al. 2019). Based  on  this  data, 

most  patients  with  LVADs  died  in  the  hospital; 

End  of  Life 

however,  after  1  year  postimplantation,  one-third 

of 

patients 

died 

outside 

of 

the 

hospital 

LVAD  therapy  was  initially  used  as  a  short-term 

(McIlvennan  et  al. 2019). They  also  predomi-

measure, or  a  “bridge,” as patients waited  for heart 

nantly  died  of  cardiovascular  causes  that  were 

transplant  (McIlvennan  et  al. 2019).  However, 

likely  due  to  a  complication  of  the  LVAD.  Those 

LVADs  are  increasingly  being  used  as  a  “destina-

who  passed  within  1  month  of  implant  mostly 

tion  therapy”  for  advanced  heart  failure  patients 

died  of  multisystem  organ  failure  whereas  those 

who  are  not  transplant  candidates  (McIlvennan 

who  passed  after  1  month  most  commonly  died 

et  al. 2019;  Miller  and  Guglin  2013).  This  means 

due  to  neurological  dysfunction.  Other  leading 

that  many  patients  with  LVADs  will  have  the 

causes  of  death  included  major  infection,  respira-

device  until  end  of  life.  Therefore,  it  is  important 

tory  failure,  and  right  heart  failure,  as  well  as 

to  discuss  patient  beliefs,  preferences,  and  goals 

death 

following 

withdrawal 

of 

support 

continuously  to  ensure  high-quality  care  for 

(McIlvennan  et  al. 2019).  Given  withdrawal  of 

LVAD  recipients  (Garcia  and  Grouls  2023; 

support  is  included,  it  is  critical  to  provide  appro-

McIlvennan  et  al. 2018, 2019).  Palliative  care 

priate  preparation  for  end-of-life  care  with  an 

specialists  are  particularly  important  members  of 

LVAD  so  patients  and  caregivers  know  what  to 

the 

multidisciplinary 

team 

for 

meaningful 

expect. 

advance  care  planning  in  heart  failure  (Brush 
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The  decision  can  be  made  to  turn  off  the 

death  followed  within  20  min  of  turning  off  their 

LVAD,  by  either  the  patient  or  caregiver,  because 

device  in  this  particular  study  (Brush).  Similar  to 

the  device  is  no  longer  within  goals  of  care  (Brush 

the  study  from  Mayo  Clinic  (Mueller  et  al. 2010), 

et  al. 2010). Without  proper  discussion  and  antic-

the  patients  received  palliative  measures  to  treat 

ipatory  guidance,  this  can  be  difficult  and  confus-

uncomfortable  symptoms. 

ing  given  the  device  is  life-sustaining.  Other 

Discussions 

surrounding 

withdrawal 

of 

medical  therapies  like  implantable  cardioverter-

LVADs  can  be  uncomfortable  and  understandably 

defibrillators  (ICD)  can  be  turned  off  without 

fear-inducing.  They  are  usually  prompted  by  the 

immediate  effect.  However,  with  an  LVAD,  the 

patient’s  declining  functional  status,  worsening  or 

therapy  is  often  life-sustaining  and  turning  it  off 

new  comorbidities,  or  limited  family  interaction 

means  death  will  likely  occur  shortly  after 

due  to  declining  neurocognition.  All  who  were 

(Dunlay  et  al. 2016; Mueller  et  al. 2010).  Turning 

surveyed  in  the  Brush  study  expressed  relief  that 

off  an  LVAD  is  painless  and  noninvasive  in  that  it 

a  detailed  plan  for  withdrawal  of  pump  support 

does  not  require  surgical  involvement  or  new  pro-

was  outlined.  Patients  and  families  were  apprecia-

cedures  (Mueller  et  al. 2010). However,  patients 

tive  of  palliative  care  for  symptom  relief  at  with-

can  often  experience  symptoms  of  heart  failure  as 

drawal.  They  were  also  appreciative  that  their 

they  no  longer  have  mechanical  support.  Patients, 

loved  ones’  wishes  would  be  centered  and 

families,  and  caregivers  should  know  that  appro-

respected  due  to  open  communication  with  the 

priate  palliative  measures  can  be  implemented  to 

medical  team  (Brush  et  al. 2010).  Although  diffi-

address  these  symptoms  (Mueller  et  al. 2010; 

cult,  most  caregivers  wanted  to  know  exactly 

Barrett  et  al. 2023).  In  a  study  from  the  Mayo 

what  would  happen  when  the  pump  was  turned 

Clinic  focusing  on  LVAD  patients  who  died 

off  (Brush  et  al. 2010).  The  survey  highlighted 

from  requested  withdrawal  of  support,  those  who 

that  this  process  required  support  from  both  the 

received  appropriate  treatments  to  palliate  symp-

MCS team  and the hospice teams in tandem, given 

toms  appeared  comfortable  at  time  of  death 

the  MCS  team  has  expertise  in  the  function  of  the 

(Mueller).  Patients  and  caregivers  may  also  have 

pump  and patients valued  their  long-standing  rela-

to  consider  continuation  of  anticoagulation,  and 

tionships  (Brush  et  al. 2010). The  Brush  study 

whether  it  aligns  with  the  patient’s  goals  of  care  at 

also  suggests  that  all  patients  should  have  an 

end  of  life.  Although  thrombotic  complications 

advanced  directive  completed  prior  to  an  LVAD 

are  possible  if  anticoagulation  is  discontinued, 

implant,  and  especially  for  destination  therapy. 

patients  generally  do  not  live  long  after  LVAD  is 

Given  the  complexity  of  the  many  steps  required 

turned  off  for  these  to  occur  (Mueller  et  al. 2010). 

for  LVAD  deactivation,  Schaefer  et  al.  created  an 

Brush  et  al.  studied  20  patients  with  LVADs 

interdisciplinary  checklist  from  a  palliative  care 

who  participated  in  end-of-life  decisions  and  pro-

perspective  for  left  ventricular  assist  device  deac-

vided  a  detailed  view  of  this  process  (Brush  et  al. 

tivation  outlining  the  meetings  and  conversations 

2010).  Diagnoses  that  prompted  patients  to  con-

to  take  place  and  their  chronological  order  and 

sider  discontinuation  of  LVAD  therapy  often 

importance  (Schaefer  et  al. 2014).  Tools  such  as 

include  severe  infection,  stroke,  cancer,  renal  fail-

these  help  medical  providers  offer  the  best  care  to 

ure,  and  impending  pump  failure  (Brush  et  al. 

patients  and  families  in  these  complex  situations. 

2010).  It  was  found  that  time  from  decision  to 

It  is  very  important  for  medical  teams,  patients, 

withdraw  to  withdrawal  of  mechanical  support 

and  caregivers  to  have  in-depth  conversations 

ranged  from  less  than  1  day  to  2  weeks  which 

about  what  end-of-life  care  looks  like,  beyond 

illustrates  the  individuality  and  tailored-nature  of 

the  basic  standard  cardiopulmonary  resuscitation 

end-of-life  decision-making.  In  preparation  for 

questions  (Barrett  et  al. 2023;  Rogers  et  al. 2017). 

discontinuation  of  an  LVAD,  alarms  are  silenced 

In doing so, we center  the patient,  their values, and 

and  patients  received  sedation  for  anxiety  and 

their  wishes  and  provide  care  consistent  with  their 

shortness  of  breath.  All  of  the  patients  became 

goals.  Studies  have  shown  families,  caretakers, 

unconscious  after  turning  off  the  pump,  and 

and  patients  appreciate  open  dialogue  and
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understanding  of  what  is  to  be  expected  with 

providing  education  and  leading  discussions  sur-

LVAD  therapy  at  the  end  of  life  (Mueller  et  al. 

rounding  different  LVAD  topics,  many  of  which 

2010). 

were  highlighted  as  areas  of  concern  in  the  study 

above.  Support  groups  can  be  invaluable  sources 

of  education  and  support  to  LVAD  patients,  fam-

Support  Groups 

ilies,  and  caregivers. 

Peer  support  groups  have  been  shown  to  be  effec-

tive  in  the  management  of  patients  with  chronic 

Conclusion 

conditions  like  diabetes  but  have  not  yet  been 

studied  in  LVADs  (Heisler  et  al. 2013). Social 

Caregiver  burden  is  significant  and  important. 

functioning  such  as  returning  to  work  and  inti-

Although  it  is  individual  to  each  person,  the  bur-

macy  can  be  difficult  after  an  LVAD,  and  there  is 

den  generally  peaks  within  1–3  months  of  LVAD 

need  for  aggressive  psychotherapeutic  interven-

implantation  and  improves  with  time  as  patients 

tions  in  this  space  (Jaganathan  et  al. 2019).  Addi-

and  caregivers  adapt  to  life  with  an  LVAD.  An 

tionally,  younger  patients  may  have  poorer  social 

important  part  of  this  is  close  communication  and 

functioning  than  older  patients  after  LVAD  place-

reliance  on  the  medical  team.  Individual  LVAD 

ment  (Hoffman  III  et  al. 2019). Researchers  sug-

centers  provide  patients  and  caregivers  with 

gest  future  interventions  such  as  patient  education 

access  to  knowledge  and  resources  in  the  LVAD 

and  support  groups  surrounding  topics  like  inti-

journey.  Many  areas  require  further  investigation 

macy  and  sexuality  and  reentering  the  workforce 

to  ensure  optimal  medical  and  nonmedical  care  is 

may  be  helpful  (Hoffman  III  et  al. 2019). 

being  provided  to  the  parties  involved. 

Many  LVAD  patients  have  found  support 

groups,  both  in-person  and  online,  as  a  place  to 

discuss  major  problems  and  coping  strategies. 
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Abstract 

to  transplant  or  destination  therapy.  Consider-

Heart  failure  is  a  significant  healthcare  burden 

ation  for  this  intervention  must  include  evalu-

on  both  a  national  and  global  scale.  Placement 

ation 

of 

the 

patient’s 

cognitive 

and 

of  an  implantable  device  such  as  LVAD  or 

psychological  functioning,  as  cognitive  defi-

TAH  may  be  recommended  for  patients 

cits  or  severe  emotional  issues  may  negatively 

whose  heart  failure  has  worsened  beyond  the 

impact  treatment  success.  Patients  with  heart 

reach  of  standard  medical  therapy,  as  a  bridge 

failure  may  struggle  with  significant  psycho-

logical  issues  such  as  depression  and  anxiety, 

which  may  become  severe  and  impact  their 

participation  in  treatment  both  prior  to  and 

M.  Romero  (✉) 

following  device  placement.  Other  diagnoses 
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also  affect  treatment  adherence  and  impact 

circulatory  support  (MCS)  are  proposed,  as  in 

patient  relationships  with  the  treatment  team. 

many  cases  these  interventions  are  permanent  or 

Neuropsychological  evaluation  of  the  potential 

represent the  only  remaining  mechanism  to  ensure 

MCS  candidate  is  highly  recommended  as 

patient  survival  until  heart  transplant  becomes 

many  heart  failure  patients  struggle  with 

available. 

illness-related  cognitive  deficits  that  can  also 

Heart  failure  is  understood  to  disproportion-

affect  their  participation  in  treatment,  but  also 

ately  affect  older  adults,  with  approximately 

to  identify  patients  with  progressive  neuro-

10  out  of  every  1000  individuals  aged  65  or 

cognitive  disorders  that  preclude  MCS.  The 

older  affected  in  the  United  States.  This  cohort 

neuropsychologist  is  positioned  to  provide 

represents  a  very  significant  proportion  of  patients 

important,  specific  information  regarding  these 

hospitalized  for  heart  failure.  The  use  of  MCS  in 

aspects  of patient  functioning to guide treatment 

heart  failure  has  provided  a  means  by  which  to 

decisions  and  recommendations,  to  inform  and 

increase  and  prolong  survival  for  millions  of 

educate  the  treatment  team,  to  help  patients  and 

patients  but  is  not  without  its  short- and  longer-

their  caregivers  understand  the  factors  that  may 

term  challenges.  Myriad  medical,  surgical,  and 

impact  their  treatment  course,  and  to  provide 

psychosocial  issues  are  relevant  for  affected 

intervention  and  support  through  all  stages  of 

patients,  and  these  are  covered  in  expert  detail 

MCS  treatment. 

throughout  this  text.  Just  as  relevant  are  issues 

pertaining to emotional  and cognitive  functioning, 

and  the thorough  evaluation  of  the MCS  candidate 

Keywords 

should  include  specific  assessment  in  these  areas 

Heart  Failure  ·  MCS  ·  LVAD  ·  TAH  · 

to  more  fully  describe  patients’  understanding  of 

Depression · Anxiety · PTSD · Health literacy  · 

their  illness,  their  acceptance  (or  not)  of  proposed 

Personality  disorders  ·  Neuropsychological 

interventions, 

preferred 

coping 

mechanisms, 

assessment  ·  Psychological  assessment 

availability  of  support  and  relationships  with  care-

givers,  interpersonal  style,  significant  mental 

health  conditions  that  may  affect  treatment  out-

Introduction 

comes,  and  the  presence  and  severity  of  cognitive 

dysfunction  (related  to  heart  failure  or  not)  that 

Heart  failure  has  been  well-established  as  a  sig-

may also impact their treatment course. This chap-

nificant  health  problem  with  global  implications. 

ter  will  address  these  issues  from  the  perspective 

The  estimated  number  of  affected  individuals  was 

of  the  neuropsychologist,  who  is  positioned  to 

estimated  to  be  at  least  26  million  worldwide  in 

address  such  issues  as  a  core  contributor  to  the 

2014,  with a prevalence of  nearly  six million cases 

mission  of  the  MCS  treatment  team.  A  qualified 

and  an  incidence  of  nearly  700,000  new  cases 

neuropsychologist  is  a  doctoral-level,  licensed 

occurring  annually  in  the  United  States  alone  at 

clinical  psychologist  with  specialty-specific  post-

that  time  (Ambrosy  et  al. 2014). More  recent 

doctoral  training  in  the  assessment,  diagnosis,  and 

estimates  place  the  global  prevalence  at  roughly 

treatment  of  neurocognitive  disorders.  However, 

64  million,  with  a  current  prevalence  of  1–2%  in 

it  is important to  note  that  while  the  neuropsychol-

developed  countries  (GBD  2017).  While  these 

ogist  may  be  the  primary  source  of  the  emotional 

numbers  clearly  describe  the  significant  medical 

and  cognitive  assessment  and  support  of  patients 

burden  imposed  by  heart  failure,  the  psychologi-

receiving  care  in  an  MCS  program,  every  team 

cal  implications  for  patients  living  with  such  a 

member  who  interacts  with  the  patient  can  and 

diagnosis  are  often  overlooked  or  discounted  as 

should  bring  forward  any  concerns,  observations, 

significant  contributors  to  patient  morbidity  and 

or  questions  pertaining  to  these  aspects  of  patient 

mortality.  Consideration  of  emotional  and  cogni-

care,  to  ensure  that  any  concerns  are  identified  and 

tive  factors  are  of  paramount  importance  when 

addressed  thoroughly  and  in  a  timely  manner.  In 

intensive 

interventions 

such 

as 

mechanical 

addition,  patients,  their  caregivers,  and  families
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benefit  from  the  consistent  encouragement  of  all 

patient’s  native  heart.  While  effective  in  eliminat-

team  members,  which  underscores  the  program’s 

ing  the  underlying  cardiac  issues,  TAH  imposes 

commitment  to  their  well-being  and  overall 

significant  restrictions  on  patients  due  to  their 

success. 

attachment  to  the  external  mechanism  required 

to  operate  the  device,  which  is  much  larger, 

much  louder,  and  less  portable  than  the  external 

Patient  Evaluation  and  Selection 

mechanics  of  the  LVAD.  While  the  literature  on 

in  MCS 

the  impact  of  LVAD  on  patients  and  caregivers  is 

extensive,  relatively  less  research  has  been 

The  use  of  LVAD  for  heart  failure  has  increased 

devoted  to  examining  the  TAH  patient’s  experi-

with  the  availability  of  a  wider  range  of  devices 

ence.  Savage  et  al.  (Randolph  2012)  conducted  a 

and  refinement  of  surgical  techniques  that  have 

descriptive,  phenomenologic  qualitative  assess-

reduced  morbidity  and  mortality  associated  with 

ment  of  TAH  patients’  lived  experiences,  using 

device 

implantation, 

providing 

options 

for 

recorded,  unstructured  interviews  of  hospitalized 

patients  for  whom  heart  transplant  may  not  be  an 

TAH  recipients.  A  number  of  repeated  themes 

option  (Aaronson  et  al. 2012; Kirklin  et  al. 2012) 

emerged  from  this  study,  including  that  the  avail-

or  who  cannot  be  transplanted  immediately.  How-

ability  of  TAH  increased  hope  for  the  future  and 

ever,  the  ability  to  offer  implantation  to  a  larger 

improved  quality  of  life  despite  the  limitations 

number  of  patients  increases  the  need  for  compre-

imposed  by  the  device.  In  addition,  patients 

hensive  assessment  of  factors  that  support  this 

reflected  on  their  unbidden  membership  in  a 

intervention  and  identification  of  any  issues  that 

“secret  club,”  acknowledging  the  support  they 

may  make  such  intervention  riskier  than  it  is  ben-

had  received  from  other  TAH  patients,  with 

eficial  for  the  individual  patient.  Although 

whom  they  felt  they  would  always  share  a  bond 

patients  may  have  the  option  of  LVAD  as  bridge 

due  to  their  communal  experience.  These  positive 

to  transplant,  many  others  face  the  prospect  of 

aspects  were  offset  by  themes  of  feeling  confined 

LVAD  as  destination  therapy  (DT)  due  to  ineligi-

due  to  the  physical  limitations  of  the  device. 

bility  for  transplant.  While  the  prospect  of  an 

While  informative,  the  authors  make  clear  the 

implanted  device  requiring  temporary,  but  inten-

need  for  additional  research  regarding  the  unique 

sive,  care  and  maintenance  may  be  daunting,  the 

impact  that  living  with  TAH  may  have  on  patients 

need  to  live  the  rest  of  one’  life  with  such  a  device 

and  caregivers  alike. 

can  be  a  difficult  issue  for  some  patients  to  pro-

When  treatment  recommendations  turn  to  the 

cess.  Many  factors  can  impact  patients  who  find 

use  of  a  significant  implantable  device  such  as 

themselves  in  either  situation,  with  psychological 

LVAD  or  TAH,  patients  may  struggle  with  the 

issues  exerting  a  significant  influence,  and  these 

complex  information  presented  to  them  which 

will  be  reviewed  here. 

may,  in  turn,  impact  their  acceptance  of  a  device 

Patients  with  primarily  right  ventricular  or 

if  this  is  experienced  as  overwhelming  or  above 

bi-ventricular  dysfunction  or  failure  represent  a 

their  capabilities.  In  some  cases,  this  may  reflect 

significant  proportion  of  heart  failure  patients 

poor  heath  literacy,  defined  as  “the  degree  to 

(Savage  et  al. 2014)  and,  due  to  their  unique 

which  individuals  have  the  capacity  to  obtain, 

needs,  require  biventricular  support.  A  total  artifi-

process,  and  understand  basic  health  information 

cial  heart  (TAH)  is  often  of  most  benefit  to  such 

and  services  needed  to  make  appropriate  health 

patients  (Weschler  2009)  who  require  a  bridge  to 

decisions”  (Nielsen-Bohlman  et  al. 2004). Poor 

transplant  but  are  unable,  by  virtue  of  their  dis-

health  literacy  is  common,  estimated  to  occur  in 

ease,  to  opt  for  LVAD.  Unlike  LVAD,  implanta-

36%  of  adults  in  the  United  States  and,  more 

tion  of  a  TAH  is  akin  to  a  heart  transplant  using  a 

concerning,  more  than  59%  of  adults  aged 

mechanical  device,  as  the  heart  is  completely 

65  years  and  older  (Kutner  et  al. 2006),  who 

removed  and  entirely  replaced  with  the  implanted 

represent  the  overwhelming  majority  of  patients 

device,  unlike  the  addition  of  LVAD  to  the 

under  consideration  for  MCS.  Poor  health  literacy
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is  also  associated  with  decreased  adherence  to 

failure,  careful  assessment  is  needed.  Many  of  the 

one’s  medication  regimen  (Persell  et  al. 2007), 

symptoms  of  major  depressive  disorder  are  indis-

limited  knowledge  of  healthcare  in  general  (Wil-

tinct  from  the  physiological  impacts  of  heart  fail-

liams  et  al. 1998),  poor  engagement  with  preven-

ure,  including  weight  loss  or  decreased  appetite, 

tive  care  (Scott  et  al. 2002),  and,  not  surprisingly, 

insomnia  or  hypersomnia,  fatigue  and  loss  of 

poorer  general  physical  and  mental  health  (Wolf 

energy,  and  diminished  cognitive  capacity  includ-

et  al. 2005;  Baker  et  al. 1997). A  systematic 

ing  poor  concentration  and  decision-making 

review  by  Catija  et  al.  (Catija  et  al. 2016)  found 

(American  Psychiatric  Association  2013). While 

that  roughly  39%  of  heart  failure  patients  have 

these  physical  symptoms  may  be  more  easily 

low  health  literacy,  predicted  by  age,  race/ethnic-

elicited  during  a  physical  exam,  failure  to  assess 

ity,  years  of  education,  and  cognitive  functioning. 

the  thought  processes  of  the  depressed  patient, 

Many  patients,  even  those  who  have  been  reason-

which  are  often  markedly  distorted,  may  miss  the 

ably vigilant  with their heart  failure  treatment over 

diagnosis.  Specifically,  the  patient  with  major 

the  years,  may  find  new  discussions  about  large, 

depression  will  very  often  harbor  a  marked  sense 

implanted  devices  with  external  machinery  daunt-

of  worthlessness  and  excessive  and  disproportion-

ing  as  it  represents  a  very  significant  change  in  the 

ate guilt, sometimes of delusional proportions, for a 

conceptualization  of  one’s  care,  especially  if  that 

wide  range  of  perceived  shortcomings,  minor 

has  involved  mainly  medication  management  and 

offenses,  and  past  mistakes.  Such  thoughts  may 

regular  echocardiogram  or  stress  tests. 

include  illness-related  issues  (i.e.,  “if  only  I  had 

gone  to  the  doctor  when  I  first  had  symptoms”) 

but  in  the  case  of  severe  depression,  may  be  more 

Depression  and  Anxiety 

generalized  to  events  or  circumstances  outside  of 

the  patient’s  control  or  personal  experience  (i.e.,  “I 

Detailed  assessment  of  psychological  functioning 

am responsible for the poverty in my community”). 

is  also  of  critical  importance  in  heart  failure  can-

Rather  than  sadness,  the  severely  depressed  patient 

didates  for  MCS  as  a  host  of  mental  health  and 

may  often  endorse  a  significant  lack  of  emotion 

significant  psychiatric  disorders  are  common  in 

(anhedonia)  or  a  sense  of  emptiness  that  would 

this  population  and  are  associated  with  negative 

seem  unusual  in  someone  faced  with  a  life-

outcomes  (Celano  et  al. 2016).  Depression  and 

threatening  medical  illness  and  a  major  surgical 

anxiety  are  very  common,  with  studies  estimating 

intervention.  While  the  heart  failure  patient  may 

that  up  to  a  quarter  of  heart  failure  patients  self-

express  a  very  real  fear  of  death  that  may  be  alle-

report  symptoms  of  depression,  while  many  other 

viated  by  device  implantation,  the  severely 

patients  are  diagnosed  with  clinically  significant 

depressed  patient  may  decline  this  intervention 

distress  and  mood  disorders  based  on  their 

because  they  feel  unworthy  or,  more  concerning, 

responses  to  questionnaires  or  other  formal 

due  to  either  active  or  passive  suicidal  ideation  and 

assessments  (Sullivan  et  al. 2004).  Major  depres-

may  see the opportunity to succumb to heart  failure 

sion,  marked  by  prominent  symptoms  of  anhedo-

as  a  way  out  of  their  severe  emotional  pain.  Eval-

nia,  low  mood,  irritability,  and  preference  for 

uation  of  this  specific  aspect  of  a  patient’s  depres-

social  isolation,  persisting  for  more  than  2  weeks 

sive  experience  is  crucial,  as  the  presence  of  an 

can  severely  impact  patient’s  motivation  and  par-

LVAD  then  provides  the  severely  depressed  and 

ticipation  at  a  time  when  the  need  for  sustained, 

suicidal  patient  with  an  easy  and  quick  means  to 

proactive  involvement  in  their  care  is  most 

end  their  life.  Chernyak  et  al. (2020)  provide a 

needed.  Impacts  of  prolonged  admissions  during 

compelling  discussion  of  a  case  involving  a 

the  COVID-19  pandemic,  when  visitors  were  not 

55-year-old  patient  with  a  history  of  nonischemic 

allowed,  likely  added  to  patients’  emotional  strug-

cardiomyopathy,  other  significant  medical  condi-

gles  at  that  time. 

tions,  and  LVAD,  with  no  known  premorbid  psy-

Given  that  symptoms  of  depression  and  anxiety 

chiatric history, who demonstrated poor adjustment 

can  overlap  with  the  physical  impacts  of  heart 

post-LVAD  with  repeated  suicidal  ideation  with
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plan  to  remove  the  device  batteries.  Another  case 

failure  patients  endorse  symptoms  of  clinically  sig-

reported  by  Tigges-Limmer  et  al. (2010)  describes 

nificant  anxiety  on  self-report  measures  (Easton 

a  completed  suicide  in  an  older  patient  who  ulti-

et  al. 2016). While  anxiety  has  not  consistently 

mately  disconnected  his  LVAD  driveline  at  home, 

been  linked  directly  to  mortality  in  heart  failure 

despite  previous  intensive  treatment  with  an  initial 

(Pelle  et  al. 2010), its  impact  on  patient’s  function-

resolution  of  suicidal  thoughts.  Augustin  and  col-

ing  and  ability  to  maintain  involvement  in  treat-

leagues  (Easton  et  al. 2016)  reported  on  the  suc-

ment  can  be  devastating.  The  anxious  patient  may 

cessful  use  of  electroconvulsive  therapy  (ECT)  in  a 

avoid  clinic  visits,  procedures,  labs,  and  communi-

suicidal  LVAD  recipient  who  was  saved  after  cut-

cation  with  the  treatment  team,  clearly  complicat-

ting  the  device  driveline  with  scissors.  These  tragic 

ing  their  care  either  prior  to  or  following  device 

cases  highlight  the  need  for  very  careful,  thorough 

implantation  and  making  it  difficult  to  address 

assessment of mood and coping in the evaluation of 

adverse  events,  emergencies,  or  even  issues  related 

MCS  candidates.  The  need  for  referral  to  Psychia-

to  routine  care . 

try  cannot  be  overemphasized  in  such  cases,  as  the  

majority  of  cases  of  severe  major  depression  must 

initially  be  treated  with  medication.  Psychotherapy 

Post-Traumatic  Stress  Disorder 

is  essential  for  ongoing  support  but  in  itself  is 

unlikely to sufficiently address the patient’s depres-

Post-traumatic  stress  disorder  (PTSD)  encom-

sion  at  this  stage.  Consideration  of  MCS  for 

passes a variable and wide-ranging set of physical, 

patients  with  a  history  of  major  depressive  disorder 

cognitive,  and  behavioral  symptoms  that  develop 

must  take  into  account  their  acknowledgement  of 

in  response  to  a  life-threatening  event.  Of  note, 

the  diagnosis,  with  verification that  they  are  receiv-

while  the  DSM-V  (American  Psychiatric  Associ-

ing  appropriate  treatment  and  are  adherent  to  their 

ation  2013)  states  that  “a  life-threatening  illness  or 

plan  of  care  whether  this  includes  medication,  psy-

debilitating  medical  condition  is  not  necessarily 

chotherapy,  or  other  approved  forms  of  treatment 

considered  a  traumatic  event,”  it  qualifies  this 

(i.e.,  TMS,  ECT)  that  are  compatible  with  device 

statement  by  adding  that  “medical  incidents  that 

implantation.  Depression is also a  concern  for  care-

qualify  as  traumatic  events  involve  sudden,  cata-

givers  of  MCS  patients,  the  majority  of  whom  are 

strophic  events”  such  as  cardiac  arrest  or  ICD 

family (Vellone et al. 2015)  and  who  are  assumed 

shocks.  While  any  patient  may  develop  PTSD  in 

to  be  most  available  to  provide  the  intensive  assis-

the  face  of  traumatizing  events  related  to  their 

tance  needed  after  device  implantation.  Given  the 

experience  with  heart  failure,  it  is  often  over-

demands  of  MCS  care,  which  are  almost  always 

represented  in  low-income,  urban,  African-

added to the demands of daily life, many caregivers 

American  patients  who  experience  significant 

can  find  themselves  overwhelmed  and  experienc-

stressors  related  to  crime,  inadequate  housing, 

ing  clinically  significant  depression  as  well. 

poverty,  and  other  psychosocial  issues  (Taylor-

Many  patients  also  suffer  from  anxiety,  some-

Clift  et  al. 2016).  PTSD  following  cardiac  arrest 

times  illness-specific  and,  in  others,  a  more  perva-

is  common,  affecting  up  to  30%  of  patients  (Pre-

sive  presentation  consistent  with  generalized 

sciutti  et  al. 2018),  but  may  differ  in  its  presenta-

anxiety  disorder  (GAD).  Anxiety  is  also  prominent 

tion  in  comparison  to  that  seen  following  other 

in  heart  failure  patients  who  have  experienced  sud-

traumatic  medical  situations.  While  most  cardiac 

den  events  such  as  cardiac  arrest,  ICD  shocks  or  in 

arrest  patients  are  amnestic  for  the  arrest  itself, 

response  to  difficult,  invasive  procedures  or  pro-

they  may  present  with  a  cluster  of  PTSD  core 

longed  hospital  admissions.  As  with  depression, 

symptoms  that  include  avoidance,  emotional 

many  symptoms  of  a  clinically  significant  anxiety 

numbing,  and  physiological  hyperarousal  (Pre-

disorder  such  as  GAD  overlap  with  heart  failure 

sciutti  et  al. 2019). 

symptoms  and  can  include  fatigue,  difficulty  con-

The  relationship  between  traumatic  stress  and 

centrating,  the  experience  of  one’s  mind g oing 

poor  physical  health  has  been  well  documented 

blank,  and  sleep  disturbances.  Up  to  30%  of  heart

(Keyes  et  al. 2013), and  PTSD  is  commonly  seen
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in  patients  who  have  been  intubated  in  the  ICU. 

problematic  coping.  Personality  disorder  is  defined 

The post-intensive care syndrome  (PICS) describes  

as  “an  enduring  pattern  of  inner  experience  and 

a  constellation  of  new  or  progressive  deficits  in 

behavior  that  deviates  markedly  from  the  expecta-

physical,  cognitive,  and  emotional  functioning  fol-

tions  of  the  individual’s  culture,  is  pervasive  and 

lowing  critical  illness  requiring  ICU-level  care, 

inflexible,  has  an  onset  in  adolescence  or  early 

with  persistence  after  hospital  discharge  (Needham 

adulthood,  is  stable  over  time,  and  leads  to  distress 

et  al. 2012).  In  addition,  significant  psychological 

and  impairment”  (American  Psychiatric  Associa-

symptoms,  termed  post-intensive  care  syndrome-

tion  2013). Given  these  findings  and  the  consis-

family  (PICS-F)  has  been  observed  in up to 30%  of 

tency  of  personality  disorder  over  time,  it  is  to  be 

families 

of 

patients 

requiring 

critical 

care, 

expected  that  such  individuals  will  have  reason  to 

persisting  after  discharge  or  death  of  the  patient 

interact  with  the  healthcare  system  at  some  point  in 

(Davidson  et  al. 2012).  While  it  may  be  assumed 

their  lives. Specific personality disorders  have been 

that  the  sedated,  ventilated  ICU  patient  may  be 

associated  with  increased  risks  for  cardiovascular 

unaware  of  events  transpiring  during  their  care, 

and metabolic disorders (Goldstein et al. 2008), and 

studies  have  demonstrated  that  patients  develop 

affected individuals are increasingly likely to abuse 

PTSD  following  ICU  discharge  due  to  memories 

substances  (Grant  et  al. 2008)  and  to  commit  sui-

related to the experience and that core symptoms of 

cide  (Friedman  and  Rosenman  1974).  Common 

PTSD  such  as  intrusive  thoughts,  avoidance,  and 

specific  personality  disorders  in  the  cardiac  disease 

hyperarousal can also be prominent in such patients 

population  include  avoidant,  borderline,  and 

(Hosseini  et  al. 2021). 

obsessive-compulsive  (Tully  and  Selkow  2014). 

Given  these  issues,  it  is  imperative  to  engage 

However,  in  addition  to  those  disorders  found  in 

potential  MCS  patients  in  a  discussion  of  their 

the  DSM-V,  specific  personality  profiles  have  been 

history  of  sudden  cardiac  events  or  other  trau-

described  in  the  cardiac  disease  population.  Fried-

matic  experiences  unrelated  to  their  health,  if 

man  and  Rosenman’s  description  of  the  Type  A 

these  are  documented  in  their  history.  Many 

personality  and  its  relationship  to  cardiovascular 

patients  who  suffer  with  such  symptoms  are 

disease  was  born  of  observations  that  individuals 

often  reluctant  to  discuss  them  out  of  concern  for 

with  a  specific  cognitive  and  behavioral  profile, 

re-activating  their  fears.  Patients  with  a  trauma 

namely,  prominent  hostility,  aggressiveness,  com-

history,  related  to  their  heart  failure  or  not,  who 

petitiveness,  and  demands  for  urgency,  were  asso-

are  under  consideration  for  MCS  may  harbor  sig-

ciated  with  increased  risk  for  cardiovascular 

nificant  fears  about  coming  to  the  hospital  for  any 

disease  (Friedman  and  Rosenman  1974),  with  hos-

reason  including  surgery,  the  need  for  extended 

tility  identified  as  the  driving  developmental  factor 

hospital  stays  in  or  out  of  the  ICU,  and  the  need 

(Barefoot  et  al. 1983).  Denollet  (Tully  and  Selkow 

for  invasive  medical  tests  or  procedures.  The  idea 

2014)  has  described  the  Type  D  personality  in 

of  an  implanted  cardiac  device, which  represents  a 

patients  with  cardiovascular  disease,  identified  by 

constant  visual  reminder  of  their  illness  and  need 

a  core  set  of  stable  traits  that  emphasize  high  emo-

for  ongoing  treatment,  may  in  itself  be  a  signifi-

tional  distress,  fear  of  negative  evaluation,  and 

cant  trigger  for  a  patient  with  a  history  of  PTSD  or 

social  avoidance.  This  presentation,  not  surpris-

other  core  trauma  symptoms. 

ingly,  is  associated  with  lower  quality  of  life 

(Pedersen et al. 2010), more depression, and higher 

cardiac-related  morbidity  and  mortality  (Martens 

Personality  Disorders 

et  al. 2010).  In  particular,  strong  tendencies  toward 

avoidance  can  be  expected  to  affect  patient’s 

While  the  impact  of  more  episodic  psychological 

involvement  with  their  self-care  in  many  cases, 

issues  has  been  relatively  well  studied  in  heart 

including  non-adherence  to  treatments  and  medi-

failure,  less  attention  has  been  given  to  pervasive 

cations  (Wu  et  al. 2015). Given  the  requirements 

psychiatric  conditions  that  may  form  the  founda-

for  committed,  proactive  involvement  in  one’s  care  

tion  for,  and  exacerbate,  mood,  distress,  and 

and  the  need  for  strict  adherence  to  a  prescribed
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treatment  plan,  the  presence  of  this  personality 

worker  who  may  use  the  Stanford  Integrated  Psy-

structure  in  the  patient  under  consideration  for 

chosocial  Assessment  for  Transplant  (SIPAT) 

MCS  may  preclude  their  candidacy  for  device 

(Maldonado  et  al. 2012),  a  structured  interview 

implantation.  The  avoidant  patient  will  fail  to 

tool  that  generates  a  score  used,  in  part,  to  deter-

show  for  appointments,  medical  tests,  labs,  and 

mine  patient  candidacy.  While  most  often  used  in 

other  assessment  or  interventions  and  may  refuse 

the  transplant  setting,  the  SIPAT  assesses  many 

admission despite experiencing unforeseen compli-

psychosocial  areas  that  are  also  relevant  in  the 

cations  or  exacerbation  of  cardiac  symptoms  or 

MCS  arena. 

other  illness.  While  such  patients  may  present  ini-

While  it  may  be  advisable  at  times  for  the 

tially  as  pleasant  and  cooperative,  their  need  for 

neuropsychologist’s  evaluation  to  take  place  at 

ongoing  interaction  with  the  treatment  team  and 

the  beginning  of  the  workup  process,  to  identify 

proactive  management  of  their  disease  may,  over 

any  significant  issues  that  may  preclude  it  is  often 

time,  be  demonstrated  in  the  issues  with  compli-

helpful  to  reserve  it  for  the  end  of  that  process, 

ance  noted  above.  Careful  assessment  and  obser-

after  the  completion  of  all  testing  and  education 

vation  are  needed,  and  the  decision  to  move 

sessions,  to  more  fully  assess  the  patient’s  and 

forward  with  an  implantable  device  should  be 

caregivers’  overall  understanding  of  and  reaction 

made  with  caution  in  patients  with  a  history  of 

to  the  information  they  have  been  provided  and 

avoidance,  poor  communication,  and  emotional 

the  proposed  plan  of  care  if  the  recommendation 

reactivity. 

to  move  forward  with  a  device  is  recommended. 

Assessment  of  the  patient’s  psychiatric  history 

For  some  patients,  especially  those  for  whom 

is  also  of  utmost  importance.  It  may  be  assumed 

MCS  or  other  surgical  intervention  is  anticipated, 

that  the  presence  of  significant  psychiatric  illness  is 

an  assessment  of  capacity  for  decision-making  is 

a  contraindication  for  LVAD;  however,  this  is  not 

often  advisable  if  questions  arise  about  the 

necessarily the case. If such patients are adherent to 

patient’s  cognition  and  any  impact  that  observed 

their  psychiatric  plan  of  care,  including  medica-

deficits  may  have  on  the  consent  process.  Of  note, 

tions,  and  maintain  close  contact  with  their  mental 

the  terms  “capacity”  and  “competency”  are  often 

health  provider  and  remain  stable,  they  should  be 

used  interchangeably;  however,  the  latter  refers  to 

considered  for  LVAD  just  as  those  patients  for 

an  evaluation  completed  in  the  context  of  court 

whom  mental  health  issues  are  not  present.  It  is 

proceedings  to  determine  if  an  individual  is  capa-

advisable  to  request  written  permission  from  such 

ble  of  participating  in  their  own  judicial  process, 

patients  to  communicate  directly  with  their  mental 

often  assumed  that  such  an  evaluation  is  only 

healthcare provider(s), including psychiatrists, psy-

within  the  purview  of  Psychiatry;  however,  any 

chiatric  nurse  practitioners,  and  therapists,  to 

qualified  healthcare  provider  can  conduct  an 

ensure  ongoing,  reciprocal  communication  about 

appropriate  capacity  evaluation  provided  that  all 

their  care.  Consideration  can  be  given  to  the  use  of 

of  the  required  elements  are  assessed  (Table  1).  It 

a  behavioral  contract  for  patients  who  demonstrate 

goes  without  saying  that  such  an  evaluation  can-

issues  with  compliance  or  other  factors  that  appear 

not  be  conducted  for  the  specific  purpose  of 

to  be  adversely  affecting  their  participation,  which 

supporting  the  team’s  desire  to  pursue  LVAD 

should clearly  document the objective expectations 

implantation  or  other  surgical  intervention,  nor 

for  compliance  in  order  to  be  considered  for  MCS. 

can  the  evaluation  be  used  to  coerce  a  patient  to 

opt  for  device  implantation,  even  if  this  is  the  only 

means  to  support  patient  survival.  It  is  also  noted 

Assessment  of  MCS  Candidates 

that  assessment  of  capacity  may  need  to  be 

revisited  in  some  cases,  as  a  patient’s  cognitive 

The  MCS  evaluation  conducted  by  the  neuropsy-

functions  may  wax  and  wane  over  the  course  of 

chologist  assesses  patients  in  a  variety  of  areas 

treatment.  For  particularly  difficult  cases,  as  in 

and  is  separate  from,  but  complimentary  to,  the 

circumstances  where  no  caregivers  or  other 

formal  evaluation  conducted  by  the  team  social 

responsible  parties  are  available,  consultation
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with  the  Ethics  Committee  or  equivalent  in  one’s 

seen  in  the  acute  setting,  where  patients  may  be 

institution  is  strongly  encouraged. 

delirious,  in  severe  pain,  somnolent,  or  intermit-

tently  attentive  due  to  acute  cardiac  decompensa-

tion.  In  such  cases,  especially  if  the  patient  is 

Examples  of  Specific  Questions 

unable  to  sustain  their  attention  or  communicate 

for  the  Evaluation  of  Capacity 

effectively,  formal  testing  should  be  delayed 

Are  Found  in  Table  1 

pending  improvement  sufficient  to  allow  valid 

results  to  be  obtained.  In  addition,  given  that  the 

Even  when  concerns  regarding  capacity  are  not 

workup  process  involves  a  significant  array  of 

relevant,  the  assessment  process  should  be  pre-

other  evaluations,  protected  time  for  testing  may 

ceded  by  an  evaluation  of  the  patient’s  ability  to 

be  hard  to  come  by  at  the  bedside.  For  these 

participate  in  formal  testing.  Variability  is  often 

myriad  reasons,  brief  testing  is  often  the  norm  in 

the  acute  setting  and  while  this  may  be  insufficient 

to  answer  specific questions about discrete aspects 

Table  1  Elements  of  the  medical  decision-making  capac-

of  cognition,  is  often  very  helpful  to  describe  the 

ity  evaluation 

patient’s  current  cognitive  status  and  to  serve  as  a 

Evaluate  the  patient’s  understanding  of  their  illness 

baseline  for  future  assessment.  More  medically 

and  treatment  options

stable  inpatients  may  be  able  to  tolerate  a  more 

• What  can  you  tell  me  about  your  illness  or  medical 

problems? 

comprehensive  test  battery, but  given  the  common 

• Can  you  explain  to  me  what  your  doctors  have  told  you 

symptoms  of  advanced  heart  failure  (i.e.,  fatigue), 

about  available  treatments? 

such  patients  may  not  be  able  to  tolerate  the  more 

• What  do  you  understand  to  be  the  risks  and  benefits  of 

those  treatment  options? 

extensive  testing  typically  done  in  an  outpatient 

• Based  on what you understand  about those  options, how 

clinic,  which  can  take  several  hours. 

likely  is  it  that  treatment  will  work?  What  is  the 

Structured  assessments  can  be  valuable  tools  in 

likelihood  of  side  effects  or  that  the  treatments  may  harm 

the  MCS  candidate  evaluation  process;  these  can 

you? 

• Based  on  your  understanding  of  your  situation,  what  is 

also  be  complimentary  to  a  clinical  interview 

likely  to  happen  if  you  decide  to  accept  or  decline 

designed  specifically  to  address  important  areas 

treatment? 

of  patient  functioning.  It  is  recommended  that  the 

Evaluate  the  patient’s  understanding  of  the  above 

clinical 

evaluation 

begin 

with 

open-ended 

information  and  how  it  applies  to  their  own  situation

• Do  you  agree  with  the  information  your  doctor  has 

questioning  regarding  the  patient’s  understanding 

provided  you?  What  is  your  feeling  about  your  medical 

of  their  illness,  the  interventions  being  proposed 

situation? 

in  their  case,  and  their  thoughts  regarding  the 

• Why  do  you  think  that  certain  treatments  have  been 

recommendations  being  made  and  their  goals  for 

recommended  for  you?  Do  you  think  that  treatment  is 

appropriate?  Why  or  why  not? 

treatment.  It  is  helpful,  when  possible,  for  the 

Evaluate  the  patient’s  ability  to  use  the  information 

patient’s  caregiver(s)  to  be  present  for  the  inter-

they  have  been  provide  to  reason  and  determine  what 

view,  to  provide  collateral  information  regarding 

they  believe  is  best  for  them

•

the  patient’s  functioning  in  all  domains  from  a 

Of  the  information  that  has  been  provided  to  you,  what 

is  most  important  in  helping  you  to  make  a  decision  that 

more  objective  perspective.  Many  times,  assess-

is  best  for  you? 

ment  efforts  are  focused  solely  on  the  patient;  it  is 

• How  are  you  using  the  information  you’ve  been  given 

critical  to  ask  about  caregivers’  understanding  of 

to  weigh  the  risks  and  benefits  of  the  treatment  being 

their  loved  one’s  situation;  their  thoughts,  feel-

recommended? 

• What  do  you  think  the  outcome  will  be  for  you? 

ings,  concerns,  and  struggles  related  to  the  illness; 

Evaluate  the  patient’s  ability  to  state  a  clear  and 

and  their  honest  perceptions  of  their  caregiving 

consistent  choice  based  on  the  above  factors

role  and  their  self-assessed  ability  to  meet  the 

• Based  on  the  information  you’ve  been  given  about 

demands  of  that  role.  It  is  important  for  caregivers 

treatment  options,  risks,  and  benefits,  what  do  you  think 

is  your  best  course  of  action? 

to  know  that  they  are  perceived  as  an  integral  part 

• Out  of  the  choices  and  possibilities  presented  to  you, 

of  the  pre- and  post-MCS  process  and  that  their 

what  would  you  like  to  do? 

experiences,  both  positive  and  negative,  matter  to

47

The Role of the Neuropsychologist in MCS Patient Care and Support

777

the  treatment  team.  Being  attentive  to  caregivers’ 

prescribed),  and  alcohol.  If  patients  indicate  that 

experiences  can  help  to  offset  much  of  the  emo-

they  no  longer  use  substances,  it  is  helpful  to 

tional  distress  they  may  experience,  as  discussed 

document  how  long  ago  they  report  having 

earlier  in  this  chapter. 

stopped  using  and  if  they  continue  to  experience 

It  is  important  to  assess  the  patient’s  knowl-

any  cravings.  In  the  case  of  drugs  or  alcohol,  any 

edge  and  understanding  of  their  cardiac  illness  as 

past  experiences  of  withdrawal,  need  for  emer-

well  as  their  recall  of  their  current  medications, 

gency  treatment  due  to  intoxication,  or  participa-

dosages,  and  indications.  Assessing  the  methods 

tion  in  formal  outpatient  or  inpatient  treatment 

used  to  organize  their  medications,  such  as  a  pill-

should 

be 

discussed. 

For 

patients 

who 

box,  and  use  of  reminders  to  take  them  is  also 

acknowledge  using  substances  as  a  means  of 

important,  as  this  provides  insight  into  the 

self-medication  (i.e.,  for  anxiety  or  sleep  issues), 

patient’s  approach  to  their  care,  recognition  of 

further  exploration  of  their  emotional  functioning 

the  need  for  accuracy  in  medication  administra-

and  coping  is  needed  and  referrals  for  psychother-

tion,  acceptance  of  the  need  for  adherence,  and  to 

apy  and/or  Psychiatry  should  be  made. 

determine  if  they  need  assistance  with  such  tasks. 

It  is  also  important  to  assess  the  patient’s  cur-

It  is  likely  that  at  this  point  in  the  process,  the 

rent  functional  status  and  to  attempt  to  determine 

patient  and  caregiver(s)  have  met  with  the  LVAD 

if  any  deficits  are  due  to  physical  limitations 

educator  who  has  demonstrated  various  pumps 

imposed  by  their  heart  failure  or  may  be  related 

and  explained  their  function  and  care  needs.  It  is 

to  cognitive  decline.  The  inability  to  engage  in 

helpful  to  include  an  assessment  of  the  patient’s 

household  tasks  such  as  cleaning,  laundry,  or 

understanding  and  recall  of  this  information,  as 

yardwork  may  point  to  physical  debility,  while 

this  may  provide  additional  insight  into  any  cog-

difficulty  with  timely  payment  of  bills,  confusion 

nitive  deficits  that  are  present  as  well  as  the 

about  finances,  and  difficulty  remembering 

patient’s  and  caregiver’s  understanding  of  and 

appointments  or  medications  suggest  cognitive 

acceptance  of  the  information. 

changes.  While  these  may  be  related  to  reduced 

A  thorough  evaluation  of  the  patient’s  mental 

cardiac  function,  they  may  suggest the  presence  of 

health  history  is  necessary,  with  emphasis  on  prior 

cognitive  decline  due  to  neurodegenerative  dis-

diagnoses,  treatments  and  response  to  those  treat-

ease,  an  absolute  contraindication  to  device 

ments,  compliance,  and  current  symptoms.  It  is 

implantation. 

very  helpful  to  ask  patients  about  preferred  coping 

strategies  they  use  in  the  face  of  distressing  situ-

ations;  their  answers  can  shed  invaluable  light  on 

The  Neuropsychology  of  Heart  Failure 

potential  reactions  to  the  frequent  stressors 

encountered  in  the  MCS  process  and  provide  a 

The  risks  of  cerebral  hypoperfusion  due  to  reduced 

forum  to  discuss  potential  interventions  in 

cardiac  output  are  well  known  and  include  ische-

advance  if  needed.  It  is  also  imperative  to  ask 

mic  brain  damage  occurring  either  acutely  follow-

difficult  questions  regarding  past  or  present  sui-

ing  a  singular  event  or  as  accumulated  and 

cidal  or  homicidal  ideation,  prior  suicide  attempts, 

progressive  damage  over  time  in  the  setting  of 

and,  if  the  patient  endorses  such  thoughts,  the 

chronic  heart  failure.  The  resulting  cognitive  defi-

recency  of  the  experience,  whether  or  not  they 

cits can have very significant negative effects on the 

formulated  a  plan  to  act  on  such  thoughts,  and 

patient’s  ability  to  understand  their  condition,  their 

whether  or  not  the  patient  took  proactive  steps  to 

treatment  plan,  and  how  to  recognize  and  manage 

seek  help.  Even  passive  thoughts  (i.e.,  being  ok 

adverse  events,  introducing  significant  potential 

with  not  waking  up  in  the  morning)  require  refer-

barriers  to  treatment  success.  Heart  failure  patients 

ral  to  Psychiatry  and  a  psychotherapist.  Related  to 

experiencing  cognitive  impairments  related  to  their 

these  issues  is  a  thorough  assessment  of  the 

cardiac  status  are  at  risk  for  higher  rates  of  decom-

patient’s  current  and  past  history  of  substance 

pensation,  hospital  readmissions,  and  increased 

use/abuse,  including  smoking,  drugs  (illicit  and 

risk  of  death  (Rutledge  et  al. 2006).  Cognitive
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assessment  should  be  an  integral  part  of  the  MCS 

impact  on  structures  underlying  memory  (hippo-

workup  process  to  ensure  that  any  areas  of  deficit 

campus),  emotion  regulation  (precuneus/cingulate 

and  their  likely  etiology  and  severity  are  identified 

cortex),  and  cognitive  and  behavioral  control 

and  education,  support,  and  any  potential  interven-

(orbitofrontal  cortex).  Of  note,  structural  changes 

tions  offered  to  both  patients  and  caregivers.  The 

to  the  hippocampal  formation  and  the  cingulate  are 

opportunity  to  educate  the  treatment  team  regard-

implicated  in  the  development  of  dementia 

ing  patients’  cognitive  functioning  is  also  vital,  to 

(Mueller  et  al. 2020), suggesting  a  common  mech-

ensure  that  all  involved  are  aware  of  cognitive 

anism  in  cognitive  decline.  Other  studies  have 

and/or behavioral issues that may impact the course 

identified damage to the insular cortex in the setting 

of  treatment.  Keep  in  mind  that  same-age  care-

of  heart  failure,  a  set  of  structures  with  significant 

givers  of  older  patients  may  also  be  experiencing 

regulatory  control  over  autonomic  functions,  pain, 

their  own  cognitive  challenges;  this  can  raise  diffi-

mood,  and  anxiety,  among  others.  Metabolic 

cult  issues  regarding  patient  care  and  decision-

derangement  appears  to  account  for  such  structural 

making  that  may  require  additional  development 

and 

functional 

deficits, 

including 

reduced 

of  a  caregiver  plan  if  possible. 

N-acetylaspartate, 

creatine, 

choline, 

and 

myo-inositol  (Woo  et  al. 2014). Cerebral  blood 

flow  is  not  simply  determined  by  the  action  of  the 

Cognitive  Implications  of  Heart  Failure 

heart  itself  but  is  regulated  by  a  host  of  brain-based 

autoregulatory  processes.  For  example,  fluctua-

The  burden  of  cognitive  deficit  due  to  heart  failure 

tions  in  carbon  dioxide  levels  are  found  in  patients 

has  been  difficult  to  determine  accurately,  due  to 

with  both  acute  and  chronic  heart  failure  and  are 

differences  in  patient  samples  and  assessment 

related  to  left  ventricular  pressures,  with  resulting 

methods,  but  has  generally  been  estimated  to 

effects  on  both  the  constriction  and  expansion  of 

affect  between  25%  and  75%  of  this  population. 

blood  vessels  in  the  brain  (Derdeyn  et  al. 2002). 

Because,  as  noted,  heart  failure  tends  to  dispro-

A  host  of  cognitive  deficits  may  follow  any 

portionately  affect  older  adults,  the  added  impact 

situation  in  which  cerebral  perfusion  and  related 

of  cardiac-related  cognitive  deficits  adds  an  addi-

mechanisms  are  compromised.  Patients  with  heart 

tional  variable  to  questions  regarding  cognitive 

failure  are  known  to  demonstrate  a  range  of  defi-

functioning  that  are  common  in  this  segment  of 

cits  in  such  cognitive  domains  as  attention/con-

the  population.  In  the  setting  of  heart  failure, 

centration,  information  processing  speed,  motor 

additional  mechanisms  such  as  reductions  in  cere-

speed,  aspects  of  memory,  and  executive  func-

bral  perfusion,  low  or  very  variable  systolic  blood 

tions.  In  some  cases,  deficits  in  aspects  of  lan-

pressure,  and  other  physiological  secondary 

guage  and  visuospatial  abilities  have  been 

effects  can  result  in  cognitive  changes  that  can 

observed  (Almeida  et  al. 2012;  Vogels  et  al. 

exert  significant  effects  on  functioning,  quality 

2007), but  some  studies  have  indicated  that 

of  life,  and  survival.  However,  it  should  be  noted 

patients  can  successfully  manage  the  visuospatial 

that  symptoms  of  central  nervous  system  dysfunc-

demands  of  LVAD  care  even  with  compromise  in 

tion  can  occur  not  only  in  the  setting  of  heart 

this  domain  (Murks  et  al. 2015). Bratzke-Bauer 

failure  with  reduced  ejection  fraction  (HFrEF) 

and  colleagues  (Bratzke-Bauer  et  al. 2013)  dem-

but  also  in  patients  with  preserved  ejection  frac-

onstrated  significant  deficits  in  immediate  and 

tion  (HFpEF)  who  are  relatively  asymptomatic 

delayed  memory  in  a  cohort  of  patients  with  sys-

(Havakuk  et  al. 2017). 

tolic  left  ventricular  (LV)  dysfunction  compared 

Structural  and  functional  changes  to  the  brain  in 

to  a  comparison  group  of  patients  with  diastolic 

the  setting  of  insufficient  perfusion  and  reduced 

LV  dysfunction.  Cognitive  impairment  has  been 

oxygenation  can  take  many  forms.  Neuroimaging 

demonstrated  to  adversely  affect  patients’  ability 

studies  have  identified  reductions  in  cerebral  gray 

to  engage  appropriately  in  self-care  activities 

matter  volumes  in  patients  with  heart  failure  with 

(Cameron  et  al. 2010)  and  to  understand  and 

reduced  ejection  fraction  (HFrEF),  with  specific 

maintain  their  care  plans  (Hawkins  et  al. 2012). 
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For  patients  surviving  cardiac  arrest,  it  has  often 

Neuropsychological  Assessment 

been  assumed  that  amnesia  will  be  the  primary 

of  MCS  Candidates 

cognitive  residual  deficit  due  to  abrupt  interrup-

tion  of  cerebral  blood  flow.  In  fact,  many  post-

The  comprehensive  neuropsychological  evalua-

arrest  patients  do  not  exhibit  frank  amnesia,  or  the 

tion  is  designed  to  characterize  the  patient’s  cog-

failure  to  acquire,  retain,  and  recall  novel  infor-

nitive  strengths  and  weaknesses,  determine  the 

mation,  but  may  instead  demonstrate  an  array  of 

likely  etiology  of  any  dysfunction  or  impairment, 

deficits  that  include  aspects  of  memory  dysfunc-

make  treatment  recommendations,  and  provide 

tion  as  well  as  subtle  upper  extremity  motor 

feedback,  education,  and  support  to  the  patient 

slowing  and  variable  impact  on  executive  func-

and  their  caregivers.  Evaluation  must  also  focus 

tions  (Lim  2004),  the  latter  of  which  are  critical 

on  the  identification  of  frank  dementia  in  this 

for  conceptual  thinking  and  both  emotional  and 

patient  population,  which  represents  an  absolute 

behavioral  control. 

contraindication  for  MCS  as  such  intervention 

Cardiac  surgery  in  general  has  been  associated 

may  place  such  patients  at  additional  risk  and 

with  risk  for  cognitive  impairment  for  decades 

may  overwhelm  their  limited,  and  declining,  cog-

(Egerton  and  Kay  1964; Selnes  et  al. 2014; Lin 

nitive,  emotional, and  behavioral  capacities.  In the 

et  al. 2012).  The  exact  etiology  is  uncertain  and  is 

specific  setting  of  evaluation  for  LVAD  or  other 

thought  to  be  multifactorial,  possibly  related  to 

intervention,  additional  information  is  also  neces-

cardiopulmonary  bypass  (Matthew  et  al. 2007), 

sary  to  determine  the  patient’s  suitability  for 

length  of  the  surgical  procedure  (Simoni  et  al. 

device  implantation,  particularly  their  ability  and 

2014), and  emboli  (Pavol  et  al. 2018).  While  the 

willingness  to  manage  the  post-implant  regimen 

consideration  for  MCS  is  primarily  focused  on 

of  care.  The  assessment  can  be  lengthy  or  brief 

patient  survival,  the  question  of  cognitive  func-

depending  on  multiple  factors,  including  patient 

tioning  following  surgery  is  valid  as  patients  are 

presentation  and  ability  to  participate,  the  setting 

expected  to  be  able  to  participate  effectively  in 

(inpatient  vs.  outpatient),  case  complexity,  and 

their  own  care.  Despite  the  known  surgical  risks, 

referral  question.  In  the  case  of  heart  failure 

evidence  for  improved  cognitive  functioning  fol-

patients  under  consideration  for  MCS  interven-

lowing  LVAD  implantation has  been  documented. 

tion,  assessment  may  be  helpful  at  one  or  more 

A  review  by  Simoni  et  al.  (Reitan  and  Wolfson 

points  in  the  patient’s  history:  in  the  acute  care 

1985)  found  that  LVAD  recipients  frequently 

setting  after  sudden  decompensation,  after  pro-

demonstrate  improvement  in  memory  and  execu-

gression  of  cardiac  disease  requiring  consider-

tive  functions  and  that  such  improvements  often 

ation  of  advanced  therapies,  and  in  the  outpatient 

remain  stable  over  time.  These  effects  were  seen 

setting  for  patients  undergoing  optimization  of 

despite  type  of  device  considered  (continuous 

treatment.  Ideally,  patients  should  undergo  a  base-

vs.  pulsatile  flow).  Pavol  et  al.  (Heaton  et  al. 

line  neuropsychological  assessment  as  part  of 

1993)  found  that  a  sample  of  LVAD  recipients 

their  intake  process  when  referred  to  a  Heart 

without  postoperative  stroke  who  underwent 

Failure/MCS  program,  with  re-assessment  fol-

brief  neuropsychological  assessment  at  baseline, 

lowing  device  placement  for  comparison  and, 

1  month,  and  3  months  after  implantation  demon-

hopefully,  documentation  of  improved  cognitive 

strated  improvement  in  cognition,  particularly  in 

functioning. 

aspects  of  complex  attention.  While  significant 

A 

formal 

neuropsychological 

assessment 

improvement  was  not  found  at  the  one-month 

begins  with  a  comprehensive  interview  assessing 

post-surgery  mark,  it  was  demonstrated  at  the 

multiple  aspects  of  the  patient’s  history,  including 

three-month  mark,  suggesting  that  factors  in  the 

early  development  and  childhood  medical  history 

immediate  postoperative  and  early  recovery 

as  well  as  academic  history  (including  any  learn-

periods  may  interfere  with  or  obscure  true  cogni-

ing  problems  or  academic  interventions).  This 

tive  improvement  following  LVAD  implantation. 

information  is  necessary  to  determine  the  possible
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influence  of  early  life  events  that  may  impact  the 

3 (WRAT-3)  and  the  Wechsler  Test  of  Adult  Read-

patient’s  cognition;  for  example,  the  presence  of 

ing  (WTAR)  are  useful  for  this  purpose. 

learning  issues  can  impact  the  patient’s  ability  to 

understand  printed  materials  such  as  treatment 

plans,  consent  forms,  and  discharge  instructions. 

Examples  of  Appropriate 

A  complete  medical  history  in  addition  to  the 

Neuropsychological  and  Psychological 

patient’s cardiac  disease is needed, with additional 

Tests  for  the  Assessment  of  MCS 

assessment  of  their  adherence  to  required  treat-

Candidate  Are  Found  in  Table  2 

ments  for  those  conditions.  Evaluation  of  sub-

stance  use/abuse  and  a  comprehensive  review  of 

The  Repeatable  Battery  to  Assess  Neuropsycho-

the  patient’s  mental  health  history,  as  discussed 

logical  Status  –  Update  (RBANS-U)  (2009)  is  a  

previously,  is  required. 

validated,  brief,  but  reasonably  comprehensive 

Formal  neuropsychological  testing  is  best 

neuropsychological  assessment  tool  that  is  adapt-

approached  with  flexibility,  with  the  choice  of 

able  to  bedside  evaluations  and  is  available  in 

test  instruments  dependent  on  the  clinical  situa-

alternate  forms,  making  it  ideal  for  pre- and 

tion  and  the  patient’s  presentation  and  tolerance 

post-surgical 

assessment. 

The 

RBANS-U 

(Table  2). Assessment  of  mental  status  should 

assesses  functioning  with  respect  to  attention/con-

occur  first,  to  ensure  that  the  patient  is  sufficiently 

centration,  aspects  of  expressive  language,  visuo-

able  to  participate  in  the  evaluation.  While  the 

spatial/construction  abilities,  and  immediate  and 

Mini-Mental  Status  Exam  (Lahlou-Laforêt  et  al. 

delayed  verbal  memory.  However,  it  lacks  a  for-

2015)  is  often  used  for  this  purpose,  it  does  not 

mal  assessment  of  immediate  visual  memory,  nor 

test  a  sufficient  range  of  mental  status  elements 

does  it  comprehensively  test  executive  functions 

but  can  be  useful  for  documentation  purposes  in 

such  as  problem-solving  or  response  inhibition; 

situations  in  which  altered  mental  status  is  already 

knowledge  of  patient  functioning  in  these 

suspected.  Xie  et  al. (2015)  reported  on  the  use  of 

domains  is  important  as  they  pertain  specifically 

the  Automated  Neuropsychological  Assessment 

to  the  ability  to  know  one’s  way  around  the  LVAD 

Metrics  (ANAM),  a  computerized  test  battery 

equipment  and  to  use  sound  reasoning  skills  to 

that  has  demonstrated  utility  in  a  wide  range  of 

handle  problems  o r emergencies. 

clinical  situations,  for  the  detection  of  cognitive 

deficits  in  heart  failure  patients.  While  demon-

Table  2  Suggested  test  instruments  for  the  assessment  of 

strating  better  specificity  than  the  MMSE  in  the 

MCS  candidates 

detection  of  cognitive  deficits  in  a  heart  failure 

Neuropsychological  measures 

sample, 

sensitivity 

was 

not 

significantly 

Wechsler  Memory  Scale  –  IV  Brief  Cognitive  Status 

improved.  A  more  comprehensive,  yet  brief,  men-

Exam  (BCSE) 

tal  status  assessment  can  be  done  with  the  Brief 

Wide  Range  Achievement  Test  3  Word  Reading 

Repeatable  Battery  for  the  Assessment  of 

Cognitive  Status  Exam  from  the  Wechsler  Mem-

Neuropsychological  Status  –  Update 

ory  Scale  –  Fourth  Edition  (WMS-IV)  (Weschler 

(RBANS-U) 

2009),  which  tests  a  wider  range  of  cognitive 

Trailmaking  Test  Forms  A  &  B 

domains  and  is  well-validated  for  this  purpose.  It 

Wisconsin  Card  Sorting  Test  (WCST)  –  full  or  64-card 

version 

is  also  helpful  to  briefly  assess  the  patient’s  read-

Psychological,  personality,  and  functional  measures 

ing  level;  in  many  cases  tests  of  single  oral  word 

Beck  Depression  Inventory  –  II  (BDI-II) 

reading  provide  reasonable  estimates  of  pre-

Beck  Anxiety  Inventory  (BAI) 

morbid  attainment  as  well  as  a  current  evaluation 

Geriatric  Depression  Scale  (GDS) 

Geriatric  Anxiety  Inventory  (GAI) 

of  reading  ability  which,  as  noted  previously,  is 

Millon  Behavioral  Medicine  Diagnostic  (MBMD, 

helpful  in  determining  the  patient’s  ability  to 

General  Medical  Norms) 

make  use  of  written  information.  The  Word  Read-

Epworth  Sleepiness  Scale 

ing subtest of the Wide Range Achievement Test  – 

Lawton-Brody  IADL  (Caregiver  Rating)
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Given  the  limitations  of  the  RBANS-U,  it  is 

(BDI-II)  (Millon  et  al. 2001)  is  a  well-validated 

helpful  to  add  additional  measures  to  the  neuro-

and  widely  used  brief  self-report  measure 

psychological  test  battery  to  ensure  that  test 

assessing  symptoms  of  depression.  Its  utility  has 

results  are  comprehensive,  again,  depending  on 

been  questioned  in  heart  failure  patients  as  many 

the  patient’s  ability  to  tolerate  a  longer  assess-

of  the  test  items  assess  physical  aspects  of  depres-

ment.  The  Trailmaking  Test  (Kongs  et  al. 2000) 

sion  (i.e.,  fatigue,  increase  need  for  sleep,  poor 

presents  the  patient  with  a  timed  visual  sequenc-

concentration)  that  overlap  with  symptoms  of 

ing  task  and  has  two  forms  (A  and  B).  While Form 

heart  failure,  raising  concerns  about  a  tendency 

A  requires  rapid  sequencing  of  numbered  targets, 

to  over-diagnose  depression  in  such  patients. 

Form  B  adds  a  dimension  of  executive  control  as 

However,  Lahlou-Laforêt  et  al.  (Farrell  et  al. 

it  requires  the  patient  to  alternate  rapidly  between 

2011)  reported  that  they  found  no  such  effect  in 

number  and  letter  targets  in  sequential  order  (1-A-

their  large  patient  sample.  Similarly,  the  Beck 

2-B,  etc.),  making  it  helpful  for  assessing  rapid, 

Anxiety  Inventory  (Pachana  et  al. 2007), in  a 

complex  attention  and  response  inhibition.  While 

similar  format  to  the  BDI,  provides  a  brief  but 

Trail  B  has  demonstrated  utility  in  assessing  cog-

also  well-validated  subjective  report  of  anxiety 

nitive  dysfunction  due  to  cardiac  disease  (Arabia 

but  also  asks  the  patient  to  report  on  many  of  the 

2020),  it  is  less  informative  regarding  the  patient’s 

physiological  manifestations  of  anxiety  that  can 

problem-solving  abilities. 

A 

more 

in-depth 

also 

overlap 

with 

heart 

failure 

symptoms 

assessment  of  such  functions  in  addition  to 

(i.e.,  racing  heart,  sweating,  GI  disturbance). 

sustained  complex  attention  and  response  inhibi-

Alternatively,  clinicians  can  consider  using  both 

tion  suggests  the  administration  of  the  Wisconsin 

the Geriatric  Depression  Scale (Millon  et al. 2006) 

Card  Sorting  Test  (WCST),  which  requires  the 

and  the  Geriatric  Anxiety  Inventory  (Farina  et  al. 

patient  to  match  a  set  of  cards  printed  with  designs 

1997), which  remove  physiologically  based 

in  a  varied  combination  of  shapes,  colors,  and 

items,  such  as  fatigue  and  GI  distress,  to  reduce 

number  of  designs  (i.e.,  two  red  stars,  three  yellow 

the likelihood of over-diagnosis.  Although length-

crosses)  to  a  set  of  target  cards  that  vary  by  the 

ier,  the  Millon  Behavioral  Medicine  Diagnostic 

same  dimensions.  The  sorting  principle  is  not 

(MBMD)  (Hsu  et  al. 2012)  can  provide  more 

announced  and  must  be  determined  by  the  patient 

discrete  information  regarding  patients’  concep-

based  on  limited  feedback  (“correct”  vs.  “incor-

tualization  of  and  coping  with  medical  illness  and 

rect”)  from  the  examiner.  In  addition,  the  sorting 

has  been  demonstrated  to  predict  medication 

principle  changes,  unannounced,  after  a  set  num-

adherence  in  heart  failure  patients  (Beck  and 

ber  of  correct  responses  and  the  patient  must  adapt 

Steer  1990). 

their  responding  accordingly.  The  test  is  available 

Communication  of  test  results  to  the  treatment 

in  standard  (128  card)  (Folstein  et  al. 1975)  and 

team  is  also  of  utmost  importance,  as  the  informa-

brief  (64  card)  (Beck  et  al. 1996)  versions,  which 

tion  obtained  from  the  neuropsychological  evalu-

can  be  adapted  to  accommodate  patient  tolerance 

ation  is  pertinent  to  every  individual  involved  in 

and  the  testing  situation  (bedside  vs.  clinic).  The 

the  patient’s  care.  Unlike  other  clinical  settings, 

WCST,  regardless  of  version  administered,  pro-

the  need  to  provide  rapid  results  is  paramount. 

vides  very  valuable  information  regarding  the 

Reports  should  be  brief  but  comprehensive  and 

patient’s  ability  to  reason  independently,  which 

focused  on  the  core  issues  of  the  case.  A  brief 

is  of  obvious  importance  when  assessing  patient 

review  of  the  patient’s  history  is  needed  for  con-

candidacy  for  MCS. 

text.  Comments  regarding  the  patient’s  behavior 

Formal  psychological  assessment  is  also  an 

during  the  evaluation  are  also  necessary  (i.e.,  “Mr. 

important  component  of  the  evaluation,  to  obtain 

X  attempted  all  tasks  administered  and  appeared 

objective 

information 

that 

supplements 

the 

to  put  forth  good  effort  on  a  consistent  basis,”  or 

patient’s  report  of  their  emotional  functioning. 

not).  A  discussion  of  the  validity  and  reliability  of 

The  Beck  Depression  Inventory  –  Second  Edition 

the  test  results  is  needed,  to  identify  any  issues
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that  may  have  affected  or  compromised  interpre-

difficult  to  ask  difficult  questions  and  bring  up 

tation (i.e., poor effort, fatigue, medication effects, 

difficult  topics,  this  is  required  for  a  full  under-

frequent  interruptions  in  the  inpatient  setting). 

standing  of  the  patient’s  functioning.  If  patients 

Discussion  of  test  results  should  highlight  not 

are  struggling  emotionally,  it  is  important  to  con-

only  areas  of  relative  weakness  and/or  impairment 

vey  this  to  the  treatment  team  and  to  also  provide 

but  should  emphasize  the  patient’s  cognitive  and 

suggestions  for  ways  in  which  team  members  can 

emotional  strengths  as  these  can  be  reinforced  and 

and  should  (or  should  not)  interact  with  patients  to 

maximized  to  promote  the  best  possible  outcome. 

provide  maximum  support.  For  example,  the  trau-

For  patients  for  whom  areas  of  deficit  may  be 

matized  patient  may  be  terrified  of  tests  and  pro-

identified,  a  determination  regarding  the  likely 

cedures  and  may  engage  in  avoidant  behavior.  It  is 

impact  of  such  findings  on  the  patient’s  ability  to 

helpful  to  inform  providers  who  conduct  such  pro-

manage  the  demands  of  their  care  must  be  made 

cedures  of  these  issues  and  suggest  approaches  to 

and  any  recommendations  that  may  alleviate  such 

take  (and  not  take)  to  help  such  patients  better 

deficits  provided.  For  example,  patients  with  var-

manage  their  distress.  Recommendations  for  psy-

iable  or  impaired  attention/concentration  may 

chiatric  treatment  and/or  psychotherapy  should 

have  difficulty  in  teaching  sessions;  in  such 

also  be  made  explicitly  if  the  test  results  warrant 

cases,  it  may  be  helpful  when  possible  to  break 

this.  It  is  helpful  in  many  cases  to  specifically 

such  sessions  up  into  smaller  time  periods  and  to 

recommend  that  patients  not  only  initiate  such 

ensure  that  an  attentive  caregiver  is  present. 

treatment  but  that  they  provide  verification  that 

Patients  with  memory  problems  present  special 

they  remain  involved  in  and  compliant  with  such 

challenges,  as  it  is  essential  to  determine  if  the 

treatment  if  the  clinical  situation  warrants  this. 

patient’s  memory  test  profile  is  most  likely 

Finally,  both  patients  and  their  caregivers  should 

accounted  for  by  their  heart  failure  and  other 

be provided with feedback regarding the test results 

medical  issues  or  represents  a  neurodegenerative 

as  well  as  the  recommendations,  and  all  questions 

process  that  would  preclude  device  implantation. 

should  be  addressed. 

For  patients  with  presumed  cardiac-driven  mem-

As  with  all  other  specialists  who  are  involved 

ory  issues,  external  aids  such  as  calendars,  lists, 

in  the  MCS  patient’s  care,  the  neuropsychologist 

and  wallboards  in  the  inpatient  setting  that  pro-

must  be  able  to  make  a  determination  of  the 

vide  critical  and  up-to-date  information  and 

patient’s  candidacy  for  device  implantation 

alarms  and  reminders  on  electronic  devices  for 

based on the results of their evaluation. It is impor-

such  things  as  medications  and  appointments  can 

tant  to  emphasize  that  in  this  context,  specific 

be  very  helpful.  Patients  with  memory  issues  may 

language  is  needed  that  focuses  the  recommenda-

also,  like  those  with  attentional  deficits,  require 

tion  on  the  issues  assessed  explicitly  by  the  eval-

brief  education  sessions  with  lots  of  repetition.  It 

uation;  as  an  example,  a  statement  such  as  “based 

is  helpful  in  many  circumstances  to  ask  patients  to 

on  the  obtained  results,  Mr.  X  appears  to  be  a 

repeat  back  information  that  has  just  been  pre-

reasonable  candidate  for  LVAD  from  a  neuropsy-

sented,  to  ensure  accurate  comprehension  and 

chological  and  psychological  standpoint”  high-

recall. 

lights  that  the  recommendation  is  made  based  on 

Similarly,  a  thorough  discussion  of  the  patient’s 

findings  specific  to  these  areas  of  the  patient’s 

emotional  functioning  is  needed,  with  emphasis  on 

functioning. 

any  findings  that  suggest  clinically  significant 

depression,  anxiety,  or  any  of  the  other  issues 

discussed  previously.  It  is  especially  important  to 

Conclusion 

highlight  any  findings  that  suggest  that  the  patient 

may have difficulty with the ability to cope with the 

The  neuropsychologist’s  contribution  to  the  care 

demands  of  treatment  or  to  consistently  interact 

and  support  of  heart  failure  patients  pursuing 

appropriately  and  proactively  with  the  treatment 

MCS  is  unique  and  can  be  utilized  as  part  of  the 

team.  As  noted  previously,  although  it  is  often 

overall  program  of  care  to  improve  patients’  well-
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being,  to  support  the  mission  of  the  treatment 

Davidson  JE,  Jones  C,  Bienvenu  OJ.  Family  response  to 

team  and  to  improve  outcomes.  While  at  times 

critical  illness:  post-intensive  care  syndrome-family. 

Crit  Care  Med.  2012;40:618–24. 

viewed  by  patients  as  cumbersome  and/or  intru-

Derdeyn  CP,  et  al.  Variability  of  cerebral  blood  volume  and 

sive,  comprehensive  neuropsychological  and/or 

oxygen  extraction:  stages  of  cerebral  hemodynamic 

psychological  evaluation  is  often  very  helpful  as 

impairment  revisited.  Brain.  2002;125:595–607. 

an  educational  tool  for  patients  and  their  care-

Easton  K,  et  al.  Prevalence  and  measurement  of  anxiety  in 

sample  of  patients  with  heart  failure:  a  meta-analysis. 

givers,  to  more  fully  understand  the  issues  that 

J  Cardiovasc  Nurs.  2016;31:367–9. 

can  and  may  impact  them  as  they  move  through 

Egerton  N,  Kay  JH.  Psychological  disturbances  associated 

the MCS process and,  hopefully, on to success and 

with  open  heart  surgery.  Br  J  Psychiatry.  1964;110: 

a  fuller,  healthier  life. 

433–9. 

Farina  E,  et  al.  Neuropsychological  deficits  in  asymptom-

atic  atrial  fibrillation.  Acta  Neurol  Scand.  1997;96: 

310–6. 
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Abstract 

advanced  heart  failure  requiring  inotropes,  dura-

Mechanical  circulatory  support  for  advanced 

ble  mechanical  circulatory  support,  and  heart 

systolic  heart  failure  patients  has  evolved  from 

transplantation  is  challenging  due  to  a  lack  of 

pulsatile  to  continuous-flow  designs  to  improve 

standardized  reporting  (Truby  and  Rogers  2020). 

device  durability  and  patient  survival.  Practice 

Multiple  medical  therapies  for  heart  failure  with 

changes  in  regard  to  patient  selection,  surgical 

reduced  ejection  fraction  (HFrEF)  with  additive 

techniques,  and  perioperative  medical  manage-

survival  benefits  were  approved  in  the  last  few 

ment  have  changed  over  time  as  registry  reports 

decades. 

Hemodynamic 

monitoring 

using 

have  continued  to  provide  survival  and  out-

implantable  sensors,  structural  intervention  such 

comes  data.  Centrifugal  pump  with  full  mag-

as  MitraClip™,  and  cardiac  contractility  modula-

netic  levitation  (FML)  is  the  only  current-

tion  with  devices  have  been  approved  to  treat  and 

generation  continuous  left  ventricular  assist 

prevent  progression  of  HFrEF.  However,  in  spite 

device  (cfLVAD)  approved  for  implantation  in 

of  numerous  advances  in  the  therapies  for  HFrEF, 

the  United  States.  However,  there  remain 

progression  to  advanced  heart  failure  continues  to 

patients  who  are  supported  by  axial  flow 

occur  in  many  patients. 

pumps  (HeartMate  II™)  and  centrifugal  pump 

The  field  of  advanced  heart  failure  has  under-

with  hybrid  levitation  (HeartWare™  HVAD™). 

gone  several changes  in  the last  decade.  The  initial 

Due to changes in the United Network for Organ 

continuous-flow  left  ventricular  assist  devices 

Sharing  (UNOS)  allocation  system  for  Heart 

(cfLVADs),  including  (HeartMate  II™,  Abbott 

Transplantation,  patients  with  cfLVAD  are 

Laboratories,  Inc.)  and  HeartWare™  HVAD™ 

expected  to  be  maintained  on  longer-term  sup-

(Medtronic)  were  phased  out  due  to  complica-

port.  This  chapter  will  address  outpatient  medi-

tions.  The  single  remaining  Food  and  Drug 

cal  management  of  the  left  ventricular  assist 

Administration 

(FDA)-approved 

cfLVAD 

is 

device  patients  with  a  special  focus  on  optimiz-

HeartMate3™  (Abbott  Laboratories,  Inc.),  which 

ing  right-heart  function,  end-organ  function,  and 

is  a  centrifugal  pump  with  a  fully  magnetically 

quality  of life. 

levitated  rotor.  It  is  currently  approved  for  both 

short-term  and  long-term  circulatory  support,  and 

offers  an  improved  adverse  event  profile  com-

Keywords 

pared  to  its  predecessors.  Despite  improvements 

Continuous-flow  left  ventricular  assist  device  · 

in  cfLVAD  technology,  changes  in  the  United 

Right-heart  failure  ·  Stroke  ·  Ventricular 

Network  for  Organ  Sharing  (UNOS)  heart  alloca-

arrhythmias  ·  Atrial  arrhythmias 

tion  system  in  2018  resulted  in  a  decline  in  dura-

ble  mechanical  circulatory  support  (MCS)  as  a 

bridge  to  transplant,  and  a  subsequent  increase  in 

Introduction 

long-term  durable  MCS  in  transplant-ineligible 

patients  (Varshney  et  al. 2022). 

Heart  failure  is  projected  to  affect  more  than  eight 

The  intent  of  durable  MCS  implantation  is  not 

million  people  over  the  age  of  8  years  by  2030. 

only  to  improve  long-term  survival  but  also  to

The  development  of  accurate  estimates  of 

[image: Image 176]
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Fig.  1  Complications  of 

chronic  cfLVAD  support. 

(Created  with  BioRender. 

com) 

decrease  rehospitalizations  due  to  adverse  events 

and  2-year  survivals  were  82.3%  and  73% 

and  heart  failure  (Fig. 1). The  focus  of  this  chapter 

between  2015  and  2019  compared  to  80.5%  and 

is  to  provide  a  framework  for  outpatient  manage-

69%  between  2010  and  2014.  The  median  sur-

ment  of  continuous-flow  left  ventricular  assist 

vival  for  patients  undergoing  cfLVAD  implanta-

devices (cfLVADs) in order to achieve these goals. 

tion  in  the  current  era  is  54.6  months  (Molina  et  al. 

2021). 

Rehospitalization 

rates 

following 

cfLVAD 

Epidemiological  Trends 

implantation  remain  high.  At  90  days,  readmission 

rates  are  38.6%,  followed  by  70%  at  1  year  and 

The  Interagency  Registry  for  Mechanically 

85%  at  2  years.  Rehospitalizations  are  commonly 

Assisted  Circulatory  Support  (INTERMACS) 

due  to  infection,  bleeding,  and  heart  failure-related 

has  provided  a  wealth  of  information  regarding 

events.  Patients  who  undergo  LVAD  implantation 

the  impact  of  patient  selection  on  LVAD  out-

experience  major  bleeding  and  driveline  infections 

comes,  adverse  events,  and  survival.  Engineering 

at  rates  of  approximately  30%  and  40%,  respec-

design  changes  from  pulsatile  to  continuous-flow 

tively,  at  1  year  (Molina  et  al. 2021). A  contempo-

technology  have  increased  device  durability. 

rary  study  with  strict  inclusion  criteria  in  the 

The  Society  of  Thoracic  Surgeons/Interagency 

Multicenter  Study  of  MagLev  Technology  in 

Registry  for  Mechanically  Assisted  Circulatory 

Patients  Undergoing  Mechanical  Circulatory  Sup-

Support  (STS/INTERMACS)  registry  reported  a 

port  with  HeartMate3™  (MOMENTUM-3)  also 

total  of  25,551  continuous-flow  left  ventricular 

showed  high  readmission  rates  of  90%  in  the 

assist  device  implants  between  2010  and  2019. 

HeartMate3™  cohort  and  93%  in  the  HeartMate 

Left  ventricular  assist  device  implantation  rates 

II™  cohort  at  1  year.  The  most  common  causes  for 

have  increased  in  the  setting  of  cardiogenic 

readmission  for  the  HeartMate3™  cohort  were 

shock,  while  temporary  MCS  utilization  as  a 

infection,  bleeding,  and  heart  failure-related 

bridge  to  durable  cfLVAD  has  also  increased.  In 

events;  in  the  HeartMate  II™  cohort,  the  most 

total,  73%  of  recent  cfLVAD  implantations 

common  causes  were  bleeding,  infection,  surgical 

occurred  in  patients  who  were  deemed  to  be 

procedures,  and  arrhythmias  (Vidula  et  al. 2022). 

transplant-ineligible.  The  1-year  and  2-year  sur-

Predictors  of  rehospitalization  included  evidence 

vival  with  cfLVAD  has  improved  over  time  with 

of  right  ventricular  dysfunction,  small  left  ventric-

evolution  of  device  technology,  patient  selection, 

ular  (LV)  cavity  size,  renal  dysfunction,  men,  and 

and  management  of  adverse  events.  The  I-year 

non-white race (Vidula et al. 2022). Risk factors for
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rehospitalization  due  to  gastrointestinal  bleeding 

quality  of  life.  Thankfully,  it  seems  that  these 

included  age  >  65  years,  female  sex,  implantation 

goals  are  not  independent,  but  instead  seem  to  be 

as  destination  therapy,  renal  dysfunction,  ischemic 

highly  interconnected.  Thus,  it  is  prime  time  to 

heart  disease, and  presence of hypertension prior  to 

identify  management  strategies  that  will  impact 

LVAD  implantation.  Rehospitalization  rates  due  to 

these  clinical  objectives  in  tandem  or  at  least  with 

heart  failure-related  events  were  associated  with 

a  “domino  effect.” 

reduced  survival  (Vidula  et  al. 2022). 

A  recent  INTERMACS  analysis  reported 

improved  survival  at  5  years  if  patients  had  ongo-

Discharge 

ing  cfLVAD  support  at  1  and  3  years.  The  risk 

factors  for  death  within  1  year  of  cfLVAD  implan-

A  multidisciplinary  approach  to  the  care  of 

tation  include  preoperative  renal  and  liver  dys-

patients  with  cfLVADs  incorporates  LVAD  coor-

function,  concomitant  surgeries  with  prolonged 

dinators,  nurse  practitioners,  heart  failure  cardiol-

bypass  time,  cardiogenic  shock  requiring  veno-

ogists,  and  surgeons.  They  are  essential  to  the 

arterial  extracorporeal  membrane  oxygenation 

longitudinal  care  and  long-term  survival  of  this 

support,  mechanical  ventilation,  or  renal  replace-

patient  population. 

ment  therapy.  Age  >  60  years,  obesity,  presence 

Discharge  planning  during  the  index  hospital-

of  pulmonary  disease,  prior  coronary  artery 

ization  for  cfLVAD  includes  patient  and  caregiver 

bypass  grafting,  smoking  status,  and  lack  of  social 

education  regarding  the  device  and  its  compo-

support  were  associated  with  increased  mortality 

nents,  alarms,  driveline  management,  and  poten-

within  1  year  of  cfLVAD  implantation.  Adverse 

tial  adverse  events.  Patients  and  caregivers  should 

events  such  as  stroke,  device-related  infection,  or 

be  provided  with  emergency  contact  information. 

device  malfunction  are  associated  with  increased 

Those  patients  residing  a  longer  distance  from  the 

mortality  (Hariri  et  al. 2022). 

implanting  center  should  remain  nearby  for  sev-

Despite 

advances 

in 

LVAD 

technology, 

eral  weeks  following  discharge  to  complete  the 

adverse  events,  including  gastrointestinal  bleed-

initial  period  of  the  intense  surveillance  protocol. 

ing,  driveline  infection,  and  right-heart  failure,  are 

As  a  part  of  discharge  planning,  the  primary  care 

still  prevalent  in  patients  with  HeartMate3™ 

provider  and  the  local  emergency  medical  person-

cfLVADs.  However,  neurological  events  and 

nel  should  be  informed  of  the  patient’s  cfLVAD 

pump  thrombosis  rates  have  declined  in  patients 

implantation  (Potapov  et  al. 2019). 

with  HeartMate3™  cfLVADs  compared  with 

those  supported  by  a  HeartMate  II™  (Varshney 

et  al. 2022). 


Standard  cfLVAD  Parameters 

An  understanding  of  cfLVAD  parameters  and 

Outpatient  Medical  Management 

trends  supplements  clinical  management  of 

of  cfLVAD 

patients  with  cfLVAD. 

The  phases  of  outpatient  medical  management  for 

patients  with  a  cfLVAD  can  be  divided  into  an 

Speed 

early  intense  surveillance  phase  (<  6  months 

following 

implantation) 

and 

a 

late 

phase 

All  current  durable  cfLVADs  operate  at  a  contin-

(>  6  months).  Management  of  patients  with 

uous  “Fixed  Speed”  that  is  set  by  the  clinician.  Of 

cfLVADs  includes  optimization  of  medical  ther-

note,  HeartMate  3™  utilizes  a  feature  by  which 

apy  and  pump  speed  with  the  objective  of  reduc-

the  pump  speed  is  automatically  reduced  and  then 

ing  right-heart  failure  and  hospitalizations  due  to 

ramped  up  above  the  Fixed  Speed  to  create  a  brief 

heart  failure,  mitigating  the  risk  for  adverse 

change  in  flow.  This  occurs  every  2  s  (or  30  times 

events,  and  improving  functional  capacity  and 

per  minute)  and  functions  to  generate  an  “artificial
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pulse”  that  was  engineered  with  the  intention  to 

high,  particularly  if  the  left  ventricular  end-

reduce  the  risk  of  pump  thrombosis.  In  addition  to 

diastolic  diameter  remains  significantly  high. 

a  Fixed  Speed,  a  “Lower  Speed  Limit”  must  also 

Since  alterations  in  pump  speed  can  result  in 

be  set  by  the  clinician.  The  Lower  Speed  Limit  is 

rapid  changes  in  hemodynamics  and  left  ventricu-

the  lowest  speed  at  which  the  pump  will  be  allo-

lar  size,  changes  to  the  Fixed  Speed  should  be 

wed  to  operate  by  the  pump  controller.  The  Lower 

made  in  small 

increments  (the  degree  of 

Speed  Limit  varies  according  to  each  pump,  but 

recommended  interval  change  in  RPM  varies  by 

essentially  serves  to  maintain  anterograde  flow 

pump  type).  Any  adjustment  to  the  Fixed  Speed 

through  the  outflow  graft,  and  thus  prevent  an 

should  be  followed  by  reassessment  of  hemody-

aorta-left 

ventricular 

shunt 

from 

occurring 

namic/echocardiographic  parameters  (as  available) 

(Belkin  et  al. 2022). 

within  2–5  min  before  further  changes  are  made  to 

the  Fixed  Speed. 

It  should  be  noted  that  as  pump  flow  is  depen-

Optimizing  cfLVAD  Speed 

dent  on  a  number  of  dynamic  continuous  vari-

ables,  in  some  cases  there  may  not  be  an  optimal 

The  determination  of  the  optimal  Fixed  Speed  for 

Fixed  Speed  in  which  all  of  the  aforementioned 

a  particular  patient  relies  upon  consideration  of 

hemodynamic  and  echocardiographic  findings  are 

multiple  factors,  including  left  ventricular  size, 

observed  simultaneously.  Furthermore,  periodic 

contractile  function,  preload,  and  afterload.  Ide-

changes  in  preload,  afterload,  and  biventricular 

ally,  determination  of  an  optimal  Fixed  Speed  is 

contractility 

may 

result 

in 

the 

need 

to 

performed  using  simultaneous  invasive  hemody-

re-establish  an  optimal  Fixed  Speed  for  a  particu-

namic  and  echocardiographic assessments.  In rou-

lar  patient  multiple  times  over  the  lifetime  of  the 

tine  clinical  practice,  however,  this  may  not 

device.  As  such,  changes  to  the  Fixed  Speed 

always  be  feasible.  In  such  cases,  a  clinician 

should  also  be  followed  on  a  longitudinal  basis 

may  need  to  rely  upon  data  from  either  of  these 

to  ensure  that  its  desired  effect  has  been 

two  modalities.  From  a  hemodynamic  perspec-

maintained  and  that  other  unintended  conse-

tive,  an  optimal  Fixed  Speed  is  one  that  can  dem-

quences  –  such  as  an  increase  in  the  degree  of 

onstrate  evidence  of  adequate  left  ventricular 

mitral  regurgitation  –  are  not  occurring. 

unloading  (such  as  a  normal  pulmonary  capillary 

wedge  pressure)  and  contribute  to  sufficient  total 

cardiac  output  (i.e.,  cardiac  index  >  2.2  l/min/m2 ) 

Power 

(Uriel  et  al. 2016). Additionally,  echocardio-

graphic  parameters  consistent  with  optimized 

All  current  cfLVADs  report  power  consumption  as 

speed  include  a  relative  reduction  in  left  ventricu-

an  essential  pump  parameter.  Power,  which  is 

lar  end-diastolic  diameter  and  the  following  val-

reported  in  watts,  is  directly  measured  by  the 

vular  findings:  intermittent  aortic  valve  opening, 

pump  system.  Power  consumption  is  dependent 

minimal  aortic  insufficiency,  and  minimal  mitral 

upon  a  number  of  factors,  including  pump  speed, 

regurgitation  (Uriel  et  al. 2016). Under  optimal 

blood  viscosity,  and  flow.  Under  typical  circum-

Fixed  Speed  conditions,  the  interventricular  sep-

stances,  pump  power  and  flow  have  a  direct  rela-

tum  (IVS)  is  frequently  positioned  in  the  midline 

tionship, with increases in pump flow accompanied 

between  the  right  and  left  ventricles.  Bowing  of 

by increased pump power consumption. In cases  of 

the  IVS  into  the  right  ventricle  may  suggest  inad-

pump  thrombosis,  a  marked  increase  in  power  can 

equate  unloading  of  the  left  ventricle,  and  thus  a 

also  be  observed.  Therefore,  increases  in  power 

Fixed  Speed  that  may  be  set  too  low.  Conversely, 

consumption  (occurring  acutely  or  longitudinally) 

the  finding  of  the  IVS  bowing  into  the  left  ventri-

should  be  investigated  for  possible  pump  thrombo-

cle  may  suggest  that  the  Fixed  Speed  is  set  too 

sis  (Belkin  et  al. 2022). 
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Flow 

ventricular  pressure  during  systole.  In  reference 

to  Figure*,  the  increase  in  left  ventricular  pressure 

Unlike  pump  speed  and  power,  the  reported  pump 

during  systole  results  in  a  decreased  pressure 

flows  in  the  current  generation  of  cfLVADs  are  across  the  pump  head  (H),  and  thus  increased 

calculated  using  propriety  formulas,  and  thus  may 

flow  (Q).  During  diastole,  the  pressure  in  the  left 

not  be  a  truly  precise  reflection  of  the  actual  flow 

ventricle  decreases  significantly,  leading  to 

through  the  system.  These  formulas  incorporate 

increased  pressure  across  the  pump  head  (H)  and 

pump  speed,  power,  and  blood  viscosity  into  the 

a  corresponding  decrease  in  flow  (Q).  This  differ-

flow  calculation.  Increased  levels  of  blood  viscos- ence  in  flow  between  its  maximum  (during  sys-

ity  result  in  greater  power  consumption  at  a  given 

tole)  and  minimum  (during  diastole)  is  known  as 

pump  speed  for  an  equivalent  flow.  Both 

the  pulsatility  index  or  (P.I.).  As  previously 

HeartMate  3™  and  HeartWare™  HVAD™  allow 

discussed,  changes  in  both  preload  and  afterload 

the  clinician  to  enter  the  patient’s  hematocrit, 

can  lead  to  changes  in  pressure  across  the  pump 

which  is  then  factored  into  the  algorithm  and 

head  (H)  throughout  the  cardiac  cycle,  which  in 

thus  adding  an  additional  layer  of  precision  to 

turn  can  affect  the  pulsatility  index. 

the  pump’s  flow  calculation. 

As  a  general  rule,  factors  that  result  in  a 

From  a  physiological  perspective,  the  primary 

reduced  left  ventricular  preload  may  lead  to  a 

determinate  of  flow  through  the  pump  system  is 

reduction  in  pressure  generation  during  systole, 

the  differential  between  the  pressure  at  the  pump 

and  therefore  a  reduction  in  pump  flow  and  in  the 

inflow  (equivalent  to  the  left  ventricular  pres-

pulsatility  index.  Such  factors  include  circulatory 

sure,  or  preload)  and  the  pressure  at  the  outflow 

volume  depletion  (due  to  dehydration  or  bleed-

graft  anastomosis  (equivalent  to  the  aortic  pres-

ing),  right  ventricular  failure,  or  arrhythmias. 

sure,  or  afterload).  The  relationship  between  the 

Additionally,  increases  in  afterload  may  lead  to 

pressure  differential  across  the  pump  head  and 

a  reduction  in  pump  flow  during  diastole  by  virtue 

flow  at  a  given  pump  speed  is  often  described  of  an  increase  in  pressure  across  the  pump  head 

graphically  using  what  is  known  as  an  H/Q  curve 

(H).  As  a  result,  the  pulsatility  index  may  increase 

(Figure*).  Increased  pressure  differential  across 

due  to  the  reduced  flow  during  diastole  relative  to 

the  pump  (H)  results  in  decreases  on  flow 

systole.  This  phenomenon  is  commonly  encoun-

(Q)  across  the  system.  It  is  also  apparent  that 

tered  in  the  setting  of  elevated  systemic  blood 

while  flow  tends  to  increase  with  increases  in 

pressure  and  can  be  corrected  with  the  use  of 

pump  speed,  this  effect  is  generally  significant 

antihypertensive  therapy. 

than  the  change  in  pressure  across  the  pump 

(H)  (Belkin  et  al. 2022). 

While  the  reported  pump  flow  is  calculated  and 

Early-Phase  Management 

thus  prone  to  error,  under  stable  physiological 

conditions,  calculated  pump  flow  should  remain 

Implementation  of  the  intense  surveillance  proto-

stable.  Therefore,  both  acute  and  chronic  changes 

col  after  cfLVAD  implantation  has  been  shown  to 

in  flow  in  the  absence  of  significant  changes  to 

improve 2-year  survival  (Pamboukian et al. 2011). 

pump  speed  should  be  carefully  evaluated  to 

Management  goals  in  the  first  6  months  following 

determine  the  underlying  cause  so  that  the  appro-

cfLVAD  implantation  include  (a)  hemodynamic 

priate  intervention  can  be  implemented. 

optimization, 

(b) 

medication 

management, 

(c)  prevention  of  right-heart  failure  (RHF),  and 

(d)  prevention  of  driveline  infections  (Fig. 2). 

Pulsatility  Index  (P.I.) 

Continuous-flow  left  ventricular  assist  device 

(cfLVAD)  patients  may  have  persistently  elevated 

In  nearly  all  cases  following  cfLVAD  implanta-

left- and  right-sided  filling  pressures.  In  one  study 

tion,  the  heart  continues  to  beat  with  each  cardiac 

that  evaluated  patients  with  HeartMate  II™  and 

cycle,  and  thus  generates  an  increase  in  left 

HeartWare™  HVAD™  cfLVADs,  29%  were

[image: Image 177]
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Fig.  2  Outpatient  management  of  patient  with  cfLVAD. 

MAP,  mean  arterial  pressure;  MR,  mitral  regurgitation; 

ACEI,  angiotensin-converting  enzyme  inhibitor;  ARB, 

NSR,  normal  sinus  rhythm;  PCWP,  pulmonary  capillary 

angiotensin 

receptor 

blocker; 

ARNI, 

angiotensin 

wedge  pressure;  SGLT2,  sodium-glucose  cotransporter-2; 

receptor-neprilysin  inhibitor;  CVP,  central  venous  pres-

VT,  ventricular  tachycardia.  (Created  with  BioRender. 

sure;  CI,  cardiac  index;  IVS,  interventricular  septum; 

com) 

found  to  have  elevated  filling  pressures  and  low 

PCWP  ratio  suggestive  of  RHF  and  12%  exhibited 

cardiac  output  at  3  months.  Two-thirds  of  patients 

a  volume  overloaded  state  (elevated  CVP  and 

who  underwent  cfLVAD  pump  speed  optimization 

PCWP)(Uriel  et  al. 2016).  In  HeartMate  III  cohort, 

demonstrated  improvement  in  cardiac  output  and 

hemodynamic  optimization  was  achieved  in  81.3% 

left-sided filling pressures. One-third of patients had 

of  patients;  however,  these  patients  were  part  of  the 

right  ventricular  dysfunction  [as  evidenced  by  a 

CE  mark  study,  which  may  have  influenced  the 

median 

central 

venous 

pressure 

(CVP) 

of 

results  (Uriel  et  al. 2017). 

17  mmHg  that  likely  contributed  to  optimize  the 

After  discharge,  patients  should  be  followed 

cardiac  output  or  left-sided  filling  pressures)  (Shah 

closely  with  weekly  in-person  or  telemetry  visits 

et al. 2018).  Echocardiographic  parameters  such  as 

for  at  least  1  month,  then  every  2  weeks  for  at  least 

changes  in left  ventricular dimensions or  severity  of 

1  month,  and  then  every  4–6  weeks  thereafter 

mitral regurgitation should not be relied upon solely 

through  the  initial  6  months  post  implantation. 

to  determine  optimal  left  ventricular  unloading 

Frequent  follow-up  has  the  potential  to  reduce 

(Sauer  et  al. 2014).  Combined  echocardiographic 

the  risk  of  HF-related  hospitalizations,  early 

and hemodynamic  data  should  be  incorporated  dur-

detection  and  management  of  driveline  infections, 

ing  optimization  to  achieve  a  CVP  <  12  mmHg, 

and  allows  for  more  precise  optimization  of  med-

pulmonary  capillary  wedge  pressure  (PCWP)  < 

ical  therapy.  Laboratory  monitoring  with  com-

18  mmHg,  and  maintenance  of  the  interventricular 

plete  blood  count,  comprehensive  metabolic 

septum  in  the  midline.  Uriel  et  al.  performed  hemo-

panel, 

and 

natriuretic 

peptides 

should 

be 

dynamic  and  echocardiographic  optimization  in  a 

performed  at  least  once  every  2–3  weeks  during 

cohort  with  HeartMate  II™  and  HeartWare™ 

the  initial  6  months  following  implantation.  Com-

HVAD™  cfLVADs,  and  these  hemodynamic 

bined  echocardiographic  and  hemodynamic  opti-

goals were achieved in only 56% of patients. Within 

mization  should  be  performed  at  1–3  months  after 

this  cohort,  9%  of  patients  had  elevated  CVP  to 

hospital  discharge. 
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Medical  Management 

decreased  pulse  pressure  and  absent  palpable 

pulse.  The  oscillometric  method  relies  on  the 

Blood  Pressure  Management 

detection  of  Korotkoff  sounds  for  the  estimation 

of  systolic  and  mean  arterial  blood  pressure.  The 

Blood  pressure  (BP)  management  in  cfLVAD 

detection  of  Korotkoff  sounds  may  be  obscured 

patients  is  vital  to  prevent  pump  thrombosis, 

by  the  cfLVAD  noise  (Castagna  et  al. 2017). 

stroke, 

and 

aortic 

regurgitation. 

In 

the 

Hence,  conventional  manual  or  automated  blood 

HeartWare™  ADVANCE  bridge  to  transplant 

pressure measurement  may  not be reliable. Ambu-

and  continued  access  protocol  trial,  an  elevated 

latory  blood  pressure  measurement  in  cfLVAD 

mean  arterial  pressure  (MAP)  of  more  than 

patients  is  instead  performed  using  Doppler. 

90  mmHg  was  associated  with  pump  thrombosis 

Doppler  blood  pressure  measurements  correlated 

and  hemorrhagic  stroke  (Najjar  et  al. 2014; 

closely  with  MAP  or  SBP  depending  on  pulse 

Teuteberg  et  al. 2015).  Intensive  blood  pressure 

pressure.  Doppler  BP  correlates  with  SBP  if  the 

management  to  maintain  MAP  <  90  mmHg 

pulse  pressure  is  more  than  20  mmHg.  (Bennett 

decreased  the  prevalence  of  hemorrhagic  stroke 

et  al. 2010; Lanier  et  al. 2013; Eisen  et  al. 2022). 

(1.8%)  compared  to  routine  blood  pressure  man-

In  one  study,  blood  pressure  measurements  were 

agement  (9.3%)  (Teuteberg  et  al. 2015). The 

successfully  obtained  by  using  Doppler  ultra-

development  of  moderate  or  severe  aortic  regur-

sound  94%  of  the  time,  whereas  the  palpable 

gitation  was  only  3%  with  intensive  blood  pres-

method  and  automated  cuff  measurements  were 

sure  management  to  maintain  MAP  <  80  mmHg 

successful  at  3%  and  14.3%  of  the  time,  respec-

in  a  single-center  study  (Lampert  et  al. 2014).  The 

tively  (Bennett  et  al. 2010). 

association  of  mortality  with  blood  pressures  is 

Accurate  measurement  of  blood  pressure  is 

bimodal.  Low  blood  pressures  (<75  mmHg)  were 

vital  for medical management  and to  prevent  com-

associated with increased risk of death by 35–39% 

plications  in  cfLVAD  patients  as  outlined  above. 

and  high  MAP  (defined  as  >100  mmHg  or  sys-

The  presence  of  a  palpable  pulse  will  determine 

tolic  blood  pressure  >  120  mmHg)  with  an 

whether  an  automatic  machine  or  Doppler  device 

increased  risk  of  death  by  17–20%.  Patients  with 

can  be  used  to  measure  blood  pressure.  Blood 

low  MAP  are  likely  to  have  RHF  and  renal  dys-

pressure  obtained  via  Doppler  in  the  absence  of 

function  as  reported  by  Cowger  et  al.  based  on 

a  palpable  pulse  or  aortic  valve  opening  should  be 

STS/INTERMACS  analysis  (Cowger  et  al. 2020). 

recorded  as  MAP.  Blood  pressure  obtained  with  a 

Blood  flow  through  a  cfLVAD  is  largely  deter-

palpable  pulse  or  aortic  valve  opening  should  be 

mined  by  the  pressure  differential  between  the 

recorded  as  systolic  blood  pressure. 

outflow  and  inflow  (MAP  –  left  ventricular  pres-

Blood  pressure  targets  should  be  established  for 

sure)  and  is  maximum  during  systole  (when  the 

the  individual  patient.  In  patients  with  RHF,  hypo-

pressure  differential  is  lowest).  Elevated  blood 

tension  should  be  avoided  to  prevent  exacerbation 

pressure  can  affect  LV  unloading  due  to  the 

of  RV  ischemia  and  a  leftward  interventricular 

increased pressure differential  with persistent con-

septal  shift,  especially  with  centrifugal  devices. 

gestive  symptoms  and  RV  dysfunction  due  to 

The  goal  for  systolic  blood  pressure  should  be 

pulmonary 

congestion. 

Centrifugal 

pumps 

less  than  130  mmHg  with  a  palpable  pulse  and 

(HeartWare™  HVAD™  and  HeartMate3™)  are 

MAP  of  80–90  mmHg  for  those  without  a  periph-

more  sensitive  to  systemic  hypertension  com-

eral  pulse.  Older  patients  with  atherosclerotic  cere-

pared  to  axial  flow  pumps. 

brovascular  disease  require  higher  systolic  blood 

Lack  of  aortic  valve  opening,  severe  contrac-

pressure  or  MAP  goals  to  avoid  symptomatic 

tile  dysfunction,  and  diminished  diastolic pressure 

hypotension  and  end-organ  hypoperfusion  (Eisen 

decay  with  continuous-blood  flow  results  in 

et  al. 2022). 
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Heart  Failure  Management 

shown  to  be  associated  with  higher  recovery  rates 

(Topkara  et  al. 2016). This  may  be  explained  by 

Myocardial  Recovery 

patients  in  cardiogenic  shock  due  to  reversible 

Early observations of changes in the left ventricular 

cardiomyopathies undergoing  LVAD  implantation. 

dimensions  after  LVAD  support  created  interest  in 

Patients  are  considered  candidates  for  LVAD 

investigating  changes  in  myocardial  structure  and 

explant  if  the  following  criteria  are  met:  (a)  left 

gene  expression.  Left  ventricular  remodeling  and 

ventricular  end-diastolic  dimension  <6.0  cm,  left 

recovery  is  a  spectrum  with  varying  degrees  of  left 

ventricular  end-systolic  diameter  <  5.0  cm,  and  left 

ventricular  ejection  fraction  improvement.  Left 

ventricular  ejection  fraction  >45%;  (b)  pulmonary 

ventricular  reverse  remodeling  with  partial  or  com-

capillary  wedge  pressure  <  15  mmHg,  and  resting 

plete  myocardial  recovery  after  LVAD  implanta-

cardiac  index  >2.4  L/min/m2 ;  and  (c)  maximal 

tion  has  been  reported  in  registry  studies,  single-

oxygen consumption with exercise >16 mL/kg/min 

center,  and  multicenter  studies.  Rates  of  improve-

(not  required  for  explant)  (Birks  et  al. 2020).  These 

ment  in  left  ventricular  ejection  defined  by 

criteria  had to  be met with a  speed  of  6000  RPM  for 

improvement  in  left  ventricular  ejection  fraction 

the  HeartMate  II™  device  at  5  min  and  15  min. 

to  >40%  range  from  40%  to  70%  in  single-center 

Other  criteria  include  the  presence  of  only  mild 

and  multicenter  studies.  However,  rates  of  LVAD 

mitral,  aortic,  and  tricuspid  regurgitation  at  base-

explantation  have  a  wide  range  of  variability  with 

line,  ramp  down,  and  after  stress. 

reports  as  low  as  3%  to  as  high  as  73%  (Kanwar 

et  al. 2022).  Rates  of  myocardial  recovery  leading 

to  device  explant  have  been  reported  to  be  1.9% 

Medical  Management 

and  3.1%  at  2  and  3  years,  respectively  (Topkara 

et  al. 2016).  Left  ventricular  assist  device  support 

Guideline-Directed  Medical  Therapy 

improves  contractile  function,  calcium  cycling, 

There  is  persistent  activation  of  sympathetic  ner-

regression  of  hypertrophy,  mitochondrial  function, 

vous  system  and  renin-angiotensin-aldosterone 

and  decreased  cardiomyocyte  cell  death  (Heerdt 

system  after  LVAD  implantation  (Grosman-

et  al. 2000;  Burkhoff  et  al  . 2021). Patients  with 

Rimon  et  al. 2018).  Guideline-directed  medical 

lesser  degrees  of  systemic  inflammation,  myocar-

management  and  optimization  of  hemodynamics 

dial inflammation, and fibrosis at the time of LVAD 

with  pump  speed  adjustment  offer  the  best  chance 

implantation  have  higher  potential  for  myocardial 

for  myocardial  recovery.  Medical  management 

recovery (Bruckner et al. 2004; Diakos et al. 2021). 

of  heart  failure  after  LVAD  implantation  with 

Pre-implant  factors  like  young  age,  female  sex, 

guideline-directed  medical  therapy  should  be  ini-

nonischemic  etiology,  shorter  duration  of  disease, 

tiated  and  titrated  as  an  outpatient  with  the  aim 

lack  of  implantable  cardioverter  defibrillator 

of  (a)  partial  or  complete  myocardial  recovery, 

(ICD),  normal  renal  function,  left  ventricular  fail-

(b) 

diuretic 

management 

for 

decongestion, 

ure  end-diastolic  dimension  <6.5  cm,  low  body 

(c)  improve  functional  capacity,  and  (d)  reduce 

surface  area,  and  axial  flow  devices  are  associated 

cfLVAD  complications.  The  rates  of  myocardial 

with  increased  likelihood  of  partial  or  complete 

recovery  are  higher  in  studies  with  a  rigorous 

recovery.  Patients  with  partial  or  complete  recov-

implementation  of  a  medical  management  proto-

ery of left ventricular systolic function have a lower 

col  for  heart  failure  with  reduced  ejection  fraction. 

incidence  of  pulmonary  hypertension  and  severe 

The  Harefield  protocol  for  myocardial  recovery 

mitral  regurgitation.  Myocarditis,  peripartum  car-

consisted  of  two  phases:  Phase  1  –  initiation  of 

diomyopathy,  and  adriamycin-induced  cardiomy-

carvedilol  with  a  maximum  dose  of  50  mg  twice 

opathy  etiologies  have  increased  rates  of  partial  or 

daily,  lisinopril  40  mg  once  daily  or  losartan 

complete  myocardial  recovery  (Topkara  et  al. 

100  mg  once  daily,  and  spironolactone  25  mg 

2016; Wever-Pinzon  et  al. 2016). Pre-implant  tem-

once  daily.  Phase  2  –  initiation  of  clenbuterol  at 

porary  mechanical  support  use  with  veno-arterial 

40  mcg  twice  daily  and  uptitrated  to  a  maximum 

extracorporeal  membrane  oxygenation  has  been 

dose  of  700  mcg  three  times  daily  with  a  goal
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heart  rate  <  100  beats/min  (carvedilol  was 

needs  to  be  discontinued  in  the  periprocedural 

switched  to  bisoprolol)  to  reverse  myocyte  atro-

setting,  bridging  can  be  achieved  with  a  heparin 

phy  with  chronic  mechanical  unloading  (Birks 

infusion  (PTT  goals  also  vary  by  institution).  Of 

et  al. 2006).  The  remission  from  Stage  D  Heart 

note,  early  clinical  trials  reported  substantially 

Failure 

(RESTAGE-HF) 

protocol 

included 

lower  rates  of  pump  thrombosis  in  those 

lisinopril  20  mg  twice  daily,  carvedilol  50  mg 

supported  by  HeartMate3™  (Mehra  et  al. 2019), 

twice  daily,  spironolactone  25  mg  once  daily, 

and  subsequently  many  clinicians  have  deferred 

digoxin  125  mcg  once  daily,  and  losartan 

bridging  anticoagulation  in  these  cases  (though 

150  mg  once  daily.  Clenbuterol  was  not  used  in 

this  has  not  been  formally  studied  and  thus  should 

this  study  because  of  the  lack  of  availability  for 

not  be  considered  to  be  a  formal  recommenda-

clinical  use in the United States (Birks  et al. 2020). 

tion).  In  cases  of  significant  bleeding  (often  a 

Myocardial  recovery  studies  with  LVAD  were 

gastrointestinal  etiology),  antiplatelet  and  anti-

performed  prior  to  the  introduction  of  therapies 

coagulation  are  sometimes  held  on  a  temporary 

such  as  angiotensin-receptor  neprilysin  inhibitors 

or  longer-term  basis  depending  on  the  clinical 

(ARNI) 

and 

sodium-glucose 

cotransporter-2 

scenario  with  respect  to  patient  risk  and  pump 

inhibitors  (SGLT2-I)  that  have  demonstrated 

type.  The risk  profile  and  net benefit of antiplatelet 

proven  mortality  benefits  in  the  HFrEF  popula-

use  are  likely  to  be  further  clarified,  particularly 

tion.  Myocardial  recovery  with  HeartMate3™  has 

with  respect  to  HeartMate3™  after  the  Antiplatelet 

been  reported  in  retrospective  studies,  but  multi-

Removal  and  HemocompatIbility  EventS  with  the 

center  prospective  studies  are  lacking  (Antonides 

HeartMate  3  Pump  IDE  Study  (ClinicalTrials.gov 

et  al. 2020; Gyoten  et  al. 2022). Changes  in  the 

Identifier:  NCT04069156). 

UNOS  heart  allocation  system  may  impact  myo-

cardial  recovery  rates  with  LVAD  due  to  patients 

with  acute  heart  failure  bridged  to  OHT  on  tem-

Driveline  Management 

porary  mechanical  circulatory  support  (Topkara 

et  al. 2022). In  summary,  patients  with  cfLVADs 

Driveline  exit-site  infection  is  one  of  the  most 

should  be  initiated  on  guideline-directed  medical 

common  causes  of  rehospitalization  and  accounts 

therapy  with  titration  as  tolerated.  However,  beta-

for  40%  at  1  year.  Patient-related  factors  for 

blockers  should  be  avoided  in  patients  with  right-

increased  driveline  infection  include  obesity,  dia-

heart  failure  (RHF)  or  right  ventricular  dysfunc-

betes  mellitus,  chronic  kidney  disease,  malnutri-

tion  without  overt  failure. 

tion,  long-term  support,  prolonged  ICU  stay, 

depression,  and  driveline  trauma  (Angleitner 

et  al. 2022; Yoshioka  et  al. 2022;  Krzelj  et  al. 

Antiplatelets  and  Anticoagulation 

2022; Bernhardt  et  al. 2020).  Standardized  pro-

tocols  such  as  the  10-stage  protocol  described  by 

Regardless  of  the  patient  and  the  pump  model, 

the  German  and  Austrian  group  can  prevent  drive-

patients  are  expected  to  be  maintained  on  both 

line  infections  (Bernhardt  et  al. 2020).  A  pocket 

antiplatelet  therapy  and  anticoagulation  under 

card  with  steps  or  pictures  for  driveline  dressing 

normal  circumstances  in  order  to  risk  the  pump 

change  may  help  patients  with  reading  or  learning 

thrombosis  and  thromboembolic  complications. 

abilities.  Driveline  dressing  change  should  be  lim-

For  both  HeartMate  II™  and  HeartMate3™, 

ited  to  one  or  two  caregivers  if  possible.  Another 

low-dose 

aspirin 

(81 

mg) 

once 

daily 

is 

important  aspect  of  preventing  early  driveline 

recommended.  For  HeartWare™  HVAD™,  full-

infection  is  to  immobilize  the  driveline  with  a 

dose aspirin (325  mg) once daily is recommended. 

suture  for  at  least  4–6  weeks  to  allow  healing. 

For  all  pumps,  anticoagulation  with  warfarin  is 

There 

are 

no 

recommendations 

regarding 

recommended.  A  typical  goal  INR  of  2.0–3.0  is 

showering  and  patients  follow  policies  set  forth 

generally  utilized,  but  INR  goals  may  vary  by 

by  the  implanting  center.  Frequency  of  dressing 

institution  and  clinical  scenario.  When  warfarin 

changes  also  should  be  individualized  and  should
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be  increased  if  there  is  evidence  of  driveline  infec-

>3.0  mmol/l.  The  causes  of  RHF  may  be  due  to 

tion  or  drainage.  Optimization  of  nutritional  status 

patient,  management,  or  device-related  factors 

and  diabetes  mellitus  can  improve  wound  healing 

(Kormos  et  al. 2020). 

and  decrease  driveline  infection  rates. 

Management  of  RHF  includes  (a)  decreasing 

systemic  venous  congestion  with  diuretics, 

(b)  pump  speed  optimization  to  decrease  left-

Management  of  Adverse  Events 

sided  filling  pressures  (which  may  improve 

right-heart  function),  (c)  decreasing  pulmonary 

Complications  of  chronic  cfLVAD  support  con-

vascular  resistance  with  pulmonary  vasodilators 

tribute  to  significant  morbidity  and  are  associated 

in  patients  with  predominant  precapillary  pulmo-

with  increased  mortality  (Fig. 1). 

nary  hypertension,  and  (d)  management  of  atrial 

and  ventricular  arrhythmias. 

Right-Heart  Failure 

Aortic  Regurgitation 

Right-heart  failure  (RHF)  after  cfLVAD  implanta-

tion  is  associated  with  increased  morbidity  and 

Aortic  regurgitation  (AR)  in  patients  with 

mortality.  The  incidence  of  moderate  RHF  requir-

cfLVADs  requires  close  surveillance  and  early 

ing  inotropes  at  6  months  and  1  year  is  3%,  and  is 

recognition  in  order  to  mitigate  the  development 

associated  with  higher  cumulative  incidence  of 

of  late  RHF  and  multiorgan  dysfunction.  There  is 

1-year  mortality.  The  presence  of  RHF  has  also 

variability  in  the  definition  of  significant  AR  due 

been  associated  with  an  increased  cumulative 

to  a  lack  of  standardization  of  echocardiographic 

incidence  of  stroke,  gastrointestinal  bleeding, 

assessment  of  AR  in  patients  with  cfLVADs. 

and  rehospitalization  (Rame  et  al. 2021). 

Hence,  incidence  of  significant  de  novo  AR  is 

Early  post-implant  RHF  is  defined  as  the  need 

inconsistent  among  prior  studies,  and  ranges 

for  right  ventricular  assist  device  (RVAD)  within 

from  10%  to  36%  depending  upon  the  presence 

30  days  after  LVAD  implantation  or  failure  to 

or absence of preoperative mild AR (Kagawa et al. 

wean  from  inotropic  or  vasopressor  support  or 

2020; Truby  et  al. 2018).  Fifty-five  percent  of 

inhaled  nitric  oxide  within  14  days.  Initiation  of 

patients  develop  AR  within  6  months  of  cfLVAD 

inotropic  support  within  30  days  of  implant  for  a 

implantation  (Truby  et  al. 2018). Moderate  AR 

duration  of  14  days  is  an  additional  criterion.  Late 

develops  in  at  least  40–60%  patients  on  long-

RHF  is  defined  by  the  need  for  RVAD  greater  than 

term  cfLVAD  support  (Jorde  et  al. 2014; 

30  days  after  LVAD  implantation  or  hospitaliza-

Rajagopal  et  al. 2013; Patil  et  al. 2014).  The 

tion  that  occurs  more  than  30  days  after  implanta-

presence  of  moderate  or  severe  AR  has  predicted 

tion  with  a  need  for  inotropes  or  intravenous 

lower  2-year  and  5-year  survival  compared  to 

diuretics  for  at  least  72  h.  The  diagnosis  of  RHF 

patients 

with 

no 

or 

mild 

AR. 

Increased 

is  made  by  the  presence  of  two  clinical  findings: 

rehospitalization  rates  have  been  observed  in 

ascites,  peripheral  edema  (>2+),  elevated  mea-

patients  with  moderate-to-severe  AR  compared 

sured  central  venous  pressure  (>  16  mmHg), 

to  patients  without  AR  (Truby  et  al. 2018). 

and  elevated  estimated  jugular  venous  pressures 

Partial  or  complete  support  by  cfLVAD  and 

at  least  halfway  up  the  neck  in  an  upright  position; 

residual  native  LV  contractility  determine  aortic 

or  associated  with  one  of  the  clinical  manifesta-

valve  opening.  Lack  of  aortic  valve  opening 

tions:  renal  failure  with  serum  creatinine  >2  times 

exposes  the  aortic  leaflets  to  increased  trans-

baseline  values,  liver  injury  with  elevated  trans-

valvular  pressures  and  stress,  especially  during 

aminases  >2  times  upper  limit  of  normal  or  total 

diastole.  Proposed  pathophysiological  mecha-

bilirubin  >2,  SVO < 

2 

50%,  cardiac  index  <  2.2  l/ 

nisms  for  AR  development  in  patients  with 

min/m2 ,  reduction  in  pump  flow  >30%  from  the 

cfLVAD  include  (a)  hemodynamic  stress  on  the 

previous 

baseline, 

and 

elevated 

lactate 

aortic  leaflets  throughout  the  cardiac  cycle

[image: Image 178]
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causing  endothelial  damage,  valve  degeneration, 

severe  AR  may  present  with  heart  failure  symp-

and  commissural  fusion,  and  (b)  aortic  annular 

toms,  and  in  severe  cases,  cardiogenic  shock. 

dilation  (Mudd  et  al. 2008; May-Newman  et  al. 

Associated  worsening  end-organ  function  due  to 

2006;  Holtz  and  Teuteberg  2014). 

progressive  right  ventricular  dysfunction  in  the 

Identified  risk  factors  for  AR  include  female 

setting  of  AR  may  lead  to  increases  in  morbidity 

sex,  low  body  mass  index  (BMI),  larger  baseline 

and  mortality  (Bouabdallaoui  et  al. 2018). 

aortic  root  diameter,  hypertension,  small  body  sur-

Assessment  of  severity  of  AR  should  combine 

face,  long  duration  of  support,  and  closed  aortic 

imaging,  laboratory,  and  hemodynamic  assess-

valve  (Kagawa  et  al. 2020; Patil  et  al. 2014, 2016; 

ment.  Aortic  regurgitation  in  cfLVAD  is  continu-

Imamura  et  al. 2015;  Gasparovic  et  al. 2017; 

ous  throughout  the  cardiac  cycle;  hence,  visual 

Cowger  et  al. 2010;  Pak  et  al. 2010).  Large  left 

assessment  underestimates  severity.  In  addition, 

ventricular dimensions, elevated natriuretic peptide 

quantitative  assessment  of  AR  in  patients  with 

levels,  and  right  ventricular  dysfunction  predicted 

cfLVAD  support  is  not  accurate  (Bouabdallaoui 

risk  of  worsening  AR  after  cfLVAD  implantation. 

et  al. 2018).  However,  Imamura  et  al.  showed  that 

Patients  with  underlying  right  ventricular  dysfunc-

34%  of  patients  were  diagnosed  with  significant 

tion  are  less  likely  to  tolerate  AR  given  its  propen-

AR  when  novel  semiquantitative  measurements 

sity  to  lead  to  elevated  pulmonary  pressures 

were  utilized  compared  to  2%  with  visual  assess-

(Cowger  et  al. 2014). Aortic  regurgitation  is  also 

ment  (Imamura  et  al. 2019).  Novel  Doppler  echo-

associated  with  progressive  biventricular  dilation 

cardiographic 

parameters 

of 

AR 

severity 

and  increasing severity  of  mitral  regurgitation.  Ele-

assessment  have  shown  promise.  These  include 

vated  right- and  left-sided  filling  pressures,  and 

LVAD  outflow  cannular  systolic-to-diastolic  peak 

right  ventricular  dysfunction  with  development  of 

velocity  ratio  (S/D  ratio)  <  5  and  diastolic  accel-

significant  AR  are  also  associated  with  an 

eration  >  49.0  cm/s2  due  to  increased  diastolic 

increased  risk  of  stroke  and  nonsurgical  bleeding 

flow  through  the  outflow  graft  (Grinstein  et  al. 

(Imamura  et  al. 2019; Sayer  et  al. 2017).  Patients 

2016)  (Fig. 3). 

with  hemodynamically  significant  moderate  or 

Fig.  3  Aortic  regurgitation  after  cfLVAD.  AR,  aortic 

device;  D,  diastolic;  LVOT,  left  ventricular  outflow;  S, 

regurgitation;  BSA,  body  surface  area;  BMI,  body  mass 

systolic.  (Created  with  BioRender.com) 

index;  cfLVAD,  continuous-flow  left  ventricular  assist 
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Of  note,  there  can  be  a  discordance  between 

dysfunction  and  comorbidities  (Retzer  et  al. 

calculated  device  flows  and  measured  total  car-

2016). Long-term  data  regarding  the  durability 

diac  output  in  patients  with  severe  AR  since  a 

of  bioprosthetic  valves  and  survival  with  surgical 

significant  proportion  of  flow  through  the  pump 

and/or  percutaneous  approaches  in  this  patient 

regurgitates  back  through  the  aortic  valve  rather 

population  are  lacking. 

than  continuing  through  the  systemic  circulation. 

Pump  power  can  be  high  (in  parallel  with 

increased  pump  flow)  and  pulsatility  index  lower 

Device  Complications 

in  patients  with  severe  AR.  Serial  device  parame-

ter  trends  may  provide  an  indirect  assessment  of 

Driveline/Device  Infection 

worsening  severity  of  AR  (Bouabdallaoui  et  al. 

2018). 

As  noted  previously,  it  is  important  that  patients 

Outpatient  management  of  AR  should  include 

and  caregivers  are  appropriately  trained  to  main-

serial  echocardiographic  assessment  and  hemody-

tain  a  clean  driveline  exit  site  and  routinely 

namic  assessment.  Blood  pressure  management 

performed  sterile  driveline  dressing  changes. 

and  device  optimization  to  allow  for  intermittent 

However,  driveline  infections  may  develop  even 

aortic  valve  opening  may  prevent  severe  AR 

with  careful  management.  Driveline  infection 

(Wasson  et  al. 2015).  Device  management  by 

staging  developed  by  Sharp  Memorial  Group 

increasing  pump  increase  may  initially  improve 

can  help  standardize  management  for  mild  super-

cardiac  output  but  will  result  in  progressive  wors-

ficial  infections  that  can  be  managed  at  home  and 

ening  AR  due  to  increased  transvalvular  gradients 

deep  invasive  infections  that  require  surgical 

(Sayer  et  al. 2017). Conversely,  decreasing 

intervention  (Toda  and  Sawa  2015).  Gallium-67 

cfLVAD  speed  in  patients  with  severe  AR  will 

single-photon  emission  computed  tomography 

result  in  a  reduction  in  cardiac  output.  Medical 

testing  is  effective  in  the  identification  of  LVAD 

management  with  diuretics  to  relieve  congestion 

driveline  infections  (Puius  et  al. 2021).  Involve-

and  afterload  reduction  agents  can  be  utilized  as 

ment  of  infectious  disease  specialists  with  experi-

temporizing  measures.  Definitive  treatment  of 

ence  in  managing  LVAD  driveline  infections  and 

severe  AR  with  heart  failure  symptoms  requires 

the  patient’s  surgical  team  is  critical  to  managing 

surgical  or  transcatheter  approaches  to  replace  the 

driveline  and  device  infections. 

aortic  valve  or  heart  transplantation  in  those 

patients  who  are  candidates.  Early  referral  to  a 

structural  cardiologist  and  surgical  consultation 

Outflow  Graft  Obstruction 

with  timely  intervention  may  avert  adverse  out-

comes.  Surgical  management  of  acquired  AR 

Extrinsic  compression  of  the  outflow  graft  has 

after  cfLVAD  is  associated  with  20%  in-hospital 

been  reported  with  HeartMate  II™,  HeartWare™ 

mortality  (Atkins  et  al. 2013). Transcatheter  aortic 

HVAD™,  and  HeartMate3™,  leading  to  pump 

valve  replacement  has  been  used  successfully  in 

malfunction  (Duero  Posada  et  al. 2017;  Wert 

patients  with  symptomatic  AR  with  cfLVAD  sup-

et  al. 2021; Nathan  et  al. 2020). A  clinical  presen-

port  in  patients  with  RHF  who  are  poor  surgical 

tation  with  heart  failure  symptoms,  low  pump 

candidates  (Yehya  et  al. 2019;  Phan  et  al. 2017). 

flows,  and  echocardiographic  evidence  of  left 

Percutaneous  occluder  devices  have  been  used; 

ventricular  dilation  compared  to  prior  imaging  is 

however,  this  does  not  allow  for  myocardial 

highly  suspicious  of  outflow  graft  obstruction. 

recovery  and  poses  a  risk  of  sudden  death  with 

Patients  with  minimal  LV  contractility  and  are 

cfLVAD  malfunction  since  the  aortic  valve  can  no 

pump  dependent  may  present  with  cardiogenic 

longer  open.  Additionally,  mortality  at  6  months 

shock  (Agrawal  et  al. 2021). 

was  70%  in  a  cohort  of  cfLVAD-supported 

In  HeartMate3™,  the  proximal  portion  of 

patients  who  underwent  closure  of  aortic  valve 

the  outflow  graft  is  protected  by  a  bend  relief  struc-

with  percutaneous  occlude  devices  due  to  RV 

ture  that  is  classically  constructed  from  polytetr-
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afluoroethylene  to  prevent  kinking.  The  remainder 

as “short-to-shield” has been reported (Coyle  et al. 

of  the  outflow  graft  is  typically  wrapped  in  Gore-

2020). “Short-to-shield”  occurs  when  the  insula-

Tex™,  a  radiopaque  material  that  is  intended  to 

tion  of  the  driveline  wiring  is  damaged  and  results 

prevent  the  formation  of  adhesions  and  reduce 

in  an  electrical  short  to  the  grounded  connection, 

the  difficultly  of  pump  dissection  at  the  time  of 

and  can  result  in  pump  power  failure.  This  fault 

heart  transplantation.  Accumulation  of  biodebris 

can  be  overcome  by  having  the  patient  use  an 

between  the  outflow  graft  and  the  Gore-Tex™  cov-

ungrounded  power  cable  or  by  switching  to  bat-

ering  can  result  in  extrinsic  compression  of  the 

tery  power.  When  the  affected  portion  of  the 

outflow  graft  and  ultimately  lead  to  a  reduction  in 

driveline  is  external  to  the  patient,  a  driveline 

LVAD  flows.  In  a  single-center  experience, 

repair  may  be  attempted  by  a  trained  professional, 

one-third  of  patients  with  HeartMate3™  implanta-

whereas  internal  driveline  damage  may  require  a 

tion  had  evidence  of  at  least  3  mm  biodebris  accu-

pump  exchange. 

mulation,  which  was  considered  to  be  significant. 

Patients with longer durations of LVAD support had 

higher  incidence  of  biodebris  accumulation  (Jain 

Conclusion 

et  al. 2023). 

The  diagnosis  of  outflow  graft  stenosis  or 

Successful  outpatient  management  of  cfLVAD 

obstruction  can  be  made  with  computed  tomo-

requires  a  multidisciplinary  effort  by  coordina-

graphic  angiography  (CTA)  of  the  chest.  If  an 

tors,  nurse  practitioners,  pharmacists,  and  heart 

outflow  graft  obstruction  is  identified,  a  combined 

failure  physicians.  Hospital  readmissions  due  to 

echocardiographic  and  hemodynamic  ramp  study 

persistent  HF,  bleeding,  and  infection  remain 

should  be  performed  to  assess  its  hemodynamic 

high.  Future  directions  to  implant  hemodynamic 

significance.  Persistent  aortic  valve  opening  with 

sensors,  wireless  technology,  medications  to 

lack  of  improvement  in  hemodynamics  with 

improve 

right 

ventricular 

function, 

and 

increased  pump  speed  are  signs  of  a  significant 

hemocompatible  pumps  without  the  requirement 

obstruction.  Strategies  for  the  management  of 

of  anticoagulation  and/or  antiplatelet  therapies 

cfLVAD  outflow  graft  obstructions  include  surgi-

may  decrease  morbidities  associated  with  the 

cal  removal  of  biodebris  and/or  replacement/ 

cfLVAD. 

repositioning  of  the  outflow  graft  and  balloon 

angioplasty  with  stenting  (Nathan  et  al. 2020). 

For  patients  with  high  surgical  risk  due  to  RV 
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Abstract 

has  not  kept  up  with  the  rising  rate  of  new 

The  incidence  of  heart  failure  keeps  rising  in 

patients  added  to  the  transplant  waitlist.  This 

our  aging  population,  with  an  estimated  prev-

has  necessitated  the  technology  of  mechanical 

alence  of  2%  in  American  adults  over  20  years 

circulatory  support  (MCS)  to  keep  pushing 

of  age.  Left  ventricular  systolic  failure  carries  a 

the  boundaries  of  durability  and  reliability,  so 

grim  prognosis,  with  a  5-year  survival  rate  of 

that  patients  can  survive  successfully  to  a 

~50%.  In  cases  of  end-stage  heart  failure  in 

transplant. 

adult  patients,  the  1-year  survival  rate  is 

Multiple  temporary  or  durable  mechanical 

<10%.  In  addition,  the  rate  of  heart  donation 

support  devices  (MCS)  have  emerged  as  viable 

bridge-to-transplant 

options 

in 

waitlisted 

patients.  While  temporary  MCS  devices  are 

placed  as  a  bridge  to  alternative  therapy,  tradi-
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e-mail:  emma.birks@uky.edu 

©  Springer  Nature  Switzerland  AG  2025 

805

F.  A.  Arabía  (ed.),  Mechanical  Circulatory  Support, 

https://doi.org/10.1007/978-3-031-09048-6_56 

806

G. N. Vaidya and E. J. Birks

the  actual  intent  of  implantation  –  as  a bridge to 

devices  are  being  introduced  that  can  provide 

transplant  or  as  destination  therapy.  The  intent 

ambulatory  support  through  methods  thought 

could  be  maintenance  of  survival  until  other 

only  for  hospitalized  patients.  The  distinction 

therapeutic  options  become  available  or  possi-

between  durable  and  temporary  support  is 

ble,  which  would  then  replace  the  LVAD  as  the 

becoming  obscure  as  the  technology  keeps 

predominant  means  of  survival.  On  other  occa-

advancing.  The  patient  demographics  and  acu-

sions,  the  LVAD  is  the  destination  and  the 

ity  of  presentation  have  also  evolved  over  the 

means  for  survival.  However,  in  the  modern 

years,  which  has  resulted  in  a  change  in  the 

era,  the  intent  of  using  LVAD  is  often  dynamic 

distribution  and  characteristic  of  patient  out-

and  the  strategy  for  treatment  can  change 

comes  post-LVAD  implantation.  This  chapter 

according  to  the  patient’s  response  to  the 

will  detail  the  evolution  of  outcomes  after 

LVAD  and  medical  therapy.  The  improvement 

MCS  device  therapy. 

in  the  durability  of  LVAD  has  improved  the 

duration  and  quality  of  life  for  patients  with 
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In  the  modern  era  of  long-term  durable 

mechanical  unloading  and  introduction  of 

new  potent  heart  failure  agents,  the  promise 

Introduction 

of  myocardial  recovery  to  LVAD  explantation 

has  become  a  more  preferable  and  viable 

Heart  failure  results  in  unfavorable  remodeling  of 

option.  Reversal  of  the  remodeling  may  be 

the  myocardium,  which  adversely  affects  its  struc-

possible  by  changing  the  course  of  the  patho-

ture  and  function.  The  resulting  adverse  hemody-

logical mechanisms set into  action by the initial 

namic  and  loading  effects,  if  left  uncorrected,  can 

insult.  It  is  being  realized  that  the  adverse 

progressively  worsen  the  remodeling,  finally  cul-

hemodynamic  and  structural  effects  associated 

minating  in  the  death  of  the  patient  through  multi-

with  end-stage  heart  failure  can  actually  be 

organ  failure  or  sudden  cardiac  death.  Many  heart 

reversed  through  astute  use  of  mechanical 

failure  patients  who  reach  such  an  advanced  state 

unloading  and  targeted  medical  therapy. 

of  hemodynamic  and  neurohormonal  milieu 

Patients  have  experienced  significant  overall 

require  extraordinary  measures  to  maintain  sur-

recovery  of  myocardial  function  and  ability  to 

vival,  often  in  the  form  of  mechanical  circulatory 

sustain  their  recovery  through  continued  med-

support  (MCS)  or  heart  transplantation. 

ical  therapy  alone.  Such  patients  can  return  to  a 

Despite  improvement  in  the  durability  of 

normalcy  in  their  lives  without  requiring  trans-

MCS  devices,  heart  transplantation  continues  to 

plantation,  thus,  even  questioning  what  truly 

be  the  most  enduring  option  for  longer-term  sur-

comprises  “end-stage”  heart  failure.  Similarly, 

vival  in  advanced  heart  failure  patients.  The 

patients previously ineligible  for transplant  due 

median  survival  after  heart  transplant  is  reported 

to  various  medical  or  social  reasons  are  now 

at  12.5  years  in  adults  (Khush  et  al. 2019)  and  

being  offered  the  opportunity  for  heart  trans-

18  years  in  children  (Rossano  et  al.  2019). In 

plant  through  valuable  time  afforded  by  the 

comparison,  durable  left  ventricular  devices 

MCS  devices  to  prove  candidacy  through 

(LVAD)  have  shown  a  survival  now  reaching 

interim  correction  of  their  limitations. 

almost  5  years  in  adults  (Molina  et  al. 2021), 

All  the  above  factors  have  resulted  in  a 

and  lower  in  children  (Javier  Delmo  et  al. 2021; 

dynamic  transformation  in  our  understanding 

Goldstein  et  al. 2012).  However,  there  is  a  scar-

and  utilization  of  MCS  support  recently.  Even 

city  of  donor  organs,  which  has  not  kept  pace 

the  definition  of  temporary  circulatory  support 

with  the  rising  rate  of  potential  recipients  added 

has  undergone  an  overhaul.  More  MCS 

to  the  waitlist.  Additionally,  there  has  been  a
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decline  in  donor  heart  utilization  (from  44%  to 

possibility  of  recovery  of  myocardial  function 

32%  in  the  United  States  between  1995  and 

after  LVAD  implantation  has  been  described  in 

2010),  with  a  significant  geographical  variation 

the  literature  and  will  be  discussed  in  detail  in 

(Khush  et  al. 2015).  The  reasons  for  this  decline 

this  chapter. 

include  increasing  donor  age  and  associated 

Cellular  reverse  remodeling  may  not  always 

comorbidities  and  a  reduced  institutional  risk-

result  in  clinical  recovery  or  a  remission  of  the 

taking  appetite  due  to  rising  regulatory  oversight 

patient’s  heart  failure  symptoms.  A  fraction  of  the 

and  improved  outcomes  on  durable  mechanical 

patients  with  advanced  heart  failure  may  recover 

support  (Khush  et  al. 2015).  The  advantage  of  the 

myocardial  function  significantly  enough  to  get 

MCS  device  use  is  the  on-demand  nature  of  its 

the  LVAD  removed.  Patients  who  are  not  able  to 

availability,  especially  in  emergency  cases,  mak-

reach  clinically  significant  recovery  may  continue 

ing  them  the  most  viable  option  in  cardiogenic 

to  be  supported  with  an  LVAD.  The  eventual 

shock  among  other  indications.  Circulatory  sup-

outcome  of  such  patients  could  culminate  in  a 

port  with  MCS  devices  can  also  help  improve 

heart  transplantation  (bridge)  or  ongoing  LVAD 

end-organ  perfusion  and  nutritional  status  that 

support  until  death  (destination).  However,  insti-

can  benefit  post-transplant  prognosis  as  well 

tutions  have  moved  away  from  making  this  dis-

(Alba  et  al. 2011).  Placement  of  MCS  devices 

tinction  of  intent  (bridge  vs.  destination)  at  the 

has  become  the  mainstay  in  the  treatment  of 

time  of  implantation  due  to  an  increasing  number 

end-stage  heart  failure. 

of  crossovers.  Significant  numbers  of  patients  ini-

As  our  knowledge  of  MCS  support  improved 

tially  implanted  with  destination  intent  have  noted 

and  longer  duration  of  circulatory  support  became 

improvement  or  rectification  of  factors  that  made 

possible  at  the  turn  of  the  century,  it  became  clear 

them  destination  in  the  first  place  and  can  become 

that  the  use  of  MCS  devices  transcends  beyond 

eligible  for  transplant.  Durable  LVAD  use  con-

just  a  stop-gap  measure  to  prevent  death  before  a 

tinues  to  improve  the  quality  of  life  afforded  to 

patient  can  get  a  transplant.  It  was  realized  that 

the  patients  with  previously  NYHA  class  IV  heart 

MCS  devices  could  also  be  used  to  improve 

failure.  Consequently,  the  number  of  patients 

hemodynamic  loading  conditions  and  alter  the 

undergoing  LVAD  implantation  has  risen  over 

course  of  progression  of  inherent  heart  failure.  It 

the  decade  (Molina  et  al. 2021),  as  depicted  in 

was  realized  that  the  progression  of  adverse 

Fig. 1.  Improving  durability  of  LVAD  devices  and 

remodeling,  which  was  initially  presumed  to  be 

concomitant  medical  therapy  has  allowed  patients 

unidirectional  and  irreversible,  could  actually  be 

to  survive  longer  and  resulted  in  reconsideration 

reversed  or  corrected.  Mechanical  unloading  of 

of  their  options. 

the ventricles can improve the structural disadvan-

The  new  heart  transplant  allocation  policy 

tage  resulting  from  ventricular  dilation.  Subse-

adopted  in  2018  has  introduced  another  reason 

quently,  a  reversal  of  the  cellular  and  structural 

for  reconsideration  of  a  patient’s  options.  In  the 

abnormalities  to  successful  LVAD  explantation 

new  allocation  system,  stable  ambulatory  durable 

was  documented  in  the  adult  and  pediatric  popu-

LVAD  patients  were  downgraded  to  lower 

lation  after  presentation  with  advanced  heart  fail-

urgency  status.  Moreover,  the  types  of  LVAD 

ure  (Javier  Delmo  et  al. 2021; Goldstein  et  al. 

complications  qualifying  an  upgrade  to  a  higher 

2012;  Birks  et  al. 2020, 2011).  This  can  be 

status  were  made  more  stringent.  Consequently, 

achieved  through  a  combination  of  aggressive 

the  number  of  durable  LVADs  as  bridge-to-trans-

goal-directed  medical  therapy  and  astute  use  of 

plant  decreased  as  noted  in  the  Society  of  Tho-

myocardial  unloading  through  an  LVAD.  Use  of 

racic  Surgeons  INTERMACS  Annual  Report 

neurohormonal  blockade  in  LVAD  patients  is 

(Interagency  Registry  for  Mechanically  Assisted 

associated  with  improved  long-term  survival, 

Circulatory  Support)  (Molina 

et  al. 2021; 

exercise  endurance,  and  better  quality  of  life 

Teuteberg  et  al. 2020).  Before  the  new  allocation 

(McCullough  et  al. 2020; Vaidya  et  al. 2018). 

system  was  adopted,  approximately  50%  of 

Consequently, 

a 

strategy 

to 

optimize 

the 

patients  received  durable  LVAD  as  a  bridge-to-
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Fig.  1  The  rising  trend  in 
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transplant  or  candidacy  (Teuteberg  et  al. 2020). 

their  organs  suffer  from  poor  perfusion  in  the 

This  number  has  since  fallen  to  30%  since  the  new 

meantime.  Consequently,  in  a  national  registry 

heart  allocation  system  commenced  in  October 

study  of  patients  waitlisted  for  a  heart  between 

2018  (Teuteberg  et  al. 2020).  On  the  other  hand, 

2015  and  2017,  28%  of  patients  remained  on  the 

the  use  of  temporary  MCS  such  as  extracorporeal 

list  at  1  year,  6%  of  patients  died  on  the  list  while 

membrane  oxygenation  (ECMO)  device,  Impella, 

11% of patients were removed from  the list largely 

or  intra-aortic  balloon  pump  (IABP)  increased 

due  to  worsening  (Alba  et  al. 2011;  Colvin  et  al. 

(Cogswell  et  al. 2020)  as  their  status  was 

2022). In  such  cases,  MCS  devices  can  help 

upgraded.  This  change  in  profile  of  MCS  use 

enhance  the  patient’s  functional  status  and  sur-

reflects  a  change  in  institutional  strategy  to  max-

vival  through  circulatory  support  and,  thus,  main-

imize  the  successful  and  timely  occurrence  of  a 

tain  candidacy.  The  MCS  devices  can  also 

heart  transplant  in  their  patients. 

improve  the  failing  end-organ  perfusion  and 

Thus,  there  has  been  a  significant  evolution  in 

frailty  that  can  impact  the  post-transplant  progno-

the  utilization  of  MCS  devices  since  their  incep-

sis  (Alba  et  al. 2011). 

tion  into  the  current  modern  era.  The  MCS  tech-

Temporary  and  durable  MCS  devices  could 

nology  and  our  strategies  to  make  the  best  use  of  it 

thus  be  placed  as  a  modality  to  bridge  to  heart 

will  continue  to  change  in  the  future.  This  chapter 

transplantation.  Placement  of  MCS  devices  can 

will  give  an  up-to-date  view  of  this  ongoing  evo-

overcome  the  unpredictability  and  could  even 

lution  within  the  context  of  outcomes  post-MCS 

allow  temporary  ambulatory  discharge  home  for 

placement. 

these  long-hospitalized  patients.  The  intent  is 

maintenance  of  survival  until  other  therapeutic 

options  become  available  or  possible.  The  MCS 

MCS  as  a  Bridge  to  Transplant 

devices,  of  course,  come  with  their  own  list  of 

complications  as  discussed  elsewhere  in  this 

Heart  transplantation  continues  to  offer  the  best 

book.  The  decision  to  use  MCS  devices  in  a 

longer-term  survival  in  advanced  heart  failure 

particular  patient  relies  on  a  multidisciplinary 

patients  (Khush  et  al. 2019; Rossano  et  al. 

approach  involving  specialists  from  various 

2019).  However,  there  remains  a  perpetual  scar-

healthcare  factions.  Various  available  options 

city  of  donor  hearts,  which  results  in  unreliable 

need  to  be  weighed  taking  into  consideration  the 

availability.  Time  is  of  essence  in  critically  ill 

needs  of  the  patient  and  the  time  frame  of  circu-

patients  and  the  unpredictability  of  transplant 

latory  support  anticipated.  The  multidisciplinary 

adds  to  the  morbidity  of  the  waitlisted  patients  as 

team  will  also  identify  parameters  that  would

[image: Image 179]
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recognize  the  direction  of  the  patient’s  post-

the  highest  urgency  priority  status  1.  Requirement 

implant  course  with  relation  to  candidacy  for 

of  inotropic  support  alone  gets  status  3  or 

transplant,  need  for  a  change  in  strategy,  or 

4  depending  on  the  number  or  dosage  of  inotropic 

acknowledge  futility  of  support. 

drugs.  Thus,  with  the  new  allocation  system,  uti-

lization  of  temporary  MCS  devices  provides  a 

strategic  advantage  for  sooner  heart  transplant. 

United  Network  of  Organ  Sharing 

This  has  resulted  in  a  shift  in  the  institutional 

(UNOS) 

policies  for  the  use  of  temporary  MCS  devices 

as  a  bridge  to  transplantation  (Cogswell  et  al. 

With  relation  to  the  clinical  use  of  MCS  devices 

2020), but  also  reshuffled  the  geographical  distri-

among  patients  awaiting  heart  transplant,  there 

bution  of  transplantation  rates  based  on  individual 

has  been  a  change  in  the  landscape  since  the 

risk  appetites  (Colvin  et  al. 2022).  This  is  reflected 

adoption  of  the  new  2018  heart  allocation  system. 

in  the  current  data,  which  suggests  a  significant 

The  old  2005  US  donor  heart  allocation  system 

increase  in  the  number  of  patients  with  an  MCS 

designated  patients  with  a  variety  of  acuity  and 

device  at  the  time  of  transplant  (16–36%  from 

urgency  into  a  single  high-priority  status  1A, 

2010  to  2020)  (Colvin  et  al. 2022). In  other 

resulting  in  top-heavy  overcrowding.  Status  1A 

words,  more  than  a  third  of  the  patients  getting  a 

included  cardiogenic  patients  on  extracorporeal 

heart  transplant  now  have  an  MCS  device  prior.  In 

membrane 

oxygenation 

(ECMO) 

competing 

fact,  there  has  also  been  an  increase  in  the  use  of 

equally  with  LVAD  patients  who  had  complica-

temporary  MCS  prior  to  durable  LVAD  placement 

tions  but  remain  ambulatory,  resulting  in  a  mis-

(Molina  et  al. 2021). This  likely  reflects  patients 

representation  of  true  urgency.  With  a  goal  to  risk-

on  temporary  MCS  devices  awaiting  heart  trans-

stratify  patients  better  and  prioritize  the  higher 

plant,  but  unable  to  get  the  transplant  soon 

acuity  patients,  a  new  heart  allocation  system 

enough,  and  consequently  transitioned  to  durable 

was  adopted  in  October  2018  (Procurement  and 

LVAD  to  prolong  survival.  Thus,  the  use  of  tem-

Network  2016). 

porary  MCS  devices  has  risen  exponentially. 

The  new  2018  heart  allocation  system  intro-

On  the  other  hand,  the  new  allocation  system 

duced  a  6-tiered  strategy,  prioritizing  sicker 

has  shifted  the  profile  of  durable  LVAD  use  as 

patients  for  heart  transplant.  In  the  new  system, 

well.  Figure  2  depicts  the  redistribution  of  patients 

the  old  status  1A was  split  into  three  new  statuses 

between  the  old  and  the  new  allocation  system. 

(Khush  et  al. 2019; Rossano  et  al. 2019;  Molina 

In  the  new  system,  stable  ambulatory  durable 

et  al. 2021).  Patients  requiring  temporary  mechan-

LVAD  patients  now  get  a  priority  status  4,  except 

ical  support  receive  the  top  priority  as  status  1  or 

for  a  discretionary  status  3  available  for  strategic 

2.  Cardiogenic  shock  patients  on  ECMO  or  other 

use  for  30  days.  Moreover,  the  types  of  LVAD 

non-dischargeable  biventricular  MCS  support  get 

complications  qualifying  an  upgrade  to  a  higher

Fig.  2  Redistribution  of  patients  among  the  old  allocation  criteria  (on  the  left)  and  the  new  criteria  (on  the  right) 

[image: Image 180]
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Fig. 3  Changing indications of durable LVAD use from 2010 to 2019. (Adapted with permission from Molina et al. 2021) status  (status  2  or  3)  were  made  more  stringent. 

UNOS,  patients  with  LVAD  complications  or 

Consequently,  the  number  of  durable  LVAD  as 

those  with  bilateral  ventricular  assist  devices 

bridge-to-transplant  decreased  as  noted  in  the 

(BiVAD)  or  total  artificial  heart  (TAH)  are 

Society  of  Thoracic  Surgeons  INTERMACS 

assigned  a  higher  priority  in  the  allocation  system 

2019  Annual  Report  (Teuteberg  et  al. 2020). 

(Dorent  et  al. 2020). 

Before  the  new  allocation  system  was  adopted, 

This  strategy  can  help  with  the  allocation  of 

approximately  50%  of  patients  received  durable 

scarce  resources  to  the  most  critically  ill  patients, 

LVAD  with  an  intent  to  being  bridged  to  trans-

especially  those  that  are  ineligible  for  durable 

plant  or  candidacy,  and  this  number  has  since 

LVAD  placement.  However,  this  also  means  an 

fallen  to  30%  after  October  2018  (Teuteberg 

emergence  of  durable  LVAD  as  a  permanent  alter-

et  al. 2020). Figure  3  depicts  the  change  in  the 

native  to  heart  transplant  (Garbade  et  al. 2013), 

indications  of  LVAD  use  from  2010  to  2019. 

with  scarce  ability  to  act  as  a  bridge  to  eventual 

transplant  if  uncomplicated  (Komoda  et  al. 2008). 

The  Canadian  Cardiac  Transplant  Network  has 

Eurotransplant,  French,  and  Canadian 

adopted  a  similar  priority-based  allocation  strat-

Allocation  Systems 

egy.  Critically  ill  patients  get  the  highest  priority 

(status  4),  which  also  includes  durable  LVAD 

The  European  heart  allocation  systems  prioritize 

patients 

with 

life-threatening 

complications. 

critically  ill  patients  based  on  the  candidate  risk 

LVAD  patients  not  meeting  the  predefined  criteria 

score 

(CRS) 

or 

high-urgency  (HU) 

status 

for  the  higher  priority  get  a  lower  priority  as 

(Komoda  et  al. 2008;  Dorent  et  al. 2020). Unlike 

status  3. 

UNOS,  stable  durable  LVAD  patients  are  not  allo-

cated  a  priority  status  in  the  European  allocation 

systems  (Dorent  et  al. 2020).  This  is  because  of 

Special  Considerations 

the  scarcity  of  organs,  longer  wait  times,  (Smits 

2012)  and  studies  noting  a  survival  benefit  from 

There  are  a  few  nations  in  the  Asia-Pacific  region 

uncomplicated  durable  LVAD  support  (Dorent 

that  have  demonstrated  growing  heart  transplan-

et  al. 2020;  Wever-Pinzon  et  al. 2013).  Similar  to 

tation rates but have a nascent or nonexistent MCS
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adoption  (Vaidya  2021;  Sivathasan  et  al. 2020; 

associated  with  cellular  hypertrophy,  myocyte 

Wu  et  al. 2017).  The  propagation  of  MCS  tech-

lengthening  and  volume  gain  (Zafeiridis  et  al. 

nology  has  been  slow  in  these  countries  due  to 

1998), intracellular  calcium  stores,  and  increased 

barriers  such  as  high  cost,  lack  of  infrastructure, 

apoptosis  (Narula  et  al. 1996).  From  the  clinical 

and  other  resources for  post-implant  management, 

standpoint,  remodeling  results  in  worsening  heart 

insurance  reimbursement  restrictions,  infection 

failure  symptoms,  recurrent  hospitalizations,  and 

rates,  etc.  (Vaidya  2021;  Sivathasan  et  al. 2020). 

propensity  for  sudden  cardiac  death.  The  heart 

Durable  LVAD  placement  is  limited  to  those  who 

undergoes  progressive  reduction  in  contractility, 

can  afford  to  pay  for  the  surgery  and  the  upkeep 

worsening  dilation  and  alteration  in  the  shape,  and 

(Vaidya  2021).  The  above  factors  have  also  resul-

increasing  intracardiac  pressures.  All  of  these 

ted  in  higher  waitlist  mortality  due  to  the  lack  of 

individual  factors  interfere  with  the  normal 

robust  bridging  MCS  options  (Balakrishnan 

pumping  function  of  the  heart.  In  fact,  remodeling 

2020).  To  sustain  the  current  momentum  of 

is  at  the  epicenter  of  progression  of  heart  failure  in 

organ  transplantation  in  the  developing  world, 

most  patients. 

more  infrastructure  and  administrative/political 

Remodeling  begets  more  remodeling  in  a  self-

commitment  are  necessary.  This  includes  recruit-

perpetuating  process  of  worsening  hemodynamic 

ment  of  experienced  cardiologists,  surgeons, 

and  structural  changes.  If  left  uncorrected,  the 

coordinators,  and  infectious  disease  providers. 

vicious  cycle  of  adverse  changes  can  finally  cul-

The  availability  of  advanced  heart  failure  thera-

minate  in  the  death  of  the  patient  through  multi-

pies  such  as  MCS  has  not  reached  the  community 

organ  failure  or  sudden  cardiac  death.  The 

hospitals  where  the  majority  of  patients  seek 

progression  of  remodeling  was  presumed  to  be 

healthcare.  Consequently,  the  post-implant  care 

unidirectional  and  irreversible  once  the  patient 

remains  the  responsibility  of  a  handful  of  special-

reached  the  stage  of  requiring  heart  transplant  or 

ized  centers  in  bigger  cities.  Having  realized  the 

mechanical  support,  a  state  frequently  referred  to 

shortcomings, various nations have organized into 

as  “end-stage  heart  failure,”  akin  to  cirrhosis  of 

their  own  heart  failure  societies  catering  to  their 

the  liver.  However,  past  and  ongoing  research  has 

unique  challenges  (National  Organ  and  Tissue 

repeatedly  demonstrated  a  potential  for  reversal 

Transplant  Organization  (NOTTO)  n.d.; Indian 

and  even  recovery  of  myocardial  function  in 

Society  of  Heart  and  Lung  Transplantation  n.d.; 

advanced  or  critical  circumstances.  The  possibil-

Slovenian  Society  of  Heart  Transplantation  n.d.; 

ity  of  myocardial  recovery  with  MCS  devices 

Japanese  Society  of  Artificial  Organs  n.d. ).  Sev-

provides  an  opportunity  to  prolong  life  and  even 

eral  nongovernmental  organizations  and  Western 

avoid  heart  transplantation  in  some  patients. 

experts  have  stepped  in  to  foster  this  growth  and 

In  patients  with  advanced  heart  failure,  an 

improve  outcomes  (Vaidya  2021; Sivathasan  et  al. 

important  caveat  for  recovery  is  adequate  myo-

2020). 

cardial  unloading,  which  could  be  afforded  by  a 

left  ventricular  assist  device  (LVAD).  Significant 

reversal  of  myocardial  pathology  to  successful 

MCS  as  a  Bridge  to  Recovery 

LVAD  explantation  has  been  documented  in 

adults  and  pediatric  population  after  presentation 

Heart  failure  is  characterized  by  remodeling  of  the 

with  advanced  heart  failure  (Javier  Delmo  et  al. 

myocardium,  in  which  unfavorable  changes  occur 

2021; Birks  et  al. 2020).  This  has  been  achieved 

at  the  cellular,  structural,  and  functional  levels. 

through  a  combination  of  aggressive  goal-

This  adverse  process  of  remodeling  is  perpetuated 

directed  medical  therapy  and  astute  use  of  myo-

by  worsening  hemodynamic  loading  conditions, 

cardial  unloading  through  an  LVAD.  The  resultant 

ongoing  myocardial  insult,  altered  hormonal 

reverse  remodeling  could  be  ascribed  to  a  reversal 

milieu,  and  overall  deterioration  of  multiorgan 

of  the  adverse  hemodynamic  and  other  patholog-

function.  At  the  myocyte  level,  remodeling  is 

ical  mechanisms  or  through  the  creation  of
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alternate  favorable  pathways  (Birks  2016).  At  the 

(12  nonischemic  and  6  ischemic)  were  also 

myocyte  level,  improvement  in  intracellular  cal-

noted  with  an  improvement  in  invasive  hemody-

cium  handling  pathways  and  an  increase  in  cyto-

namics  and  cardiac  index.  Loebe  et  al.  (1997) 

skeletal  proteins  are  associated  with  reverse 

described  successful  weaning  and  explantation 

remodeling.  The  combination  of  ventricular 

of  four  patients  with  LVAD  (three  Novacor  and 

unloading  through  an  LVAD  and  targeted  medical 

one  HeartMate)  in  1998.  These  represent  the  first 

therapy  can  result  in  favorable  changes  as  follows 

reported studies raising the possibility of improve-

(Zafeiridis  et  al. 1998; Ambardekar  and  Buttrick 

ment  in  heart  function  with  LVAD  unloading.  In 

2011;  Birks  2013; Chaudhary  et  al. 2004; Dipla 

the  same  era,  there  was  also  data  reporting  nor-

et  al. 1998;  Loebe  et  al. 1997): 

malization  of  cardiac  structure  and  intracardiac 

pressure–volume  relationship  following  sufficient 

1.  Reversal 

of 

myocyte 

volume 

gain 

and 

duration  of  ventricular  unloading  (Levin  et  al. 

hypertrophy 

1995).  The  studies  alluded  to  the  bidirectional 

2.  Upregulation  of  genes  associated  with  cell 

nature  of  remodeling  and  the  possibility  of  signif-

growth  and  DNA  repair 

icant  recovery  even  with  advanced  stages  of  heart 

3.  Reduced  myocyte  apoptosis 

failure. 

4.  Upregulation  of  β-adrenergic  receptors  and 

The  currently  used  newer  generation  MCS 

reduced  adrenergic  receptor  auto-antibodies 

devices  are  characterized  by  improved  durability 

5.  Improved  intracellular  calcium  and  glucose 

and  patient  tolerability.  Patients  can  be  supported 

handling  and  replenished  calcium  stores 

long  term  on  the  current  devices,  thus  allowing 

6.  Increased  sarcomere  protein  content 

more  opportunities  for  medication  optimization 

7.  Reduction  in  cytokines  and  neurohormonal 

and  surveillance  for  recovery.  Birks  et  al. (2011) 

activity 

initially  described  a  novel  strategy  of  combining 

mechanical  unloading  of  the  heart  with  aggressive 

Reversal  of  the  remodeling  may  thus  be  possi-

pharmacological  intervention  aimed  at  facilitating 

ble  by  changing  the  course  of  the  pathological 

reverse  remodeling.  The  study  involved  advanced 

mechanisms  set  into  action  by  the  initial  insult. 

heart  failure  patients  requiring  continuous-flow 

Patients  have  experienced  significant  overall 

LVAD  support  with  HeartMate  II  at  Harefield 

recovery  of  myocardial  function  and  ability  to 

Hospital  in  the  United  Kingdom.  The  aim  was  to 

sustain  their  recovery  through  continued  medical 

promote  recovery  to  explantation  as  well  as  main-

therapy  alone.  If  the  extent  of  reversal  of  pathol-

tain  the  extent  of  recovery  after  the  explant.  The 

ogy  results  in  a  partial  to  near-normalization  of 

strategy  had  two  phases:  first,  to  maximize  neuro-

cellular,  structural,  and  hemodynamic  changes, 

hormonal  blockade  agents  shown  to  affect  rever-

then  the  recovery  could  progress  to  LVAD  explan-

sal  of  pathological  remodeling;  second,  to  induce 

tation.  Such  patients  can  return  to  a  normalcy  in 

physiological  hypertrophy  in  the  heart  using  the 

their  lives,  without  requiring  transplantation. 

drug  clenbuterol,  which  is  a  β2-agonist,  in  order  to 

In  1992,  Scheinin  et  al.  (1992)  first  described 

tackle  the  effects  of  long-term  unloading  in  caus-

the 

histopathological 

effects 

of 

mechanical 

ing  myocyte  atrophy  (Wong  et  al. 1998). Of  the 

unloading  before  and  after  pulsatile  HeartMate 

19  patients  who  finished  the  study  protocol,  an 

implantation.  The  authors  noted  a  significant 

impressive  63%  were  explanted  after  286  ±  97 

reduction  in  stretched  myocardial  fibers  after 

days  of  LVAD  support.  The  study  consisted  of 

>30  days  of  LVAD  unloading,  correlating  with  a  relatively  young  patients  (age  35.2  ±  12.6  years) 

clinical  impression  of  improved  ventricular  func-

with  a  heart  failure  duration  of  3.4  ±  3.5  years  and 

tion.  Frazier  et  al. (1994)  described  the  first  case 

dependent  on  inotropes  and  some  with  temporary 

series  of  normalization  of  left  ventricular  anatomy 

MCS  devices  at  the  time  of  LVAD  implantation. 

and  functional  improvement  in  patients  supported 

In  an  earlier  publication,  the  authors  had  shown 

with  HeartMate  device  in  1994.  These  patients 

similar  rates  of  explants  with  pulsatile  pumps
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using  this  protocol  (Birks  et  al. 2006).  Further-

2.  Left  ventricular  end-diastolic  pressure  or  pul-

more,  in  another  study,  the  author  group  reported 

monary  capillary  wedge  pressure  ≤15  mm  Hg 

similar  (if  not  better)  quality  of  life  among  LVAD 

3.  Resting  cardiac  index  (CI)  >2.4  L/min/m2 

explanted  patients  at  >3.5  years  of  follow-up 

4.  *Optional  –  maximal  oxygen  consumption 

compared  to  heart  transplant  recipients  (with  or 

with  exercise  >16  mL/kg/min 

without  prior  LVAD  support)  (George et  al. 2008). 

A  European  registry  study  similarly  noted  explan-

The  primary  endpoint  was  survival  free  of 

tation  more  commonly  in  younger  patients  with 

MCS  device  support  or  heart  transplantation  at 

relatively  shorter  duration  of  heart  failure  and 

1  year  post-LVAD  explant  of  those  who  were 

more  likelihood  of  neurohormonal  blocking 

explanted  within  18  months.  The  process  of 

agent  prescriptions  (Antonides  et  al. 2020). 

LVAD  removal  was  achieved  through  surgical 

Restage-HF(Remission  from  Stage  D  Heart 

explantation  or  decommissioning. 

Failure)  was  a  prospective  multicenter  study  of 

Fifty-three  percent  of  patients  who  completed 

LVAD  patients  designed  to  evaluate  the  efficacy 

the  study  protocol  met  the  explantation  criteria 

of  the  part  of  the  protocol  using  aggressive  reverse 

and  were  explanted  successfully.  During  the  pre-

remodeling  heart  failure  medications  combined 

determined  1-year  follow-up  period  post  explant, 

with  maximal  LVAD  unloading,  with  regular 

40%  of  the  entire  cohort  explanted  in  18  months 

assessment  of  underlying  myocardial  function,  in 

achieved  the  predetermined  primary  endpoint  of 

affecting  myocardial  recovery  and  LVAD  explan-

freedom  from  MCS  or  transplant  ( p  <  0.001). 

tation  (Birks  et  al. 2020).  The  idea  was  that  this 

Even  including  the  patients  who  could  not  get 

part  of  the  protocol  could  be  performed  in  many 

explanted  or  transplanted  during  the  study  period 

centers.  The  study  enrolled  40  HeartMate  II 

and  continued  to  follow-up,  75%  remained  alive 

LVAD  patients  with  chronic  advanced  heart  fail-

at  ~4  years  of  mean  follow-up  after  LVAD 

ure 

from 

nonischemic 

cardiomyopathy 

of 

implant.  Thus,  apart  from  the  higher  rates  of 

≤5  years  duration.  Immediately  post-implant  and  explantation  in  the  study,  the  survival  rates  were 

after  weaning  of  the  inotropic  support,  patients 

also  higher  than  registry  data  (Molina  et  al. 2021), 

were  prescribed  five  drugs  titrated  to  a  mean  arte-

indicating  overall  improvement  in  survival  inde-

rial  pressure  >60  mmHg,  with  adequate  renal 

pendent  of  the  eventual  outcome.  The  study  was 

function  and  lack  of  hypotensive  symptoms.  The 

performed  at  six  centers  with  reproducible  results 

oral  drugs  and  the  target  dosage  included 

as  explants  occurred  at  every  site. 

lisinopril  20  mg  BID,  losartan  150  mg  daily, 

The  study  results  were  quite  in  contrast  to  the 

carvedilol  50  mg  BID,  spironolactone  25  mg 

reported 

<5%  explantation  rates  in  the 

daily, and digoxin 125 μg daily. This was followed 

INTERMACS  registry  by  5  years  (Teuteberg 

by  regular  monitoring  for  any  evidence  of  recov-

et  al. 2020).  Figure  4  depicts  the  low  recovery 

ery,  echocardiograms  at  low  LVAD  speed  with 

rates  noted  in  the  INTERMACS  registry. 

“no  net  flow”  across  the  LVAD,  and  finally  a 

In  the  European  Registry  for  Patients  with 

cardiopulmonary  exercise  stress  test  and  invasive 

Mechanical  Circulatory  Support  (EUROMACS), 

catheterization  to  confirm  true  functional  recov-

explantation  rate  of  only  1.4%  was  reported 

ery.  The  LVAD  was  explanted  if  the  patient  dem-

(Antonides  et  al. 2020).  Similar  low  explantation 

onstrated  the  following  at  no  net  flow  speed 

rates  are  also  noted  in  studies  on  children  with 

(estimated  at  6000  rpm  for  HeartMate  II  (George 

LVAD  (Javier  Delmo  et  al. 2021).  The  authors  of 

et  al. 2010)): 

the  Restage-HF  trial  believed  that  the  difference 

exists  due  to  a  failure  of  the  implanting  institu-

1.  Left 

ventricular 

end-diastolic 

diame-

tions  in  optimizing  heart  failure  medications  and 

ter  <60  mm,  left  ventricular  end-systolic  diam-

LVAD  unloading  after  the  implant  and  actively 

eter  <50  mm,  left  ventricular  ejection  fraction 

searching  for  any  evidence  of  recovery  (Birks 

>45% 

et  al. 2020). The  Restage-HF  study  underscores 

the  need  to  maximize  medical  therapy  post-LVAD

[image: Image 181]
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Outcome 

1 year

2 years 

3 years 

4 years 

5 years 

Alive (device in place) 

66%

48%

37%

29%

23% 

Transplanted 

16%

26%

30%

33%

34% 

Dead 

17%

24%

30%

35%

39% 

Recovery

1%

2%

3%

3%

4% 

Fig.  4  Low  rates  of  recovery  (orange  line).  (Adapted  with  permission  from  Teuteberg  et  al. 2020) implantation  to  promote  reverse  remodeling  and 

while  maintaining  no  more  than  mild  mitral 

increased  the  chances  of  myocardial  recovery. 

regurgitation. 

The  Role  of  a  Ramp  Study 

Proposed  Recovery  Protocol 

Several  studies  have  documented  the  role  of 

Mechanical  support  with  an  LVAD  allows  addi-

LVAD  pump  optimization  to  guide  therapeutic 

tion  of  aggressive  heart  medications  to  a  patient’s 

interventions  (Jung  et  al. 2016)  and  troubleshoot 

regimen,  often  not  tolerated  prior  to  the  LVAD 

issues  such  as  pump  thrombosis  (Uriel  et  al. 

implantation  due  to  hypotension  and  renal  failure. 

2012).  A  ramp  study  can  also  help  navigate  vari-

Introduction  of  these  medications,  thereby,  facili-

ous  differential  diagnoses  when  LVAD  patients 

tates  initiation  and  uptitration  of  neurohormonal 

present  with  decompensation,  such  as  progressive 

pathways  shown  to  cause  regression  of  patholog-

right  ventricular  failure,  aortic  insufficiency,  suc-

ical  remodeling.  It  can  help  kick-start  a  previously 

tion  events,  etc.  In  addition,  at  no  net  flow,  studies 

halted  or  slowed  recovery,  in  combination  with 

can  allow  assessment  for  signs  of  recovery 

mechanical  unloading  afforded  by  the  LVAD. 

(George  et  al. 2010). These  should  particularly 

Having  a  recovery  protocol  that  actively  evaluates 

be  implemented  if  a  reduction  in  LV  dimensions/ 

all  recently  implanted  LVAD  patients  improves 

increased  aortic  valve  opening  is  seen  on  the 

the  odds  of  finding  patients  with  actual  recovery. 

regular  echo  at  the  patients’  normal  speed. 

Myocardial  recovery  and  explantation  is  arguably 

The  Columbia  ramp  study  describes  a  protocol 

the  best  outcome  following  LVAD  implant,  espe-

to  diagnose  device  malfunction  and  optimize  ven-

cially  in  young  patients  who  will  likely  not  have  a 

tricular  anatomy  (Uriel  et  al. 2012). The  protocol 

normal  life  span  should  they  get  a  heart  transplant 

involves  utilization  of  echocardiography  to  assess 

at  that  age  (Frazier  et  al. 2015). 

the  effects  of  LVAD  speed  change  on  the 

An  important  aspect  of  recovery  is  the  identi-

biventricular  dimensions  and  valvular  function. 

fication  of  patients  most  likely  to  experience  clin-

Similar  studies  for  speed  optimization  can  be 

ically  significant  recovery.  Younger  patients  with 

used  to  optimize  unloading;  such  studies  would 

a  short  duration  of  heart  failure  may  be  prime 

aim  for  a  speed  that  resulted  in  a  midline 

candidates  for  recovery  (Javier  Delmo  et  al. 

interventricular  septum  position  and  maximal 

2021; Goldstein  et  al. 2012; Drakos  et  al. 2013). 

unloading  with  minimal  aortic  valve  opening 

It  seems  there  is  a  linear  relationship  between  age
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and  extent  of  myocardial  recovery,  likely  indica-

near-normal,  while  maintaining  the  interventri-

tive  of  the  spectrum  of  myocardial  plasticity  from 

cular  septum  at  midline,  no  overt  signs  of  right 

infancy  to  old  age  (Javier  Delmo  et  al. 2021). 

ventricular  volume  overload,  or  significant  aortic 

Nonischemic  cardiomyopathy  is  more  likely  to 

regurgitation.  The  extent  of  functional  mitral 

respond  to  attempts  at  recovery  (Birks  et  al. 

regurgitation  can  be  used  as  a  barometer  for  cor-

2020).  Another  caveat  to  the  success  of  recovery 

rection  of  the  left  ventricular  dilation,  with  an 

is  the  tolerance  and  compliance  to  maximal  neu-

intent  to  minimize  the  regurgitation.  The  patients 

rohormonal  blocking  agents  (Antonides  et  al. 

are  followed  clinically  and  further  changes  made 

2020). 

to  their  pharmacological  regimen  based  on 

The  primary  focus  of  a  recovery  protocol  is  to 

tolerance. 

reduce 

the 

left 

ventricular 

dimensions 

to 

A  proportion  of  patients  on  the  recovery  pro-

near-normal  values  and  minimize  mitral  regurgi-

tocol  will  start  showing  signs  of  myocardial 

tation  borne  out  of  ventricular  dilation  (Frazier 

recovery.  The  recovery  could  be  manifested  in 

et  al. 2015).  This  is  achieved  by  increasing  the 

the  form  of  improvement  of  echocardiographic 

LVAD  speed  to  unload  the  blood  volume  retained 

and  hemodynamic  parameters  recorded  at  low 

within  the  ventricle.  Attempts  should  be  made  to 

speed  or  better  follow-up  visit  vitals  such  as  better 

maximize  unloading  of  the  ventricles  through 

functional  status,  return  of  a  pulsatile  blood  pres-

optimization  of  the  LVAD  speed.  This  should  be 

sure,  or  reduction  in  LV  dimensions  on  the  regular 

done  actively  using  cardiac  imaging  such  as  echo-

echocardiogram.  Some  patients  may  note  more 

cardiogram and not simply based on patient  symp-

suction  events  as  left  ventricular  contraction  nor-

tomatology  (Rogers  and  DeVore  2016).  Afterload 

malizes.  Such  patients  should  then  be  tested  for 

reduction  through  blood  pressure  management 

myocardial  performance,  while  dropping  the 

also  improves  ventricular  unloading  by  optimiz-

LVAD  speed  to  a  level  where  no  net  forward 

ing  the  LVAD  flow.  Blood  pressure  monitoring 

flow  occurs  through  the  LVAD  and  performing 

and  optimization  is  another  important  component 

an  echo  and  if  that  looks  good  a  stress  test.  The 

of  the  recovery  protocol.  Accurate  assessment  of 

stress  challenge  will  test  the  recovery  of  native 

underlying  myocardial  function  by  turning  down 

myocardial  function  sans  the  LVAD  support.  Var-

the  LVAD  speed  to  “no  net  forward  flow” 

ious  tests  have  been  suggested  for  this  purpose, 

performed  in  regular  timed  intervals  can  signifi-

including  six-minute  walk  test  (Birks  et  al. 2020) 

cantly  increase the possibility  of detecting  patients 

or  cardiopulmonary  exercise  test  to  ascertain  the 

with  potential  for  recovery  (Birks  et  al. 2020, 

peak  oxygen  consumption  (peak  VO2)  (Frazier 

2011).  Thus,  a  strategy  provisioning  for  regular 

et  al. 2015). Patients  who  maintain  adequate  func-

and  active  assessment  of  maximal  ventricular 

tional  capacity  and  ventricular  dimensions  at  no 

unloading  through  pump  and  medication  optimi-

net  flow  LVAD  speeds  will  then  need  a  right-heart 

zation  should  be  instituted. 

catheter  at  no  net  speed  to  make  sure  the  filling 

As  soon  as  possible,  patients  are  started  on  oral 

pressures  do  not  increase  with  the  LVAD  down 

goal-directed  medical  therapy  (GDMT),  which 

and  could 

then 

be  candidates 

for 

LVAD 

predominantly  consist  of  neurohormonal  block-

explantation. 

ade  and  reverse  remodeling  drugs  (Vaidya  et  al. 

Maximizing  attempts  at  recovery  early  after 

2018).  The  doses  are  uptitrated  to  a  high  target 

LVAD  implantation  is  important  as  optimizing 

maximum  dose  or  until  maximally  tolerated.  In 

the  effect  of  mechanical  unloading  early  after 

addition,  at  predetermined  regular  intervals,  an 

implantation  is  likely  to  have  an  important  influ-

active  assessment  of  the  extent  of  ventricular 

ence  in  increasing  the  chance  of  recovery 

unloading  and  reversal  of  structural  and  valvular 

(Chaudhary  et  al. 2004). Aggressively  pursuing 

pathology  is  made,  usually  by  performing 

this  is  important,  especially  in  young  patients, 

low-speed  echos  (Narula  et  al. 1996). The  LVAD 

which  could  improve  long-term  survival  with 

speed  is  also  adjusted  during  these  studies  in  an 

their  native  heart  and  even  provide  an  opportunity 

attempt  to  reduce  left  ventricular  dimensions  to 

to  avoid  heart  transplant. 
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Factors  Influencing  Myocardial 

patients,  however,  can  continue  to  recover  over 

Recovery 

prolonged  periods  and  explants  after  5  years  of 

support  have  been  seen  (Letsou  et  al. 2021). 

Not  all  patients  demonstrating  reverse  remodeling 

As  the  largest  benefit  of  recovery  is  seen  in 

have  clinical  recovery  to  an  extent  that  can  result 

younger  patients  with  nonischemic  cardiomyopa-

in  LVAD  explantation.  The  molecular,  cellular, 

thy, considering LVAD early (instead of heart trans-

and  functional  alterations  with  LVAD  therapy  do 

plant)  in  such  patients  when  critically  ill  and 

not  always  translate  to  clinical  recovery.  Certain 

requiring  advanced  therapy  option  may  give  them 

factors  can  influence  the  ability  to  recover,  such  as 

an  opportunity  at  recovery  especially  if  they  have 

the  extent  of  fibrosis  in  the  extra-myocyte  matrix. 

not  previously  received  good  trials  of  medical  ther-

Excessive  scarring  at  the  time  of  LVAD  implanta-

apy.  The  efforts  at  recovery  should  be  started  as 

tion  can  interfere  with  subsequent  reverse 

early  as  possible  post-LVAD,  with  an  aggressive 

remodeling 

despite 

adequate 

hemodynamic 

intent  to  uptitrate  medications  from  the  start.  Evi-

unloading.  In  animal  models,  persistent  LVAD 

dence  of  myocardial  recovery  should  be  actively 

unloading  in  the  absence  of  heart  failure  resulted 

sought,  and,  whenever  appropriate,  the  patient’s 

in  cardiac  myocyte  atrophy,  making  “reloading” 

heart  should  be  challenged  to  function  without  the 

an  adverse  event  (Kinoshita  et  al. 1996). This 

LVAD  crutch  in  a  controlled  setting.  These  efforts, 

could  also  indicate  that  prolonged  unloading 

when  incorporated  into  the  usual  LVAD  manage-

may  result  in  the  remainder  of  the  intact  myocar-

ment  guidelines,  can  improve  the  success  of  myo-

dium  to  not  undergo  the  compensatory  hypertro-

cardial  recovery.  However,  an  attempt  for  recovery 

phy  to  overcome  the  functional  disability. 

should  be  made  in  all  patients  independent  of  the 

Additionally,  prolonged  unloading  can  reduce 

actual  intent  of  implantation.  This  is  arguably  the 

the  myofilament  sensitivity  to  intracellular  cal-

best  outcome  post-LVAD  implantation. 

cium  and  interfere  with  calcium  clearance  within 

the  cells,  further  perpetuating  the  contractile  dys-

function  (Soppa  et  al. 2008). The  result  would  be 

MCS  as  a  Bridge  to  Candidacy 

an  irreversible  and  widespread  cardiomyocyte 

atrophy  and  a  complete  dependence  on  LVAD 

Mechanical  circulatory  support  can  be  offered 

support. 

to  patients  who  have  reversible  contraindications 

Conversely,  some  human  studies  have  shown 

to  heart  transplant.  Here  the  role  of  MCS  could  be 

favorable  changes  and  outcomes  following  short-

to  provide  the  means  to  reverse  the  contraindica-

term  ventricular  unloading  (<6  months)  (Xydas 

tion,  such  as  in  the  case  of  extra-cardiac  organ 

et  al. 2006). This  indicates  that  in  a  subset  of 

failure  due  to  poor  perfusion  or  as  a  means  to 

patients  reverse  remodeling  might  peak  after  a 

provide  time  while  the  contraindication  is 

certain  duration  of  unloading.  A  partial  recovery 

corrected,  such  as  social  barriers. 

of myocardial function may  be followed by a level-

Prior to the FDA approval of destination therapy 

ing  or  deterioration  of  clinical  parameters  as  the 

MCS,  placement  of  MCS  devices  in  transplant-

mechanical  unloading  is  prolonged  beyond  a  few 

ineligible  patients  was  considered  a  controversial 

months  (Birks  2013). An  institutional  recovery 

topic  (Elhenawy  et  al. 2011).  However,  it  was 

protocol  should  include  this  important  piece  of 

realized that some patients who eventually received 

information  and  focus  on  an  aggressive  intent  in 

LVAD  with  destination 

intent 

had 

interval 

the  first  few  months  post-implantation.  Any  recov-

improvement  in  hemodynamics,  such  that  the  pre-

ery  within  this time  duration should be  periodically 

vious  contraindications  to  transplant  were  now 

assessed  and  an  attempt  be  made  to  ascertain  can-

reversed.  This  was  predominantly  noted  with 

didacy for LVAD explant/decommissioning in clin-

regard  to  pulmonary  hypertension  (Choong  et  al. 

ically  appropriate  patients.  The  initial  recovery 

2005). These patients subsequently underwent suc-

followed  by  leveling  out  could  explain  why 

cessful  cardiac  transplantation,  which  was  previ-

patients  do  not  continue  to  recover  as  the  LVAD 

ously  contraindicated.  Thus  emerged  a  new 

support  is  continued  through  multiple  years.  Other 

indication  for  MCS:  bridge  to  candidacy  for  heart
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transplantation.  This  particular  indication  is  reliant 

Table  1  MCS  correctable  contraindications  to  heart 

on  the  treatment  team  identifying  a  reversible  lim-

transplant 

itation  to  transplant,  which  they  believe  could  be 

Pulmonary 

PVR  >  5  Wood  units  (>400  dynes/ 

altered  favorably  in  a  reasonable  amount  of  time. 

hypertension 

sec/cm-5)  or  the  indexed  PVR 

(PVRI)  >  6  Wood  units/m2  (>480 

In  the  ensuing  era,  several  other  MCS-correct-

dynes/sec/cm-5/m2)  in  children,  or 

able  contraindications  to  heart  transplantation 

TPG  >  16  to  20  mmHg 

were  realized,  including  cardiorenal  syndrome, 

Pulmonary  systolic 

obesity,  and  frailty  (Zaliznyak  et  al. 2022).  Other 

pressure  >  60  mmHg 

An  attempt  to  drop  PVR  <  2.5 

factors  for  consideration  in  this  context  include 

Wood  units  with  a  vasodilator 

social  factors  such  as  smoking,  noncompliance,  or 

results  in  a  drop  in  systemic  systolic 

poor  caregiver  support  (Elhenawy  et  al. 2011; 

blood  pressure  to  <85  mmHg 

Zaliznyak  et  al. 2022). The  correction  of  these 

Body  mass 

BMI  >  35  kg/m2 

particular  social  factors  requires  time,  during 

index  (obesity) 

which  the  patient  has  to  continue  maintaining 

Diabetes

HBA1c  >  8% 

Chronic  illness

Malignancy 

candidacy  as  well.  On  some  occasions,  the  MCS 

Hepatic  or  renal  failure  secondary  to 

device  becomes  a  “trial-by-fire”  to  overcome  the 

heart  failure 

shortcoming,  while  sparing  the  scarce  availability 

Frailty 

of  donor  hearts.  This,  of  course,  is  contingent 

Infection 

upon  a  clear  discussion  with  the  patient  regarding 

Social  factors

Smoking  or  illicit  drug  use 

Medical  noncompliance 

the  intent  of  MCS  placement  in  order  to  manage 

Inadequate  caregiver  support 

expectations  and  define  clear  parameters,  which, 

when  achieved,  would  qualify  the  patient  for  a 

heart  transplant.  The  ideal  patients  are  those  that 

particularly  related  to  age  and  psychosocial  fac-

the  treatment  team  identifies  as  critically  ill  from 

tors  as  noted  in  Table  1. On  the  other  hand,  LVAD 

advanced  heart  failure  and  unable  to  continue 

eligibility  criteria  are  relatively  more  lenient, 

waiting  on  medical  therapy  alone  until  their  con-

often  reliant  on  institutional  and  surgical  accep-

traindication  is  corrected.  In  a  single-center  retro-

tance.  In  addition,  durable  LVAD  can  now  offer  a 

spective  study  to  understand  the  outcome  of 

reasonable  survival  of  almost  5  years  post-implant 

“bridge  to  candidacy”  LVAD  use,  patients  with  (Molina  et  al. 2021). Consequently,  the  use  of pulmonary  hypertension  were  most  successful  in 

durable  LVAD  as  destination  therapy  has  risen 

eventually  getting  a  heart  transplant  after  proving 

quite  significantly.  As  per  the  Society  of  Thoracic 

candidacy,  while  patients  with  obesity  or  social 

Surgeons  INTERMACS  2020  Annual  Report,  the 

reasons  of  noncompliance  or  drug  use  were  least 

implanting  indication  of  durable  LVAD  as  the 

likely  to  be  successful  in  achieving  candidacy 

destination  therapy  has  risen  to  >70%  from  50% 

(Zaliznyak  et  al. 2022). 

since  the  adoption  of  the  new  transplant  allocation 

Table  1  lists  the  absolute/relative  contraindica-

system  (Teuteberg  et  al. 2020). 

tions  to  heart  transplantation  that  could  be 

The  REMATCH  and  ROADMAP  trials  con-

corrected  with  an  appropriate  use  of  MCS  device 

firmed  the  significant  survival  and  quality  of  life 

as  bridge  to  candidacy. 

advantage  afforded  by  LVAD  therapy  compared 

to  medical  therapy  alone  in  patients  with 

advanced  heart  failure  (Rose  et  al. 2001;  Estep 

MCS  as  Destination  Therapy 

et  al. 2015).  The  survival  advantage  is  further 

extended  with  the  possibility of  myocardial  recov-

End-stage  heart  failure  patients  who  do  not  qual-

ery  when  LVAD  and  medical  therapy  are  com-

ify  for  heart  transplantation  may  still  receive  an 

bined  (Birks  et  al. 2020).  The  survival  advantage 

LVAD  to  prolong  survival  and  improve  quality  of 

extends 

beyond 

the 

mechanical 

unloading 

life,  for  which  the  term  “destination  therapy”  is 

afforded  by  the  LVAD.  Placement  of  LVAD  con-

used.  Heart  transplantation  has  stringent  eligibil-

fers  the  ability  to  optimize  other  life-extending 

ity 

criteria 

and 

multiple 

contraindications, 

and  preserving  therapies  as  well. 
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Heart  failure  medical  treatment  is  constantly 

Table  2  INTERMACS  profiles  for  risk  stratification 

evolving  with  newer  medications  being  introduced. 

Profile 

Title

Description 

Examples  of  the  newer  heart  failure  medications 

1

Critical 

Life-threatening  hypotension 

include  angiotensin  receptor-neprilysin  inhibitors 

cardiogenic 

refractory  to  intravenous 

(ARNi),  sodium-glucose  cotransporter-2  (SGLT2) 

shock 

inotropes.  “Crash  and  burn.” 

inhibitors, and soluble guanylate cyclase stimulator. 

2

Progressive 

Intravenous  inotropes 

decline 

required  with  worsening 

These  agents  have  been  shown  to  add  incremental 

end-organ  function.  “Sliding 

survival  benefits  to  traditional  heart  failure  medica-

on  inotropes.” 

tions,  including  beta-blockers,  angiotensin,  and 

3

Inotrope 

Stable  blood  pressure  and 

mineralocorticoid  blocking  agents  (Heidenreich 

dependent 

end-organ  function  but 

et  al. 2022). Addition  of  these  agents  is  often 

failure  to  wean  from 

intravenous  inotropes. 

restricted  in  advanced  heart  failure  patients  due  to 

“Dependent  stability.” 

hypotension  and/or  renal  failure.  Circulatory  sup-

4

Resting 

Daily  symptoms  of 

port  with  an LVAD  can  overcome  this  disadvantage 

symptoms 

congestion  at  rest  or  with 

in  a  significant  number  of  patients,  thus  allowing 

ADLs.  High  doses  of 

diuretics. 

maximum  neurohormonal  blockade  and  afterload 

5

Exertion 

Unable  to  engage  in  any 

reduction  through  multiple  synergistic  medications. 

intolerant 

activity  above  ADLs. 

However,  it  is  also  important  to  identify  patients 

6

Exertion 

Can  participate  in  minor 

who  will  most  benefit  from  LVAD  therapy  due  to 

limited 

activities  but  quickly 

the  several  short- and  long-term  sequelae.  Optimal 

fatigues.  “Walking 

timing and risk-stratification are absolutely essential 

wounded.” 

prior  to  considering  patients  for  an  LVAD.  In  addi-

7

Advanced 

Comfortable  with  meaningful 

NYHA  III 

activity,  limited  to  mild 

tion  to  the  traditional  NYHA  heart  failure  staging, 

exertion. 

INTERMACS grading is often used for pre-implant 

Three  modifiers:  TCS  temporary  circulatory  support, 

eligibility  and  post-implant  management  (Table  2). 

A  arrhythmia,  FF  frequent  flyer.  Adapted  from  Stevenson 

Utilizing  LVAD  in  patients  between  INTERMACS 

et  al.  (2009).  ADLs  activities  of  daily  living 

profiles  2–4  offers  optimal  success  (Shah  et  al. 

2018).  Patients  with  INTERMACS  profiles  5  or 


received  LVAD  with  an  initial  destination  intent 

up  have  a  skewed  risk–benefit  ratio,  related  to 

may  note  an  interim  improvement  in  their  comor-

short- and  long-term  LVAD  complications  related 

bidity  and  make  them  eligible  for  heart  transplant 

to  bleeding,  stroke,  and  right-heart  failure  (Shah 

(Elhenawy  et  al. 2011).  Due  to  this  dynamic  nature 

et  al. 2018).  Thus,  LVAD  is  best  suited  for  patients 

of  outcome  post-LVAD,  it  is  not  necessary  to  make 

who  are  sick,  but  not  “critically  sick”  or  “too  well.” 

the  distinction  of  intent  (bridge  vs.  destination)  at 

In  addition  to  the  above,  patients  may  receive 

the  time  of  implantation  unless  there  is  a  clear 

an  LVAD  initially  with  an  intent  to  bridge  to 

nonmodifiable  risk  factor  such  as  old  age. 

transplant,  but  develop  a  complication,  which 

makes  them  ineligible  for  heart  transplant,  such 

as  disabling  stroke,  and  renal  or  other  organ  fail-

Overall  Survival  After  Durable  LVAD 

ure.  Such  patients,  thus,  get  transitioned  to  ongo-

ing  LVAD  support  until  death  (destination  intent). 

The  advancement  of  the  MCS  technology  and  the 

It  is  important  to  note  that  most  institutions  have 

increasingly aging population have resulted in a rise 

moved away from making a distinction in the intent. 

in  the  use  of  LVAD  as  durable  permanent  support 

Earlier,  the  destination  therapy  intent  was  declared 

(Caraballo  et  al. 2019).  The  average  age  at  implan-

at  the  time  of  implantation.  The  concept  behind  this 

tation is around 57 years of  age, and elderly patients 

intent was to improve and prolong functional capac-

(>75  years  of  age)  compose  5%  of  total  LVAD 

ity  and  delay  death,  with  the  mutual  understanding 

implants  (Caraballo  et  al. 2019). Despite  older  pop-

that  heart  transplantation  will  not  be  offered.  As 

ulation  getting  durable  LVAD  support  in  the  current 

more  patients  received  LVAD  and  the  durability  of 

era,  the  overall  survival  of  patients  receiving  LVAD 

support  improved,  it  was  realized  that  patients  who 

has  increased.  In  patients  implanted  between  2015

[image: Image 182]

[image: Image 183]
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and 2019, the 1-year survival was reported at 82.3% 

influenced  by  various  factors,  including  the  new 

and  increased  from  80.5%  in  those  implanted 

transplant  allocation  policy  lowering  the  priority 

between  2010  and  2014  (Molina  et  al. 2021). The 

of  listing  for  stable  LVAD  patients  and  the 

median  survival  has  increased  to  4.5  years  post-

improved  quality  of  life  on  LVAD  that  reduces 

LVAD  implantation  (Molina  et  al. 2021)  (Fig  . 5). 

the  urgency  to  pursue  transplant.  Figure  6  sum-

Patients  are  now  being  supported  on  an  LVAD 

marizes  the  current  support  times  until  the  even-

longer  before  they  eventually  get  a  heart  trans-

tual  outcome  among  continuous-flow  LVAD 

plant  (Molina  et  al. 2021).  This  is  likely 

patients  implanted  between  2015  and  2019. 

Fig.  5  Improving  survival  post-LVAD  in  different  eras.  Red  solid  line:  LVAD  implanted  between  2010  and  2014;  blue dashed  line:  LVAD  implanted  between  2015  and  2019.  (Adapted  with  permission  from  Molina  et  al. 2021) Mcs Outcome 
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24

36

48 
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Alive on a Device 
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Transplant 
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Death on a Device 
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1.2% 

2.4% 
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Fig.  6  Current  LVAD  support  duration  prior  to  an  eventual  outcome.  (Adapted  with  permission  from  Molina  et  al. 2021)
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Abstract 

technology  and  biological  hemorheology.  Initial 

This  chapter  presents  a  teleological  approach 

clinical  applications  of  roller  and  centrifugal 

to  pulsatile  flow  and  contrasts  it  to  nonpulsatile 

blood  pumps  were  largely  for  cardiac  surgical 

flow.  It  describes  the  historical  origins  of  the  patients  who  could  not  be  weaned  from  cardio-

meaning  and  detection  of  pulsatility  and 

pulmonary  bypass.  Early  successes  were  encour-

reviews 

the 

current 

concepts 

describing 

aging  and  gradually  learned  support  principles 

pulsatility.  The  long  evolution  of  pulsatile 

were  utilized  to  recover  patients  from  other  car-

flow  in  various  animal  species  illustrates  its  diomyopathies.  Patients  who are unable  to recover 

biological  importance.  Pulsatile  mechanical 

were  bridged  to  heart  transplantation.  The  realiza-

left  ventricular  assist  devices  (pLVAD)  have 

tion  that  successful  prolonged  mechanical  circu-

been  currently  replaced  by  continuous-flow 

lation  was  possible  prompted  the  rematch  2001 

pumps  (cfLVAD).  The  chronic  absence  or 

trial  which  ushered  in  the  current  era  of  “destina-

attenuation  of  pulsatility  and  the  attendant 

tion”  therapy  using  durable  mechanical  circula-

influence  of  higher  shear  stress  on  blood  and 

tory  devices.  Initial  devices  were  pulsatile  but 

altered  shear  stress  on  peripheral  vasculatures 

were  plagued  with  mechanical  failure  which  pro-

are  now  being  recognized  as  long-term  liabili-

mpted  the  introduction  of  more  durable  rotary 

ties  for  cfLVAD  patients.  Adverse  effects  on 

pumps.  Success  was  measured  over  a  2-year  eval-

specific  organ  systems  are  presented.  Adding 

uation  period  and  favored  the  rotary  pumps. 

pulsatility  using  speed  modifications  and 

As  support  times  increased,  that  engineering 

reducing  cfLVAD  support  to  maximize  the  pul-

success  was  increasingly  being  confounded  by 

satile  native  left  ventricular  output  are  the  cur-

the biological reality that associated absent or atten-

rent  evolving  strategies.  Newer  pump  designs 

uated  pulsatility  and  higher  shear  stress  became  a 

are  not  discussed. 

liability.  Attempts  to  ameliorate  thromboembolic 

events  associated  with  the  new  flow  architecture 

included  (with  some  success)  the  introduction  of 

Keywords 

flow  variations.  In  the  HVAD  used,  speed  varia-

Pulsatility  ·  Pulse  ·  Circulatory  System 

tions  (the  Lavare  cycle,  meaning  “to  wash”)  were  

used  to  minimize  intraventricular  stasis,  which  was 

Ventricular  assist  device  support  for  failing  circu-

one  source  of  thromboembolic  events  associated 

lation  is  now  accepted  as  a  viable  therapy.  The 

with  that  design.  The  Jarvik  2000  axial  pump 

evolution  to  its  present  state  has  been  unique  since 

included  intermittent  flow  cessation  which  mini-

it  has  been  a  careful  interplay  between  mechanical 

mized  some  of  the  problems  with  acquired  aortic

[image: Image 184]
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insufficiency,  as  well  as  stasis  thrombosis  in  the 

Over  the  next  century,  it  became  increasingly 

pump,  aortic  root,  and  ventricle.  The  Heartmate 

recognized  that  both  the  pulse  and  the  pressure 

3  device  represents  the  current  apex  of  evolution 

within  the  blood  vessels  were  meaningful  obser-

of these rotary mechanical blood pumps. This mag-

vations  that  could  be  made  for  an  individual.  John 

netically  suspended  centrifugal  pump  has  intermit-

Floyer  (1649–1734  CE)  is  credited  as  the  first 

tent  flow  variations  which  were  introduced  to 

physician  to  use  a  pulse  count  as  we  measure  it 

reduce  intra-pump  flow  stasis.  The  modification 

today.  These  major  discoveries  were  made  with 

appears  to  have  reduced  the  incidence  of  throm-

the  aid  of  his  meticulous  experiments  on  both 

botic  and  thromboembolic  embolic  phenomena.  In 

humans  and  animals.  In  “Anatomical  Studies  on 

the  systemic  circulation,  the  variation  in  flow  was 

the  Motion  of  the  Heart  and  Blood,”  he  compre-

realized  as  a  slight  pulse;  hence,  the  concept  of 

hensively  described  his  experiments  on  a  variety 

pulsatility 

has 

been 

introduced 

into 

the 

of  animals  such  as  snakes,  frogs,  snails,  shellfish, 

continuous-flow  left  ventricular  assist  device 

and  fish.  A  century  after  the  invention  of  the 

(cfLVAD)  jargon.  So,  the  question  remains:  to 

pulsilogy,  Floyer  counted  the  pulse  rate  as  we 

pulse  or  not  to  pulse? 

measure  it  today.  He  is  credited  as  the  first  physi-

Current  knowledge  of  the  arterial  pulse  has  cul-

cian  to  use  a  pulse  watch  that  would  run  for 

minated  from  the  beliefs,  observations,  interpreta-

60  seconds  to  count  the  pulse  (Ghasemzadeh  and 

tions,  dogmas,  and  the  rejection  of  dogmas 

Zafari  2011).  After  Floyer’s  introduction  of  the 

throughout  the  history  of  medicine.  Prior  to  the 

modern  pulse  count,  physicians  started  to  record 

sixteenth 

century, 

when 

William 

Harvey 

their  observations  in  their  daily  practice  based  on 

(1578–1657  CE)  discovered  the  mechanics  of 

the  number  of  pulse  beats  per  minute. 

greater  circulation,  there  were  few  major  advance-

The  sphygmometer  was  the  first  device  with  the 

ments  in  the  understanding  of  the  physiology  of  the 

capability  of  showing  the  function  of  the  heart  and 

arterial pulse and circulation. Harvey fully described 

the  arteries.  Jules  Herisson,  in  his  book  about  his 

the  circular  blood  flow  in  the  body  from  the  heart  to 

sphygmometer,  for  the  first  time  argued  that  the 

the  extremities  via  arteries  and  from  extremities 

sphygmometer  was  superior  to  the  physicians’ 

back  to  the  heart  via  the  venous  system.  Although 

touch.  He  described  the  sphygmometric  findings 

the  arterial  pulse  had  been  an  integral  guide  to  reach 

in  different  valvular  heart  diseases  like  aortic, 

a  diagnosis  in  antiquity  and  medieval  eras,  general 

mitral,  and  pulmonary  valve  stenosis.  This  was  the 

concepts of its generation were misunderstood. Both 

first  time  that  a  physician  would  associate  objective 

the  heart  and  the  arteries  were  thought  to  have  their 

findings  of  a  device  with  inner-body  physiologic 

own pulsation and to contract simultaneously. It was 

dynamics  (Ghasemzadeh  and  Zafari  2011). 

thought  before  Harvey’s  dogma-shattering  observa-

Modern  recording  of  the  pulse  waveform 

tions  that  the  arterial  pulse  is  the  result  of  an  active 

became  possible  through  the  invention  of  the 

force generated in the arterial surface. It was William 

sphygmograph  by  Etienne  Jules  Marey  in  1860 

Harvey  who  for  the  first  time  attributed  the  genera-

(Fig. 1).  Twelve  years  earlier  in  1847, Carl  Ludwig, 

tion  of  the  arterial  pulse  to  the  contraction  of  the  left 

a  German  physiologist,  invented  the  kymograph,  a  

ventricle and found the source of the heartbeat in the 

device  capable  of  recording  hemodynamic  vari-

right  atrium.  He  contradicted  his  forefathers,  Galen 

ables (Fig. 2).  Ludwig’s  introduction  of  the

and  Vesalius,  in  their  belief  of  the  origin  of  the 

arterial  pulse  in  the  arterial  wall  (Ghasemzadeh 

and  Zafari  2011). With  his  meticulous  observations 

attributed  the  generation  of  the  arterial  pulse  to  a 

passive  dilation  caused  by  the  blood  inflow  and 

compared  this  passive  dilation  of  the  arteries  to  the 

process  of  inflating  a  glove  by  blowing  air  into 

it.  Furthermore,  for  the  first  time  in  the  history  of 

medicine,  Harvey  described  the  arteries  and  veins 

Fig.  1  Sphygmograph  by  Etienne  Jules  Marey  in  1860 

contain  nothing  but  blood. 

(Nelson  et  al. 2010)

[image: Image 185]

826

W. Dembitsky et al. 

Fig.  2  Carl  Ludwig  1847, 

kymograph  (Soucy  et  al. 

2013a) 

kymograph  in  the  middle  of  the  nineteenth  century 

increase  in  systolic  pressure  and  that  the  reflection 

greatly  influenced  the  pace  of  cardiovascular 

of  the  cardiac  pressure  impulse  at  the  level  of  the 

research  in  future  decades. 

peripheral  vasculature  shapes  the  peripheral  and 

The  introduction  of  cardiac  catheterization  by 

central  pulse  waveforms. 

Werner  Forssman  in  1929  further  added  valuable 

Currently,  in  a  patient  without  VAD  support, 

data  to  the  correlation  between  central  vascular 

pulsatility  is  evaluated  by  arterial  pulse  pressure 

pressures  and  the  peripheral  pulse  waveform. 

(PP  1/4  AoPmax—AoPmin)  or  the  pulsatile  index 

Cournand  and  Ranges  successfully  placed  catheters 

(PI  1/4  Vmax—Vmin/Vmean),  where  AoPmax 

in the right atrium in living humans, paving the way 

and  AoPmin  are  the  maximum  systolic  and  mini-

for  physiologic  exploration  of  the  cardiopulmonary 

mum  diastolic  aortic  pressure  (AoP),  respectively, 

system. Earl H. Wood and Edwin J. Kroeker laid the 

and  Vmax,  Vmin,  and  Vmean  are  the  maximum, 

foundation  for  the  concept  of  the  vascular  tree 

minimum, and average blood flow velocity, respec-

responding  to  the  pressure  wave  from  each  heart-

tively.  These  indices  are  usually  sufficient  to  clin-

beat  in  a  classic  frequency  amplitude  response 

ically  evaluate  native  ventricular  pulsatility; 

curve  (Ghasemzadeh  and  Zafari  2011).  They  also 

however,  they  may  not  adequately  quantify 

observed  that  amplification  of  blood  pressure  from 

pulsatility  in  patients  with  MCS  devices,  such  as 

the  aorta  to  the  periphery  occurs  as  a  result  of  an 

pulsatile  LVAD  or  cfLVAD  (continuous-flow  left
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ventricular  assist  device)  Hemodynamics  undergo 

Currently,  the increased  clinical  use  of  cfLVAD 

significant  changes  when  a  cfLVAD  is  present 

has  raised  scientific  question(s)  surrounding  the 

because  the  arterial pressure and device flow wave-

perceived  requirement  for  “physiologic”  pulsatile 

forms  in  these  patients  are  significantly  different 

pressure  and  flow.  The  physiologic  responses  to 

from  those  created  by  the  native  heart  alone.  In 

diminished  pulsatility  may  play  a  significant  role 

particular,  the  left  ventricular  loading  and  aug-

in  clinically  reported  adverse  events  during 

mented  cardiac  output  occur  while  pulsatility  and 

cfLVAD  support  that  were  not  previously  seen  in 

pulse  pressure  become  decreased.  It  has  been 

heart  failure  patients  supported  by  the  early 

hypothesized  that  diminished  arterial  pressure  and 

Symbion  and  Thoratec  devices.  The  trend  toward 

flow  pulsatility  delivered  by  cfLVAD  may  be  a  customized  flow  modulation  algorithms  for 

contributing factor for  adverse events (AEs) related 

cfLVAD  is  creating  a  scientific  need  to  accurately 

to  cfVADs.  Physiological  responses  to  diminished 

quantify  hemodynamic  pulsatility  in  the  clinical 

pulsatility  may  play  a  significant  role  in  clinically 

setting,  which  is  challenging  current  methods  and 

reported  adverse  events  during  cfVAD  support  that 

resources.  Soucy  et  al.  (2013a)  support  the  use  of 

was  not  previously  seen  in  heart  failure  patients 

SHE  (surplus  hemodynamic  energy)  and  EEP 

supported  by  pulsatile  VADs.  Subsequently,  the 

(energy  equivalent  pressure)  indices  to  quantify 

clinical  significance  of  vascular  pulsatility  con-

hemodynamic  energy  and  pulsatility  and  recom-

tinues  to  be  highly  debated.  Studies  comparing 

mend  their  acceptance  as  an  industry  standard 

pulsatile-flow  and  continuous-flow  support  have 

analysis  technique  for  comparing  devices  and 

presented  conflicting  findings,  largely  due  to  vari-

patient  outcomes.  Flow  modulation  with  cfVADs 

ations  in  device  operation,  support  duration,  and 

may  provide  a  vehicle  for  investigating  physio-

the  criteria  used  to  quantify  pulsatility.  Traditional 

logic  responses  to  varying  degrees  of  pulsatility 

measurements  of  pulse  pressure  and  pulsatility 

and  volume  unloading.  Flow  modulation  provides 

indexes  are  less  effective  at  quantifying  pulsatility 

an  opportunity  to  develop  patient-specific  cfVAD 

for  mechanically  derived  flows.  This  becomes  par-

therapy(s)  that  may  improve  patient  outcomes  and 

ticularly evident with the growing trend of cfLVAD 

restore  quality  of  life. 

speed  modulation  to  achieve  various  pulsatile  flow 

Clinically,  pulsatility  is  evaluated  by  arterial 

patterns  which  clinically  may  provide  an  opportu-

pulse  pressure  (PP  1/4  AoPmax—AoPmin)  or 

nity  to  develop  patient-specific  cfVAD  therapy  that 

the  pulsatile  index  (PI  1/4  Vmax—Vmin/ 

improves  patient  outcomes. 

Vmean),  where  AoPmax  and  AoPmin  are  the 

Soucy  et  al. (2013a)  added  a  great  deal  of  clarity 

maximum  systolic  and  minimum  diastolic  aortic 

to  the  problem  of  defining  pulsatility  during 

pressure  (AoP),  respectively,  and  Vmax,  Vmin, 

continuous-flow  ventricular  assist  device  support. 

and  Vmean  are  the  maximum,  minimum,  and 

Subsequently,  the  clinical  significance  of  vascular 

average  blood  flow  velocity,  respectively.  These 

pulsatility  continues  to  be  highly  debated.  Studies 

indices  are  usually  sufficient  to  clinically  evaluate 

comparing  pulsatile-flow  and  continuous-flow  sup-

native  ventricular  pulsatility.  However,  they  may 

port have presented conflicting findings, largely due 

not  adequately  quantify  pulsatility  in  patients  with 

to  variations  in  device  operation,  support  duration, 

MCS  devices,  such  as  pulsatile  LVAD  or  cfLVAD, 

and  the  criteria  used  to  quantify  pulsatility.  Tradi-

because  the  arterial  pressure  and  device  flow 

tional  measurements  of  pulse  pressure  and 

waveforms  in  these  patients  are  significantly  dif-

pulsatility  indexes  are  less  effective  at  quantifying 

ferent  from those  created by the native heart alone. 

pulsatility  for  mechanically  derived  flows,  particu-

larly  with  the  growing  trend  of  cfLVAD  speed 

modulation  to  achieve  various  pulsatile  flow  pat-

Does  Pulsatility  Matter  in  the  Era 

terns.  Kinetic  measurements  of  energy  equivalent 

of  Continuous-Flow  Blood  Pumps? 

pressure  and  surplus  hemodynamic  energy  can  bet-

ter  quantify  pulsatile  energies,  yet  technologic  and 

The concepts  of energy-equivalent  pressure (EEP) 

conceptual  challenges  are  impeding  their  clinical 

and  surplus  hemodynamic  energy  (SHE)  have 

adaptation. 

been  introduced  to  more  adequately  quantify
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hemodynamic  energies  associated  with  blood 

circulatory systems is no exception. The taxonomic 

flow  by  focusing  on  energy  gradients  rather  than  classification system recognizes generally accepted 

pressure  gradients  as  the  driving  force  of  blood 

groups  of  organisms  with  certain  evolutionary 

flow.  The  required  flow  measurements  make  these  traits  and  categorizes  them  into  taxa.  Beneath  the 

indices  more  cumbersome  to  use  clinically 

kingdom  (animals,  plants,  and  others)  level  are  the 

(Moazami  et  al. 2015). 

phyla.  Among  the  latter  are  invertebrates  including 

EEP  is  calculated  as  RR  [QPdt/Qdt]  (unit  of 

Cnidaria  (jellyfish,  corals,  and  sea  anemones), 

measurement is in mmHg), with Q being the instan-

Annelida (segmented worms), Arthropoda (insects, 

taneous  blood  flow,  P  being  the  instantaneous  pres-

spiders,  and  lobsters),  and  Mollusca  (clams,  snails, 

sure,  and  t  being  time.  EEP  should  be  higher  than 

squid).  The  phylum  Chordata  includes  mammals 

mean  AoP;  however,  EEP  becomes  the  same  as 

and  birds,  as  well  as  fish,  amphibians,  and  reptiles. 

mean  AoP  with  totally  nonpulsatile  (Vogel  1995) 

The  apex  of  evolution  in  the  current  schema  for 

circulation.  SHE  is  calculated  as  [1332  (EEP— 

invertebrate  Mollusca  is  the  cephalopods,  which 

MAP)],  with  MAP  indicating  mean  arterial  pres-

include  squid.  The  apices  of  vertebrate  evolution 

sure. When EEP equals  AoP, the SHE becomes 0 as 

are  considered  to  be  mammals  and  birds  (Fig. 3). 

SHE  indicates  how  much  more  energy  is  given  to 

circulation  with  the  same  mean  AoP.  This  is  the 

energy  loss  that  may  compromise  flow  in 

Annelida  Circulation 

compromised  vascular  beds  with  low-flow  condi-

tions  (Moazami  et  al. 2015;  Undar  et  a  l. 2005). 

The  primitive  Annelida  tubeworm  open  circula-

An interesting and more complete understanding 

tion  uses  gut  peristalsis  to  mix  fluids  in  the 

of  the  current  status  of  our  own  circulatory  system 

hemolymph. 

can  be  gained  by  an  analysis  of  some  modern 

The  most  advanced  Annelid,  the  earthworm, 

biological 

circulatory 

pumps 

resulting 

from 

has  a  closed  circulation  that  is  powered  by  four 

700  million  years  of  evolutionary  experiments.  It 

pairs  of  pulsatile  valves  containing  hearts  with 

gives  insight  into  essential  design  characteristics 

neurogenically  initiated  beats  producing  blood 

selected  by  the  long  trial  of  bioengineering  experi-

pressure  in  the  dorsal  vessel  of  16  mmHg  and 

ments  in  the  natural  world.  All  organisms  share  the 

slightly  less  in  the  ventral  vessel. 

common  objectives,  among  others,  of  energy  con-

sumption  and  utilization.  A  transport  system 

became  essential  as  life  evolved  from  small  single 

Arthropod  Circulation 

cell  to  larger  more  complex  multicellular  forms. 

Diffusion  for  molecular  transport  in  smaller  sizes 

The  insect  body  cavity  is  a  dynamic  environment 

was complemented in larger organisms by the intro-

where  the  insect  blood  (hemolymph)  instantly  and 

duction of convection and bulk transport circulatory 

rapidly  flows  in  a  manner  that  bathes  all  tissues. 

systems  to  move  essential  nutrients,  gases,  and 

Flow  is  primarily  driven  by  a  dorsal  vessel  that  is 

byproducts  of  metabolism  to  areas  of  molecular 

structurally  divided  into  an  aorta  in  the  thorax  and 

exchange  (Shepard et al. 1966;  Undar  et  al. 1999; 

a  heart  in  the  abdomen.  The  insect  cardiovascular 

Soucy  et  al. 2013b). Circulatory  systems  may  be 

system  consists  of  only  a  tubular  dorsal  vessel. 

open  (mixed  with  the  interstitial  fluid)  or  closed 

Appendages  are  supplied  by  accessory  circulatory 

(separated  from  the  interstitial  fluid). 

organs.  The  dorsal  tube,  open  and  branched  ante-

Evolution is the change overtime in one  or more 

riorly,  is  closed  at  the  back  and  runs  from  the  head 

population  traits.  Convergent  evolution  describes 

to  the  abdomen.  The  posterior  tract  is  called  the 

the  acquisition  of  favorable  traits  in  unrelated  spe-

heart,  the  anterior  aorta.  The  wall  of  the  heart  is 

cies.  Counter  evolution  is  a  change  that  is  unsuc-

made  up  of  longitudinal  circular  muscle  fibers, 

cessful  and  is  not  propagated  forward.  Different 

which  divide  the  organ  into  communicating 

strategies  for  mechanical,  photo,  and  chemo  sensa-

chambers  that  are  separated  by  valves  to  ensure 

tion  all  offer  fascinating  examples  of  convergent 

hemolymph  flows  in  one  direction.  Muscles 

evolution  in  divergent  species.  The  evolution  of 

attached  to  the  walls  of  each  chamber  undergo

[image: Image 186]
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Fig.  3  Schematic  illustration  of  the  relationships  of  inver-

displacement  circulatory  pumps.  At  the  base  of  the  tree, 

tebrates  (left  main  branch)  and  vertebrates  (far  right 

experiments  with  fluid  dynamic  rotary  pumps  began. 

branch).  The  apex  of  each  all  uses  pulsatile  volume 

(Dembitsky,  Walter  2022) 

peristaltic  contractions  and  force  pulsatile  flow 

be  distributed  throughout  the  body  (Morsi  and 

forwards  from  chamber  to  chamber  (Slama  2012). 

Sakhaeimanesh  2000). 

Blood  circulation  in  most  insects  involves  a 

caudal  cephalic  vascular  flow  and  a  hemocelic 

flow  in  the  opposite  direction.  The  blood  is  Mollusca  Circulation 

pushed  from  the  heart  into  the  hemocoel,  where 

it  contacts  the  tissues  and  internal  organs,  flowing 

As  in  most  other  mollusks,  the  circulatory  sys-

into  the  back  of  the  abdomen  where  it  enters  the 

tem  of  snails  is  open,  with  hemolymph  flowing 

heart.  There  is  a  phase  of  systole,  in  which  the 

through  sinuses  and  bathing  the  tissues 

heart  pushes the lymph  towards  the hemocoel, and 

directly.  The  heart  is  muscular  and  located  in 

one  of  diastoles,  in  which  the  heart  recalls  the 

the  anterior  part  of  the  visceral  mass.  In  the 

lymph  to  itself  (Slama  2012). 

great  majority  of  species,  it  has  two  chambers: 

an  auricle,  which  receives  hemolymph  from 

the  lung,  and  a  ventricle  (both  within  a  rigid 

Crayfish  Open  Circulation 

pericardium)  which  pumps  it  into  the  aorta. 

The  aorta  is  short  and  soon  divides  into  two 

Branchio-pericardial  sinuses  channel  oxygenated 

main  vessels,  one  supplying  the  visceral  mass 

hemolymph  from  the  gills  into  the  pericard  from 

and  the  other  supplying  the  head  and  foot. 

where  it  enters  the  open  cardiovascular  system  to 

These  two  vessels  in  turn  divide  into  many
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finer  vessels  throughout  the  body  and  deliver  circulation.  Amphibians  have  a  three-

hemolymph  to  open  arterial  sinuses  where  it 

chambered  heart,  which  has  some  mixing  of 

bathes  and  oxygenates  the  tissues. 

the  blood,  and  they  have  double  circulation. 

Most  non-avian  reptiles  have  a  three-chambered 

heart  but  have  little  mixing  of  the  blood;  they 

Clams  (Bivalves)  Circulation 

have  double  circulation.  Mammals  and  birds 

have  a  four-chambered  heart  with  no  mixing  of 

Bivalves  have  an  open  circulatory  system  that 

blood  and  double  circulation.  In  mammals  and 

bathes  the  organs  in  hemolymph.  The  heart  has 

birds,  the  heart  is  also  divided  into  four  cham-

three  chambers,  two  auricles  receiving  blood 

bers:  two  atria  and  two  ventricles,  as  illustrated. 

from  the  gills,  and  a  single  ventricle  all  encased 

Oxygenated  blood  is  separated  from  deoxygen-

in  a  rigid  pericardium.  The  ventricle  pumps 

ated  blood,  which  improves  the  efficiency  of 

hemolymph  into  the  aorta  and  then  to  the  rest  of 

double  circulation  and  is  probably  required  for 

the  body.  The  rigid  pericardium  in  these  mol-

the  warm-blooded  lifestyle  of  mammals  and 

lusks  surrounds  the  ventricle  and  atria  and,  as 

birds.  The  four-chambered  heart  of  birds  and 

such,  facilitates  atrial  filling  during  ventricular 

mammals  evolved  independently  from  a  three-

systole. 

chambered  heart.  The  independent  evolution  of 

the  same  or  similar  biological  trait  is  referred  to 

as  convergent  evolution. 

Cephalopod  Closed  Separate 

Generally,  as  animals  became  more  active  and 

Circulatory  System 

larger,  greater  cardiac  outputs  and  pressures  were 

required.  Interestingly,  the  pressures  in  the  pul-

Cephalopod  mollusks,  such  as  squid,  cuttlefish, 

monary  or  gill  circulation  remained  below  the 

and  octopus,  are  the  most  neurologically  and 

range  of  40/20  presumably  to  limit  damage  to 

cardiovascularly  advanced  of  all  invertebrates. 

the  more  fragile  gas  exchange  organs.  So  it  is  that 

They  have  a  closed  circulation.  In  squid,  blood 

the  most  evolutionary  advanced  organisms  in  the 

is  pumped  by  three  separate  hearts:  two  branchial 

major  animal  kingdom  phyla  all  have  pulsatile 

hearts  pump  blood  to  the  paired  gills.  The  third 

flow  pumps.  The  convergent  evolution  of  a 

receives  gill  blood  and  pumps  it  to  the  rest  of  the 

divided  circulation  to  provide  different  pressures 

body  at  higher  pressure  of  about  60  mmHg.  This 

and  keep  volumes  constant  while  separating  oxy-

represents  an  advanced  circulatory  system  which 

gen  saturated  from  desaturated  blood  using 

is  not  only  closed  but  also  separated  with  indi-

sequential 

pulsatile 

volume 

displacement 

vidual  perfusion  of  the  gills  and  systemic  organs, 

pumps  is  irrefutable  endorsement  of  a  good 

thereby  permitting  lower  perfusion  pressures  for 

design. 

the  more  fragile  gill  tissues  and  higher  pressures 

for  systemic  circulation. 

Classification  of  Pumps:  Matching 

Pump  and  Resistance 

Heart  Anatomy  on  Different 

Vertebrates 

All  pumps  generate  flow  against  opposing  pres-

sure  and  can  be  divided  into  two  broad  categories: 

Closed  circulatory  systems  are  a  characteristic 

fluid-dynamic  pumps  and  positive-displacement 

of  vertebrates;  however,  there  are  significant 

pumps.  Fluid-dynamic  pumps  propel  fluids  by 

differences  in  the  structure  of  the  heart  and  the 

inducing  thrust  using  lifting  airfoils,  spin  fluid, 

circulation  of  blood  between  the  different  ver-

and  force  it  radially,  or  use  motion  of  a  fluid  to 

tebrate  groups  due  to  adaptations  during  evolu-

impart  motion  to  another.  For  cardiovascular 

tion  and  associated  differences  in  anatomy.  Fish 

rotary  turbo  machines,  the  flow  is  usually  contin-

have  a  two-chambered  heart  with  unidirectional 

uous,  unidirectional,  and  pressure  limited.  Rotary
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pump  design  has  also  been  extensively  utilized  in 

of  artificial  membranes,  valves,  and  bearings,  as 

biological  systems.  Examples  of  these  motion-

well  as  clotting  problems  associated  with  dis-

generating  pumps  include  cilia  and  flagella  that 

turbed  flow  architecture.  A  review  of  the  history 

are  abundant  in  nature.  The  bacterial  flagellar 

and  possible  future  concerning  their  safety  and 

motor  is  a  rotary  nanomachine  powered  by  the 

low  hemolysis  has  been  published  (Köhne  2020; 

flux  of  Hþ  or  Naþ  ions  and  can  generate  speeds  Shankaran  et  al. 2003). 

reaching  100,000  rpm  (Chen  et  al. 2020).  These 

The  two  main  biological  costs  of  impedance 

complex  structures  typically  obey  low  Reynolds 

matching  using  rotary  pumps  to  produce  higher 

number  (ratio  of  inertial  forces/viscous  forces), 

pressure  and  flow  are  both  attenuated  or  absent 

suggesting  that  in  conditions  of  high  resistance, 

pulsatility  and  higher  shear  stress.  Rotary  pumps 

the  motion  generated  by  these  types  of  biologic 

generally,  are  engineering  successes  but  are  less 

structures  are  inadequate.  Mechanical  rotary 

biocompatible,  because  they  cause  hemolysis, 

pumps  in  current  clinical  practice  are  very  similar 

clotting  abnormalities,  thrombosis,  and  attenuated 

in  this  respect:  they  are  best  suited  to  deliver  high 

pulsatility.  The  use  of  continuous-flow  fluid 

flow  in  systems  of  low  resistance. 

dynamic  pumps  instead  of  volume  displacement 

Thus,  pumps  used  in  animal  circulatory  sys-

pumps  for  circulatory  support  is  therefore  counter 

tems  generate  pulsatile,  relatively  resistance-

evolutionary. 

independent  flow  (Vogel  1995). Steven  Vogel 

(1995)  gallantly  attempted  to  analyze  how  the 

two  different  pump  types  are  used  in  natural  sys-

Can  We  Fool  Mother  Nature? 

tems.  He  found  in  general,  high  impedance  sys-

tems  use  volume  displacement  pumps  and  low 

When  considering  flow  analysis,  the  traditional 

impedance  systems  use  fluid  dynamic  systems. 

views  used  in  initial  pump  designs  and  applica-

Similarly,  we  use  volume  displacement  pumps  to 

tions  were  most  attentive  to  bulk  flow  character-

inflate  a  bicycle  tire  but  a  fluid  dynamic  pump  to 

istics  such  as  pressure  and  flow.  With  prolonged 

circulate  air  in  a  room.  The  two  are  not  practically 

support  times,  the  importance  of  flow  geometry 

interchangeable. 

has  become  increasingly  evident.  Pulsatility  and 

its influence on turbulence,  stasis, shear  stress, and 

recirculation  all  become  important  performance 

Volume  Displacement 

determinants  of  chronic  circulatory  support  sys-

tem.  The  long  evolution  of  natural  pumping  sys-

The  Pump  Handbook  (Karassik  et  al. 2008)  is 

tems  has  been  accompanied  by  the  parallel 

used  by  industry  to  select  pumps  for  specific 

evolution  blood,  so  that  the  two  are  inextricably 

tasks  based  on  machine  capabilities.  Diaphragm 

bound  together  to  serve  the  supported  organism. 

pumps are selected when  flow must continue inde-

Natural  blood  pumping  systems  have  design  char-

pendent  of  pressure.  They  have  no  seals,  close 

acteristics  that  do  not  injure  blood  and  as  such  do 

fitting  or  rotating  parts.  They  do  not  degrade  sen- not  require  anticoagulation  or  anti-aggregation 

sitive  shear  material.  They  have  low  inlet  pressure 

assistance. 

Anti-aggregation, 

anticoagulation, 

relative  to  outlet  pressures,  and  they  need  valves 

and  lytic  therapy  are  required  for  malfunctioning 

to  create  unidirectional  flow.  So,  it  is  not  surpris-

natural components or intravascular machines  like 

ing  that  the  initial  forays  into  chronic  LVAD  sup-

artificial  heart  valves  and  circulatory  support 

port  pulsatile  volume  displacement  pumps  were 

pumps  with  design  defects.  Some  clinical  exam-

the  rational  choice.  The  first  implantable  “dura-

ples  of  malfunctioning  natural  circulatory  compo-

ble”  LVADs  were  pulsatile  volume  displacement 

nents  with  normal  bulk  flow  that  have  associated 

pumps.  Biomimicry  has  its  advantages,  but  only 

abnormal  flow  geometry  are  atrial  fibrillation,  left 

when  complimented  by  biotechnology.  They  had 

ventricular  aneurysm,  and  dilated  cardiomyopa-

a  limited  window  of  application  because  of 

thy.  All  have  stasis  and  recirculation  and  may

mechanical  failure,  involving  continuous  fl exing

[image: Image 187]

[image: Image 188]
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require  anticoagulation  to  prevent  embolization 

(Jaski  et  al. 1993; Dewitz  et  al. 1977). 

In  LVAD  recipients,  flow  conditions  in  the 

retained  heart  can  also  be  prothrombotic.  Varying 

hybrid  combinations  of  the  LV-LVAD  complex 

using  combinations  of  parallel  and  series  flow 

variations  induced  by  pulsatile  or  continuous-

flow  pumps  can  have  different  effects. 

Intraventricular  and  aortic  root  thrombi  were 

uncommon  in  pulsatile  pump  recipients  but 

became  more  evident  in  patients  with  continuous-

flow  pumps  especially  with  non-ejecting  left  ven-

tricles  (Jaski  et  al. 1993). 

Intraventricular  and  Aortic  Root 

Effects  of  Reduced  Pulsatility  Effects 

With  cfLVADs,  pulsatility  is  related  both  to  the 

Fig.  4  Aortic  root  thrombosis  in  cfLVAD  recipient  with 

mechanical  aortic  valve  prothesis.  (Padera,  Jr.,  R.,  M.D., 

residual  LV  function  and  the  flow  capacity  of  the 

Ph.D.,  Department  of  Pathology,  Brigham  and  Women’s 

pump.  Higher  pressure  and  flow  production  by 

Hospital,  Harvard  Medical  School) 

rotary  pumps  increases  shear  stress  and  reduces 

pulse pressure. These characteristics are the opposite 

of  what  we  need.  They  are  counter  evolutionary. 

The 

clinical 

thrombotic 

consequence 

of 

nonpulsatile  flow  can  be  seen  both  above 

(Figs. 4  and  5)  and  below  the  aortic  valve  (Figs. 

6, 7,  and  8).  This  is  predictable  based  on  the  flow analyses  from  our  lab  illustrating  both  sub-aortic 

(Fig. 9)  and  aortic  root  stasis  with  cfLVAD  sup-

port.  Nonpulsatile  flow  proceeds  continuously 

through  the  mitral  valve  and  then  through  the 

apical  cannula,  thereby  creating  an  area  of 

sub-aortic  valve  flow  stasis  in  the  prosthetic 

areas  with  prothrombotic  topological  properties; 

therefore,  superimposed  thrombus  formation  is 

not  surprising. 

Unusual  nonpulsatile  aortic  valve  demands  can 

produce  continuous  leaflet  coaptation.  Persistent 

high  transmural  gradient  induces  subvalvular 

fibrosis  which,  with  increased  radial  strain,  can  Fig.  5  Subvalvular  thrombosis  (red  arrows)  in  cfLVAD 

make  the  valve  both  stenotic  and  insufficient 

recipient  with  mechanical  aortic  valve  prothesis.  (Padera, 

(Koupenova  et  al. 2017). 

Jr.,  R.,  M.D.,  Ph.D.,  Department  of  Pathology,  Brigham 

As  can  be  seen  in  Graph  1,  the  range  for  vas-

and  Women’s  Hospital,  Harvard  Medical  School)

cular  shear  stress  in  mammalian  ranges  from 

venous:  20  dyne/cm2  in  veins  to  70  dyne/cm2  in 

level,  exposure  time,  and  exposure  history 

arteries.  Blood  tolerance  to  shear  stress  is  depen-

(i.e.,  exposure  history  is  markedly  increased  by 

dent  on  many  variables  including  absolute  shear 

the  recirculation  caused  by  valvular  insufficiency

[image: Image 189]
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Fig.  6  Sub-aortic  valve  thrombus  (red  arrow)  attributed  to 

abnormal  flow  architecture  in  cfLVAD  recipient.  (Padera, 

Jr.,  R.,  M.D.,  Ph.D.,  Department  of  Pathology,  Brigham 

and  Women’s  Hospital,  Harvard  Medical  School) 

Fig.  9  CFD  image  showing  sub-aortic  valve  outflow  tract 

stasis  in  red.  (May-Newman  K,  Wong  K.  ASAIO  J  52(2): 

1329,  2006.  Biomechanics  47(6):1485–1494,  2014) 

during  LVAD  support).  A  level  between  1500  and 

30,000  dynes/cm2  has  been  shown  for  hemolysis. 

It  has  been  also  well-recognized  that  shear  stress 

over  80  dynes/cm2  can  induce  platelet  activation 

Fig.  7  Intraventricular  thrombus  resulting  from  inter  tra-

and  lead  to  pathological  thrombosis  (Chen  et  al. 

becular  flow  stasis.  (Padera,  Jr.,  R.,  M.D.,  Ph.D.,  Depart-

2020; Jhun  et  al. 2018; Casa  et  al. 2015). 

ment  of  Pathology,  Brigham  and  Women’s  Hospital, 

Shankaran et al. (2003) reported that when plate-

Harvard  Medical  School) 

lets  were  sheared  at  9600  s-1  for  5  min,  46%  of 

them  can  be  activated.  Dewitz  et  al. (1977)  also  

found  that  non-physiologic  shear  stress  (NPSS; 

1250  dyne/cm2 )  could  induce  remarkable  platelet 

activation  even  with  very  short  exposure  time 

(0.5  s).  The  excessive  activation  of  platelets  can 

promote  further  recruitment  of  additional  platelets 

to  adhesion  and  aggregation  at  the  site  of  injured 

vascular. In addition, NPSS can also induce damage 

to  other  blood  elements  and  coagulation  factors, 

such  as  fragmentation  of  high-molecular-weight 

multimers  of  Von  Willebrand  factor  (VWF).  NPSS 

over  50–60  dynes  activates  Von  Willebrand  factor 

and  damages  leukocytes  at  150  dynes.  Current 

Fig.  8  Echo  demonstrating  an  LVOT  thrombus  (red 

LVAD  designs  clearly  operate  outside  biological 

arrow)  in  patient  with  cfLVAD  and  outflow  prosthetic 

septal  patch  for  myocardial  infarction  reconstruction. 

norms  (Koupenova  et  al. 2017;  Chen  et  al.  2015; 

(May-Newman  K,  Wong  K.  ASAIO  J  52(2):1329,  2006. 

Proudfoot  et  al. 2017;  Tsai  2012;  Gogia  and 

Biomechanics  47(6):1485–1494,  2014) 

Neelamegham  2015; DeBakey  1971). 

[image: Image 193]
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Graph  1  Mammalian 

circulatory  systems  shear 

stress  values  in  various 

vessels  according  to  data 

reported  by  Lipowsky. 

(Lipowsky  HH.  Microvasc 

Res  19:297–319,  1980. 

Shear  stress  in  microfluidic 

devices.  Reviews  18  Apr 

2017.  Posted  by:  Alex 

McMillan  Fail.  2013;  6: 

517–526) 

cfLVAD  Hematologic  Effects 

native  heart  plays  an  important  role  in  the  devel-

opment  of  bleeding/thrombotic  episodes. 

“

The  hemostatic  disorders  induced  by  mechan-

When  the  blood  leaves  its  contact  with  normal 

ical  circulatory  devices  have  been  well  researched 

intima  and  endocardial  surfaces  and  flows  over  a 

and  presented  in  an  excellent  review  article  by 

foreign surface of any kind, it undergoes abnormal 

Wang  and  group  (2021).  They  discussed  shear-

changes,  and  the  longer  this  contact  continues,  the 

induced  platelet  adhesion,  platelet  aggregation, 

more  severe  become  the  changes.”  These  were 

platelet  receptor  shedding,  and  platelet  apoptosis; 

reflections  of  Dr.  Michael  DeBakey  (Loyaga-

shear-induced acquired Von Willebrand syndrome 

Rendon  et  al. 2021)  in  1971  as  he  described  the 

fi

(AVWS); shear-induced hemolysis; and micropar-

rst  left  ventricular  assist  device  (LVAD)  implants 

ticle 

formation 

incurred 

with 

mechanically 

in  the  1960s.  He  concluded:  “Mechanical  assis-

assisted  circulation.  All  of  these  alterations  and 

tance  for  long-term  support  or  possible  total 

the  interactions  among  them  are  associated  with 

replacement  of  the  biologic  heart  therefore 

perioperative  bleeding  and  thrombotic  events, 

remains  unachieved  insofar  as  satisfactory  blood 

morbidity  and  mortality,  and  quality  of  life  in 

interface  is  concerned.  The  blood  interface  is  per-

MCS  patients.  Their  primary  intent  was  to provide 

haps  the  most  critical  problem  yet  to  be  solved  in 

understanding  of  the  mechanism  of  shear-induced 

the development  of  an artificial  heart” (Tsai 2012). 

hemostatic  disorders  to  facilitate  development  of 

Since  that  time,  advances  in  VAD  technology 

low-shear-stress  devices  and  select  more  effective 

have  now  allowed  patients  to  live  a  longer 

treatments  for  better  clinical  outcomes. 

improved  life  at  home  for  years  on  device  therapy. 

When  more  specifically  considering  the  chronic 

However, 

biocompatibility, 

hemostasis, 

and 

effects of absent or attenuated pulsatility, the acutely 

thrombosis  remain  central  in  VAD  design  and 

induced  hematologic  aberrations  may  have  long-

patient  management.  Multiple  factors  affect  the 

term  adverse  effects.  As  an  example,  erythrocytes 

hemocompatibility  of  the  LVAD,  including  plate-

exposed to sublethal supraphysiological shear stress 

let  activation  due  to  shear  stress,  endothelial  cell 

have  altered  dynamics  in  subsequent  low  shear 

activation,  degradation  of  Von  Willebrand  factor, 

flows  that  might  be  provided  with  low  or  no 

and  oxidative  stress  (Wang  et  al. 2021).  LVADs 

pulsatility.  These  findings  may  yield  insight  into 

differ  in  their  ability  to  affect  each  of  these  param-

microvascular  disorders  in  recipients  of  mechanical 

eters.  In  addition  to  LVAD  itself,  other  parameters 

circulatory  support  that  alter  physical  properties  of 

such  as  degree  of  pulsatility  provided  by  the 

blood  (McNameee  et  al. 2020). 
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Similarly,  high-shear  stress  sensitizes  platelets  to 

90  days  in  HMII  recipients.  Valve  opening  was 

subsequent  low-shear  conditions.  Flow  fields  in  or 

associated  with  less  bleeding. 

around  the  affected  regions  in  intravascular 

The  intrinsic  biological  liabilities  of  rotary 

machines  (such  as  valves  and  VADs)  involve  brief 

pumps  were  well  outlined  by  Selmi  et  al. (2019) 

but  recurring  exposure  to  pathologically  high-shear 

who  discuss  blood  damage  in  left  ventricular  assist 

stresses  on  the  order  of  100–1000  dyne/cm2 .  These   devices.  They  elucidate  the  non-physiologic  pump 

levels  are  known  to  activate  platelets  directly.  The 

flow  geometries  of  modern  continuous-flow 

in  vitro  Sheriff  study  (Sheriff  et  a l. 2010)  showed   LVADs  and  how  they  drive  thrombus  formation that  they  became  sensitized,  and  when  exposed  to 

by chronically  subjecting trans-circulating  platelets 

subsequent  low  shear  stress,  they  were  activated  at 

to  abnormal  shear  stresses  with  subsequent  shear-

least  20-fold  faster  than  platelets  not  initially 

mediated  activation  of  platelets.  They  felt  that  the 

exposed  to  high  shear.  The  results  show  that  plate-

pump  itself  is  not  the  sole  element  contributing  to 

lets  in  vitro  exposed  beyond  a  threshold  of  high-

the  overall  LVAD  thrombogenicity.  They  empha-

shear  stress  are  primed  for  subsequent  activation 

size  thrombotic  risk  factors  are  associated  with 

under normal  cardiovascular  circulation  conditions, 

different  elements  of  the  implanted  LVAD  system 

and  they  do  not  recover  from  the  initial  high-shear 

and  include  a  combination  of  engineering  design 

insult.  The  peripheral  flow  conditions  in  LVAD 

aspects  (the  pump  and  its  design),  surgical  implant 

recipients  are  rarely  “normal. ” 

elements  (the  LVAD  implantation  configuration 

For  the  first  time,  Chan  et  al. (2020)  demon-

and  the  angle  of  the  outflow  graft  anastomosis), 

strated  that  a  critical  shear  threshold  exists  which 

patient  characteristics  (residual  contractility  of  the 

determines  platelet  aggregate  formation  size.  This 

pathological  LV),  and  management  issues  (inter-

discovery  extends  prior  knowledge  on  the  effects 

mittent  AV opening).  Remarkably,  analysis  of  pro-

of  shear  on  HMW  vWF  degradation.  This  shear-

thrombotic  hemodynamic  conditions  in  the  LVAD-

dependent  platelet  aggregation  size  could  be  one 

implanted  ventricle,  the  influence  of  the  outflow 

of  the  determinants  that  underpin  bleeding  events 

graft  anastomosis  angle  on  thrombosis,  as  well  as 

in  LVAD  patients.  Their  result  showed  that  above 

of  AV  opening  was  performed  via  simulation  of 

shear  rate  of  6000  s-1 ,  the  average  size  of 

device-neutral  configurations  and  might  therefore 

observed  platelet  aggregates  (<100 μm2 )  was  sig-

be extended to the analysis of the thrombotic poten-

nificantly  smaller  than  the  platelet  aggregates 

tial  of  most  of  the  LVAD  systems  currently  used. 

formed 

(>200  μm2 )  under  shear  rate  of 

In  this  study  (de  Biasi  et  al. 2015), they  only 

3000  s-1 .  Their  inhibition  study  revealed  that  the 

focused  on  hemodynamic-related  aspects  associ-

reduction  in  platelet  aggregation  size  and  HWM 

ated  with  LVAD  thrombosis.  While  they  recog-

vWF  multimers  were  mainly  associated  with 

nize  that  biomaterial  interactions  with  blood 

ADAMTS-13.  They  concluded  that  the  threshold 

elements,  as  well  as  material  surface  properties, 

of  shear  rate  must  not  exceed  >6000  s-1  to  main-

have  a role  in  the LVAD  system  thrombogenesis, a 

tain  the  optimal  size  of  platelet  aggregates  to 

numerical  analysis  of  the  whole  LVAD  system 

“plug  off”  the  injury  site  and  stop  bleeding.  affording  comprehensive  prediction  of  platelet 

They  alluded  to  the  important  effect  of  pulsatility 

damage  (i.e.,  shear-mediated  platelet  activation) 

on  the  formation  size  of  platelet  aggregates,  plate-

within  each  single  element  might  allow  to  clarify 

let  function,  and  vWF  degradation  (DeBakey 

to  what  degree  each  element  contributes  to  the 

1971).  Pulsatility  plays  an  important  role  in  the 

overall  system  thrombosis  and  to  evaluate  the 

phasicity  of  intravascular  shear  stress  and  may 

one(s)  responsible  for  higher  risk  of  complica-

have  important  relationships  with  vWF  degrada-

tions.  Their  group  is  developing  a  computational, 

tion  and  bleeding  (Vincent  et  al. 2018). 

contributory,  model  to  address  this  issue:  the 

To  unravel  the  mystery  of  nonsurgical bleeding 

model  will  account  for  the  cumulative  platelet 

in  LVAD  patients,  the  effect  on  the  pulsatility 

response  to  the  different  shear  stress  patterns 

index  afforded  by  the  opening  of  the  aortic  valve 

within  the  LVAD  system.  Based  on  their  recent 

was  analyzed  by  Wever-Pinzon  et  al. (2013) a t  

work 

(Consolo 

et 

al. 

2017), 

they 

intend
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characterizing  the  platelet  response  to  specific 

utilized  for  the  last  decade  have  created  a  unique 

shear  stress  values,  temporal  evolution  of  the 

physiology  characterized  by  a  nonpulsatile, 

shear  stress  (i.e.,  dynamicity),  and  residence  time 

non-laminar  blood  flow  profile  with  the  absence 

in  the  different  locations  of  the  system.  Further-

of  the  usual  large  elastic  artery  Windkessel  effect 

more,  recirculation  and  accumulation  of  damage 

during  diastole.  While  outcomes  and  durability 

over  time  (i.e.,  over  consecutive  passes  through 

have  improved  with  cfLVADs,  patients  supported 

the  system)  will  be  computed.  This  study  extends 

with  cfLVADs  have  a  high  rate  of  complications 

the  perspective  of  pump  thrombosis  to  LVAD 

that  were  not  as  frequently  observed  with  older 

system  thrombosis,  and  Lescroart  et  al. (2020) 

pulsatile  devices,  including  gastrointestinal  bleed-

reviewed  pulsatility  in  CF  devices  and  focused 

ing  from  arteriovenous  malformations,  pump 

on  applied  hemodynamics.  They  recognized  that 

thrombosis,  and  stroke. 

the  VWF  HMW  multimer  defect  (i.e.,  acquired 

Given  the  apparent  fundamental  biologic  role 

Von  Willebrand  syndrome  type  2A)  is  almost 

of  the  pulse,  the  purpose  of  one  review  (Moazami 

constant  with  a  CF-VAD  regardless  of  the  type 

et  al. 2015)  was  to  describe  the  normal  physiology 

of  design  (axial  or  centrifugal)  (Uriel  et  al. 2010; 

of  ventricular-arterial  coupling  from  pulsatile 

Susen  et  al. 2015). Previous  in  vitro  studies  in  a 

flow,  the  effects  of  heart  failure  on  this  physiology 

mock  circulatory  loop  in  the  absence  of  endothe-

and  the  vasculature,  and  to  examine  the  effects  of 

lium  demonstrated  that  the  supraphysiological 

nonpulsatile  blood  flow  on  the  vascular  system 

shear  stress  induced  by  the  CF-VAD  leads  to  the 

and  potential  role  in  complications  seen  with 

degradation  of  HMW  multimers  within  a  few 

cfLVAD  therapy.  Understanding  these  concomi-

minutes  via  a  mechanical-enzymatic  process. 

tant  vascular  changes  with  cfLVADs  may  be  a  key 

They  pointed  out  that  the  reduction  in 

step  in  improving  patient  outcomes  as  modulation 

pulsatility  with  a  CF-VAD  could  also  be  involved 

of  pulsatility  and  flow  characteristics  may  serve  as 

in  the  HMW  multimer  defect  (Van  Belle  et  al. 

a  novel,  yet  simple  therapy  for  reducing 

2015).  The  extent  of  the  reduction  in  arterial 

complications. 

pulsatility  depends  on  the  balance  between  the 

device  flow  rate  and  the  residual  native  left  ven-

tricular  pulsatility.  Wever-Pinzon  et  al. (2013) 

Natural  Experiments  with  Low  or 

observed  that  bleeding  risk  was  correlated  with 

No  Pulsatility 

residual  pulsatility,  with  a  fourfold  increase  in  risk 

of  nonsurgical  bleeding  in  HeartMate  II©  recipi-

Three  clinical  examples  illustrating  the  influence 

ents  with  low  pulsatility  index  compared  with 

of  shear  stress  on  vascular  structures  will  empha-

patients  with  a  high  pulsatility  index. 

size  the  pivotal  role  that  pulsatility  has  on  the 

Overall,  preservation  of  pulsatility  during 

endothelium.  It  is  noteworthy  that  work  is  pro-

continuous-flow  mechanical  circulatory  support 

gressing  most  rapidly  to  analyze  the  effects  of 

could  mitigate  the  acquired  VWF  defect  associ-

increased  pulsatility,  but  only  erstwhile  looks  at 

ated  with  VADs,  and  new  continuous-flow 

the  chronic  effects  of  attenuated  or  absent 

devices  with  pulsatile  properties  might  be  an 

pulsatility  are  available  (Sheriff  et  al. 2010; 

option  for  reducing  the  bleeding  burden  of 

Purohit  et  al. 2018a). 

patients. 

Pulsatility  appears  to  have  a  teleological  role  as 

evolutionary  hierarchy  favors  higher  ordered  ani-

Adverse  Effects  of  VA-ECMO 

mals  with  more  complex,  multichamber  circula-

on  Pulmonary  Vasculature 

tory  systems  that  generate  higher  pulse  pressure 

compared  to  lower  ordered  animals.  Yet  despite 

VA-ECMO  may  adversely  affect  lung  function 

years  of  such  natural  selection,  the  modern  gener-

through  various  pathophysiological  mechanisms. 

ation  of  continuous-flow  left  ventricular  assist 

The  interaction  of  blood  components  with  the  bio-

devices  (cfLVADs)  that  have  been  increasingly 

materials  of  the  extracorporeal  membrane  elicits  a
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systemic 

inflammatory  response  which  may 

to  ischemic  areas  within  the  congested  lung 

increase  pulmonary  vascular  permeability  and  pro-

(Schlensak  et  al. 2001). 

mote  the  sequestration  of  polymorphonuclear  neu-

Eventually,  these  various  hemodynamic  changes 

trophils  within  the  lung  parenchyma.  Also, 

may  lead  to  hypoperfusion  of  the  entire  pulmonary 

VA-ECMO  can  increase  the  afterload  of  the  left 

vasculature,  which,  superimposed  to  alveolar  hyp-

ventricle  through  reverse  flow  within  the  thoracic 

oxia,  can  promote  a  state  of  global,  persistent  lung 

aorta,  resulting  in  increased  LV  filling  pressure  and 

ischemia.  Although  no  dedicated  study  has  specifi-

pulmonary  congestion.  Furthermore,  VA-ECMO 

cally  focused  on  pulmonary  histological  conse-

may  result  in  long-standing  pulmonary  hypoxia, 

quences  of  VA-ECMO,  data  from  animal  models 

due  to  partial  shunting  of  the  pulmonary  circulation 

and  small  human  necropsy  series  has  reported  sev-

and to reduced pulsatile blood flow within the bron-

eral  pathological  alterations.  Koul  et  al.  (1991) 

chial  circulation.  Ultimately,  these  different  abnor-

maintained  six  pigs  under  total  CPB  for  18  hours 

malities  may  result  in  a  state  of  persisting  lung 

before weaning. All the animals died within the next 

inflammation  and  fibrotic  changes  with  concomi-

4  hours,  and  on  histological  examination,  more  than 

tant functional impairment, which may compromise 

80%  of  the  pulmonary  parenchyma  displayed 

weaning from  VA-ECMO  and could possibly  result 

edema,  hyaline  membranes,  alveolar  hemorrhages, 

in  long-term  lung  dysfunction. 

thrombi,  and  focal  necrotic  changes.  In  another 

The review  by Roumy et al. (2020)  presents  the 

experimental  study  exploring  the  effects  of  long-

mechanisms  of  lung  damage  and  dysfunction 

term  VA-ECMO  without  anticoagulation,  Mizuno 

under  VA-ECMO  and  discusses  potential  strate-

et  al.  (2004)  succeeded  to  maintain  a  goat  up  to 

gies  to  prevent  and  treat  such  alterations.  Many 

5  months  under  VA-ECMO  with  a  pulmonary 

lung  disturbances  are  induced  by  VA-ECMO. 

blood  flow  reduced  to  40%.  At  autopsy,  diffuse 

Venous  blood  during  VA-ECMO  is  derived  from 

interstitial  fibrosis  and  swelling  of  endothelial  cells 

the  vena  cava  and  the  right  atrium  through  the 

with thickening of their basal membrane were noted. 

venous  canula,  resulting  in  a  reduction  of  right 

In  humans,  Ratliff  et  al.  (1975)  reported  post-

ventricle  (RV)  filling,  pulmonary  blood  flow,  and 

mortem  findings  in  four  patients  undergoing 

pulmonary  arterial  pulsatility  (Lim  et  al. 2017). 

VA-ECMO  for  7–12  days.  In  the  two  patients, 

In  a  porcine  model,  Vardi  et  al. (1995)  demon-

diffuse  lung  fibrosis  was  noted,  together  with  liq-

strated  that  the  pulmonary  capillary  blood  flow 

uefaction  necrosis  of  the  lower  lobes.  The  authors 

decreases  dramatically  as  the  VA-ECMO  flow 

hypothesized  that  the  combination  of  an  increase 

increases.  Moreover,  in  case  of  pulmonary  con-

in  metabolically  active  cell  mass  together  with 

gestion,  the  upstream  transmission  of  increased 

partial  pulmonary  shunting  concurred  to  establish 

left  atrial  pressure  reduces  the  transpulmonary 

ischemic  areas  with  subsequent  necrosis. 

perfusion  gradient.  Ventilation  with  high  positive 

In  an  autopsy  series  of  23  infants  supported  by 

end-expiratory 

pressure 

(PEEP) 

might 

also 

VA-ECMO,  Chou  et  al.  (1993)  reported  hyaline 

impede  pulmonary  blood  flow  by  compression 

membrane 

formation, 

interstitial 

and 

intra-

of  alveolar  vessels  (Al-Ogaili  et  al. 2013). 

alveolar  hemorrhages,  and  reactive  hyperplasia 

Several  additional  mechanisms,  including 

of  epithelial  and  smooth  muscle  cells,  developing 

alveolar  hypoxia,  reduction  of  local  NO  produc-

already  after  2–3  days  of  VA-ECMO  support, 

tion,  and  the  actions  of  inflammatory  mediators 

whereas  interstitial  fibrosis  was  noted  beyond 

can  promote  vasoconstriction  and  the  subsequent 

7  days. 

increase  of  pulmonary  vascular  resistance,  with  a 

The  authors  surmised  that  VA-ECMO  elicited 

reduction  of  pulmonary  blood  flow  (Suresh  and 

several  pathophysiological  disturbances  which 

Shimoda  2016).  It  is  also  noteworthy  that  blood 

may  significantly  impact  on  lung  integrity  and 

flow  through  the  bronchial  arteries  (BAs)  is  also  function.  First,  the  rapid  development  of  a  sys-

reduced  during  VA-ECMO,  due  to  attenuated 

temic  inflammatory  response  with  pulmonary 

pulsatility  of  the  systemic  circulation  (which  sup-

involvement  is  currently  unavoidable  conse-

plies  the  BAs).  This  can  further  limit  blood  supply 

quence  of  the  artificial  VA-ECMO  circuitry. 
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Second,  due  to  retrograde  blood  flow  within  the 

The  ventricular  pump  compels  the  blood  flow 

thoracic  aorta,  peripheral  VA-ECMO  has  the  pro-

into  the  pulmonary  vascular  bed,  mainly  during 

pensity  to  increase  LV afterload,  which  may  favor 

systole.  At  the  same  time,  the  ventricle,  pulling 

the  congestion  of  alveoli  already  affected  by  the 

downwards 

the 

atrioventricular 

valve/s 

and 

ongoing  inflammation. 

expanding  the  atrial  volume,  exerts  a  suction  force 

Third,  persistent  lung  ischemia  due  to  the  par-

drawing  blood  forward.  Similarly,  passive  ventric-

tial  shunting  of  the  pulmonary  circulation  and 

ular  filling  is  guaranteed  by  both  normal  diastolic 

reduced  pulsatility  of  the  bronchial  circulation 

compliance  and  low  end–diastolic  pressure.  The 

may  elicit  further  cytotoxicity  within  the  whole 

presence  of  nonpulsatile  pulmonary  blood  flow 

lung  parenchyma.  Limited  evidence  from  human 

through  the  cavo-pulmonary  system  prompts  an 

observational  studies  and  animal  models  indicates 

endothelial 

dysfunction 

characterized 

by 

a 

that  VA-ECMO  support  for  more  than  a  few  days 

decreased  production  of  nitric  oxide  and  an 

may  lead  to  severe  structural  changes  of  the  lung 

increased  level  of  endothelin  (Khambadkone  et  al. 

parenchyma  and  interstitial  fibrosis,  which  could 

2003).  The  Fontan  paradox,  described  by  the  cen-

result  in  long-term  functional  limitation.  Future 

tral  venous  being  greater  than  the  pulmonary  artery 

studies  specifically  addressing  the  pulmonary 

pressure,  can  be  acquired  as  a  product  of  isolated 

consequences  of  VA  ECMO  are  warranted.  With 

right  ventricular  cardiomyopathy  or  as  a  sequence 

regards  to  the  specific  contribution  of  diminished 

of  cavo-pulmonary  connections  to  palliate  (Selmi 

pulsatility  to  lung  damage,  the  effects  on  flow  in 

et al. 2019) congenital maladies of the right heart. In 

the  bronchial  arteries  is  mentioned,  but  more 

an interesting analysis of 40-year follow-up of 1052 

importantly,  no  mention  is  made  of  the  adverse 

cases  of  cavo-pulmonary  shunt,  the  survival  was 

consequences  of  reduced  pulsatility  and  flow 

50%  at  30  years  (Hiramatsu  et  al. 1999). 

through  the  pulmonary  arteries.  It  seems  unlikely 

This  contrasts  favorably  with  the  12-year  50% 

that  an  organ  normally  carrying  the  entire  sys-

survival  of  over  50,000  cardiac transplantations  or 

temic  output  and  then  relegated  to  very  reduced 

the  current  5-year  50%  survival  of  10,000  durable 

flow  and  pulsatility  would  have  no  effect  on  lung  LVAD  patients  (Mahim  et  al. 2016). The  pulmo-function. 

nary  vascular  resistance  appears  to  increase  over 

time.  The  histological  pictures  fit  the  pattern  of 

endothelial  dysfunction-induced  remodeling  due 

Adverse  Effects  of Nonpulsatile Fontan 

to  chronic  nonpulsatile  flow  with  in  situ  throm-

Circulation  on  the  Pulmonary  Artery 

botic  lesions  remodeling  in  the  Fontan  circulation. 

This  phenomenon  does  provide  some  insight  into 

In the  Fontan circulation  (Mazza 2021), the loss  of 

the  potential  fate  of  LVAD  recipients  who  develop 

the  sub-pulmonary  pump  is  associated  with  an 

the  Fontan  circulation  as  right  heart  failure  grad-

elevated  pressure  in  the  caval  system,  a  non-

ually  ensues  and  right  heart  pulsatility  begins  to 

pulsatile  blood  flow  in  the  pulmonary  circuit, 

diminish  (Pundi  et  al. 2015). 

and  at  least  a  mild  reduction  of  the  systemic  out-

Further  observations  of  the  endothelial  effects 

put.  In  this  non-physiologic  circulation,  the 

nonpulsatile  flow  in  a  normal,  natural  state  are 

venous  flow  through  the  cavo-pulmonary  circuit 

observed  in  the  utero  prenatal  fetal  pulmonary 

is  maintained  via  a  combination  of  passive  and 

circulation.  In  utero,  the  introduction  of  higher 

weakly  active  forces.  The  central  venous  pressure 

flow  and  pulsatility,  along  with  attendant  increase 

should  be  equal  or  higher  than  the  pulmonary 

in  shear  stress,  the  endothelium  begins  to  differ-

pressure  in  order  to  recruit  the  whole  pulmonary 

entiate  into  an  “organ”  capable  of  producing 

vascular  bed.  It  should  typically  be  in  the  range  of 

(among  others)  nitric  oxide  synthase  and  the 

12–14  mmHg.  At  the  same  time,  it  should  be  low 

vaso-mediator  nitric  oxide  (Yamamoto  2017). 

enough  to  prevent  lymphatic  stasis  and  edema. 

The  increased  NO  and  PGI2  activities  stimu-

This  concept  is  known  as  the  “Fontan  paradox” 

lated  by  oxygenation  and  shear  stress  play  a  piv-

(Henaine  et  al. 2013). 

otal  role  in  the  postnatal  decrease in  PVR.  There  is
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a  doubling  of  LVO  in  normal  fetuses  within  the 

pathogenesis  of  ventilator-induced  lung  injury,  pul-

first  hour  of  life.  Increased  pulmonary  blood  flow  monary  hypertension,  and  atherosclerosis. 

leads to a steady fall in PVR due to increased  nitric 

Endothelial  cells  (ECs)  form  the  lining  of  all 

oxide  production.  Within  the  first  24  hours  of  life, 

blood  and  lymphatic  vessels  within  the  vascular 

pulmonary  arterial  pressure  has  reached  half  that 

tree.  Vascular  ECs  represent  a  unique  cell  type 

of  systemic  arterial  pressure  (Agata  et  al. 1991; 

exposed  to  continuous,  time-dependent  mechani-

Gao  and  Raj  2010).  Shear  stress  created  with  the 

cal  forces:  different  patterns  of  shear  stress 

abrupt  surge  in  pulsatile  pulmonary  blood  flow  at 

imposed  by  blood  flow  in  microvasculature  and 

birth  may  further  increase  blood  flow  by  acutely 

by  rolling  blood  cells  in  the  microvasculature; 

stimulating  eNOS  and  upregulating  its  expression 

circumferential  cyclic  stretch  experienced  by  the 

(Cornfield  1992;  Wedgwood  2001). 

systemic  pulsatile  arterial  vascular  bed  caused  by 

heart  propulsions;  and  mechanical  stretch  of  lung 

microvascular  endothelium  at  different  magni-

Endothelial  Effects 

tudes  due  to spontaneous  respiration  or mechanical 

ventilation  in  critically  ill  patients.  Accumulating 

The adult human body contains at least one trillion 

evidence  suggests  that  vascular  ECs  contain 

endothelial 

cells, 

which 

weigh 

more 

than 

mechanosensory  complexes,  which  rapidly  react 

100  grams  and  cover  a  surface  area  of  more  than 

to  changes  in  mechanical  loading,  process  the 

3000  m2  (Jaffe  1987;  Cliff  1976).  They  therefore 

signal,  and  develop  context-specific  adaptive 

constitute  a  distributed  organ  that  forms  a 

responses  to  rebalance  the  cell  homeostatic  state 

dynamic  interface  with  all  other  organs  in  the 

endothelial  responses  to  physiological.  Stretch 

body.  The  endothelium  mediates  vasomotor 

has  evolved  as  part  of  vascular  remodeling  and 

tone,  regulates  cellular  and  nutrient  trafficking, 

homeostasis.  Pathological  perturbations  of  nor-

maintains  blood  fluidity,  contributes  to  the  local 

mal  endothelial  stretch-sensing  pathways  contrib-

balance  between  pro- and  anti-inflammatory 

ute  to  the  etiology  of  many  respiratory  disorders. 

mediators  as  well  as  procoagulant  and  anticoagu-

Insights  into  the  stretch-sensing  mechanisms  at 

lant  activity,  participates  in  generation  of  new 

the  molecular,  cellular,  and  tissue  levels  may 

blood  vessels,  orchestrates  organ  development, 

lead 

to 

development 

of 

new 

mechano-

participates  in  innate  and  acquired  immunity, 

interventions  that  target  signaling  transduction 

interacts 

with 

circulating 

blood 

cells,  and 

molecules  in  vascular  ECs. 

undergoes  programmed  cell  death  (Gross  and 

The  unique  flow  architectures  induced  by 

Aird  2000; Wagner  and  Frenette  2008). 

cfLVADs  certainly  alter  the  mechanotransduction 

Each  of  these  activities  is  dynamically  regulated 

signals  recognized  by  the  endothelium.  The 

in  both  space  and  time.  Because  endothelial  cells 

responses  are  tissue  specific  and  undoubtedly  are 

receive cues  from  a wide variety of  cells  and tissues, 

guided  by  signals  unique  to  different  organisms 

they  possess  disparate  properties  that  are  specific  to   and  individuals  (Grimbone  Jr. 2000a; Grimbone their  local  environment.  Other  phenotypic  differ-

2000b).  The  endothelial  cells  lining  the  branched 

ences  between  endothelial  cells  are  “locked  in”  by 

tubular  array  of  the  arterial  vasculature  are  sub-

site-specific  epigenetic  mechanisms.  Phenotypic 

jected  to  a  broad  spectrum  of  flow  patterns  depend 

heterogeneity  is  a  central  feature  of  the  endothelium 

upon  their  location.  Studies  by  several  laborato-

and  includes  variations  in  morphology,  biosynthetic 

ries,  using  different  in  vitro  model  systems, 

repertoire, and behavior (Wagner and Fren ette 2008; 

clearly  indicate  that  endothelial  cells  can  sense 

Yano et al. 2007). Blood vessels cover a surface area 

differences  in  the  temporal  and/or  spatial  charac-

of  43,000–75,000  square  feet  in  an  adult  human, 

teristics  of  flow  and  translate  these  biomechanical 

while  vascular  disease  typically  occurs  in  a  very 

stimuli  into  different  biological  responses.  For 

small  portion  of  the  vasculature.  For  instance,  local 

example,  steady  laminar  flow  appears  to  enhance 

endothelial  inflammation  induced  by  local  biome-

endothelial  survival  by  suppressing  apoptosis, 

chanical  stimuli  plays  an  important  role  in  the 

whereas  turbulent  flow  can  trigger  endothelial
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cell  division  (Dimmeler  et  al. 1996;  García-

patients  undergoing  cardiopulmonary  bypass, 

Cardeña  et  al. 2000; Davies  et  al. 1986). 

where  plasma  norepinephrine  levels  increased 

Differences  in  the  temporal  properties  of  lam-

after  exposure  to  nonpulsatile  bypass,  but  such 

inar  flow  stimulation,  generated  by  instantaneous 

catecholamine  increases  were  not  observed  in 

(impulse)  versus  gradual  (ramp)  application  of  the 

patients  receiving  pulsatile  bypass.  Finally,  stud-

same  final  level  of  shear  stress,  can  elicit  very 

ies  of  goats  exposed  to  4  weeks  of  nonpulsatile 

different  responses  in  endothelial  gene  expres-

left  heart  bypass  demonstrated  that  the  vasocon-

sion.  Similarly,  oscillatory  versus  steady  laminar 

strictive  response  to  norepinephrine  was  blunted 

flows  elicit  marked  differences  in  the  pattern  of  after  chronic  exposure  to  non-PF  (Mori  et  al. 

adhesion  molecule  expression  in  cultured  endo-

1986; Nishimura  et  al. 1999). 

thelium.  Given  the  well-established  observation 

This  blunted  vasoconstrictive  response  may 

that  uniform  laminar  shear  stresses  are  character-

have  been  related  to  downregulation  of  adrenergic 

istically  associated  with  atherosclerotic  lesion-

receptors with chronic exposure to non-PF. Another 

protected  arterial  geometries  in  vivo,  these  molec-

possible  mechanism  for  the  blunted  vasoconstric-

ular  biological  observations  have  led  some  to 

tive  response  may  be  related  to  changes  in  vascular 

hypothesize  that  this  type  of  biomechanical  stim-

smooth muscle. These same investigators noted that 

ulation  acts  to  chronically  upregulate  the  expres-

there  were morphological  changes  in  the aortic  wall 

sion  of  a  subset  of  “athero-protective  genes”  in 

with  vessel  thinning  and  smooth  muscle  atrophy 

endothelial  cells,  which  then  act  locally  in  the 

after  a  longer  exposure  (~4  months)  of  nonpulsatile 

lesion-protected  areas  to  offset  the  effects  of  sys-

left  heart  bypass  (Nishimura  et  al. 1997). 

temic  risk  factors,  such  as  hypercholesterolemia, 

Taken  together,  these  studies  suggest  that  there 

hyperhomocysteinemia,  hyperglycemia  (diabe-

are  both  acute  and  chronic  vascular  effects  that 

tes),  and  hypertension  (Grimbone  2000b).  The 

result  from  non-PF,  and  that  these  effects  may 

coordinated  and  selective  upregulation  of  athero-

partially  be  the  result  of  both  baroreceptor-

protective  genes  by  uniform  laminar  shear  stress 

mediated  sympathetic  activation  and  alterations 

are  thus  a  possible  mechanistic  link  between  the 

in  the  vascular  smooth  muscle.  Schaff  et  al. 

local  hemodynamic  milieu,  endothelial  gene 

(1977)  reported  on  the  importance  of  pulsatile 

expression,  and  early  events  in  atherogenesis 

perfusion  to  improve  regional  ischemia  distal  to 

(Frangos  and  Bao  1997;  Chappel  et  al. 1998). 

critical  coronary  stenosis  hearts  with  prolonged 

fibrillation.  A  prospective  randomized  trial  was 

conducted  to  assess  effects  of  pulsatile  minimal 

Vascular  Effects 

invasive  extracorporeal  circulation  on  fibrinolysis 

and  organ  protection  in  adult  cardiac  surgery 

The  short-term  vascular  adaptations  of  nonpulsatile 

(Graßler  et  al. 2019). 

flow  have  been  analyzed  in  patients  undergoing 

This  initial  trial  found  no  beneficial  effect  of 

cardiopulmonary  bypass  for  heart  surgery  (Purohit 

pulsation  on  markers  of  fibrinolysis,  renal  dam-

et  al. 2018b). As  early  as  the  1960s,  investigators 

age,  and  neuronal  damage.  However,  pulsatile 

demonstrated  that  canines  exposed  to  short-term 

perfusion  increased  intraoperative  urinary  secre-

non-PF versus  pulsatile. PF had increases  in periph-

tion  and  reduced  postoperative  blood  losses.  The 

eral  vascular  resistance  thought  to  be  the  result  of 

actual  energy  delivered  by  the  pulse  was  not  mea-

baroreceptor-mediated  increased  vascular  tone 

sured,  but that deficit was subsequently eliminated 

(Mandelbaum  and  Burns  1965). 

in  the  first  randomized  trial  that  compared  the 

Further  investigations  in  the  1970s  elucidated  a 

actual  hemodynamic  energy  and  vascular  reactiv-

potential  mechanism  for  such  increases  in  periph-

ity  of  pulsatile  versus  nonpulsatile  perfusion  dur-

eral  vascular  resistance,  because  sympathetic 

ing  a  CPB  (Dodonov  et  al. 2021). 

activity  and  plasma  angiotensin  II  levels  were 

Despite  continuous  technological  improve-

significantly  elevated  in  nonpulsatile  states  (Tay-

ments  in  cardiac  anesthesia,  perfusion  technique, 

lor et al. 1977). Similar observations were noted in 

and  myocardial  protection,  the  conventional
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cardiopulmonary 

bypass 

(CPB) 

remains 

a 

and  activity  of  erythrocyte  nitric  oxide  synthase  in 

non-physiological  scenario  (Murphy  et  al. 2009). 

patients  undergoing  cardiac  surgery  with  either  a 

The  role  of  pulsatile  flow  during  the  short-term 

pulsatile  or  nonpulsatile  CPB.  It  compared  the 

and  long-term  extracorporeal  support  is  still  con-

actual  hemodynamic  energy  and  vascular  reactiv-

troversial.  Until  now,  the  precise  mechanisms 

ity  of  pulsatile  versus  nonpulsatile  perfusion  dur-

underlying  the  physiological  effects  of  pulsatile 

ing  a  CPB.  The  main  finding  was  that  patients 

and  nonpulsatile  perfusion  are  not  well  under-

perfused  with  a  pulsatile  flow  had  an  augmented 

stood.  The  shortcoming  of  a  nonpulsatile  flow 

release  of  vasodilative  molecules,  reduced  sys-

consists  of  lower  mechanical  energy  transmission 

temic  and  pulmonary  vascular  resistances  with 

to  the  vascular  wall  that  results  in  decreased  endo-

better  organs  perfusion,  which  resulted  in  a  pre-

thelial  shear  stress.  The  mechanical  unloading  of 

served  post-CPB  renal  glomerular  filtration  rate. 

arterial  baroreceptors  lead  to  a  marked  increase  in 

However,  patients  with  PP-perfusion  during  the 

sympathetic  activity  with  further  progressive 

CPB  required  higher  perioperative  vasopressor 

vasoconstriction  and  worsening  of  peripheral 

support. 

blood  flow  (Markham  et  al. 2013a). 

Finally,  the  glomerular  filtration  rate  in  the 

At  the  same  time,  the  lower  mechanical  energy 

early  postoperative  period  was  better  preserved 

of  nonpulsatile  flow  reduces  the  synthesis  of 

in  the  pulsatile  perfusion  (PP)  group,  as  the 

shear-responsive,  endothelial-derived  vasodila-

group  had  previously  shown.  PP  flow  did  not 

tors  such  as  nitric  oxide.  It  also  contributes  to  the 

result  in  other  major  clinical  advantages  (Milano 

progressive  capillary  collapse,  microcirculatory 

et  al. 2015). The  investigators  concluded  that  pul-

shunting,  and  finally  leads  to  tissue  hypo-

satile  flow  with  similar  physiological  characteris-

perfusion.  Pulsatile  flow  seems  more  physiologic 

tics  is  hardly  reproducible  with  the  existing 

as  it  mimics  the  natural  blood  flow  produced  by 

technologies  of  blood  delivery  during  CPB.  How-

the  human  heart.  The  theoretical  benefits  of  pul-

ever,  it  results  in  significantly  lower  systemic  and 

satile  perfusion  consist  of  additional  energy  trans-

pulmonary  vascular  resistance  and  plasma  lactate 

mission  to  the  vascular  endothelium.  It  results  in 

levels  during  the  early  post-perfusion  period.  Fur-

higher  endothelial  shear  stress,  the  augmented 

thermore,  the  activity  of  endothelium-dependent 

release  of  vasodilative  molecules,  and  lower  sys-

vasodilators  and  vasoconstrictors  during  pulsatile 

temic  vascular  resistance  with,  consequently,  bet-

perfusion  depends  on  the  amount  of  hemody-

ter  organ perfusion  during  and  just  after  a  pulsatile 

namic  energy  transmitted  to  the  patient. 

CPB  (Wright  1994; Undar  2004; Griffith  et  al. 

1984;  Nakano  et  al. 2000;  O’Neil  et al. 2012; 

Koning  et  al. 2012; Murkin  2019). 

Clinical  Observations  and  Implications 

The  Shepard  model  (Shepard  et  al. 1966)  was 

of  Non- or  Attenuated-cfLVAD  Flow 

applied  to  evaluate  the  capacity  of  the  pump  to 

produce  and  to  deliver  pulsatile  flow  to  the 

The  observational  study  reported  by  Kaya  et  al. 

patient.  This  model  includes  the  hemodynamic 

(2022)  revealed  impaired  peripheral  vascular 

energy  gradient  as  a  key  point  rather  than  the 

function  in  the  end-stage  HF  patients  compared 

pressure  gradient,  and  it  is  described  in  terms  of 

to  stable  heart  failure  with  reduced  ejection  frac-

energy  equivalent  pressure  (EEP)  and  surplus 

tion  (HFrEF)  patients  and  documented  the  deteri-

hemodynamic  energy  (SHE).  The  perioperative 

oration  of  peripheral  vascular  function  after 

detection  of  endothelial  integrity  markers  and vas-

cfLVAD  implantation.  Their  results  suggest  that 

cular  reactivity  monitoring  could  reveal  the  influ-

impaired  peripheral  vascular  function  in  the 

ence  of  either  flow  type  on  the  quality  of  the 

cfLVAD  patients  compared 

to  preoperative 

internal  organs’  perfusion  or  help  to  predict  clin-

assessment  is  a  consequence  of  the  nonpulsatile 

ical  outcomes.  This  prospectively  randomized 

blood  flow  due  to  the  continuous-flow  mechanical 

study  aimed  to  analyze  the  hemodynamic  energy, 

support.  Emmanuel  et  al. (2022)  sought  to  exam-

vascular  reactivity,  endothelin-1  plasmatic  levels, 

ine  the  current  literature  regarding  vasoplegia  in
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the  postoperative  setting  for  patients  undergoing 

Histologic  readjustments  have  been  demon-

LVAD  explant  and  heart  transplant.  Their  study 

strated  in  tissue  samples  obtained  from  with 

concluded  that  cfLVAD  vasoplegia  is  vaguely 

cfVAD  recipients  who  had  increased  aortic  wall 

defined  in  the  literature  and  stressed  the  need  for 

thickness  secondary  to  adventitia  collagen  deposi-

clarity.  Patients  bridged  with  cfLVADs  appear  to 

tion  which  may  alter  vasoconstrictive  activity  and 

have  higher  rates  of  vasoplegia  with  an  indistinct 

contribute  to  vasoplegia.  Other  participants  include 

etiology  that  may  be  associated  with  continuous-

alteration  of  nitric  oxide  synthesis  and  release,  as 

flow  physiology  or  prolonged  cardiopulmonary  well as potentiation of a chronic inflammatory state. 

bypass  time.  Others  found  that  following  heart 

The  release  of  vasodilatory  pro-inflammatory  cyto-

transplantation,  patients  formerly  supported  by 

kines  such  as  IL-6,  IL-8,  and  TNF-α play  an  impor-

LVADs  experienced  vasoplegia  at  rates  2.6  times 

tant  role  in  the  development  of  vasoplegia  by 

higher  than  their  nonmechanical  support  counter-

contributing  to  endothelial  dysfunction  which  may 

parts  (45%  vs.  17%  respectively,  p  <  0.0001) 

be upregulated in those with long-standing cfLVAD 

(Patarroyo  et  al. 2012). 

support.  This  endothelial  dysfunction  is  character-

The  lack  of  pulsatility  by  currently  used 

ized  by  the  disinhibition  of  cyclic  guanosine 

LVADs  may  contribute  to  vasoplegia  due  to  cel-

monophosphate-mediated  nitric  oxide  production. 

lular,  histological,  and  physiological  changes.  At 

Pathological  nitric  oxide  synthesis  from  L-arginine 

the  cellular  level,  the  absence  of  pulsatility  may 

is  a  key  mechanism  in  the  development  of 

result  in  alterations  within  the  transcriptional  reg-

vasoplegia  as  nitric  oxide  activates  the  soluble 

ulation  of  genes  and  translation  of  proteins  medi-

enzyme  guanylate  cyclase  to  produce  cyclic  guano-

ating  the  synthesis  of  nitric  oxide  and  antioxidant 

sine  3,  5′  monophosphate  (cGMP).  It  is  in  vascular 

responses.  Moreover,  there  is  an  increased  matrix 

smooth  muscle  cells  that  cGMP  induces  vasodila-

degradation  and  decreased  smooth  muscle content 

tion by  activating  cGMP-dependent  protein  kinases 

as  continuous-flow  LVADs  may  contribute  to 

which  lead  to  the  dephosphorylation  of  myosin 

elastic  fiber  fragmentation,  medial  fibrosis,  and 

light  chains,  inducing  muscle  relaxation.  While 

aortic  wall  thinning  (Ambardekar  et  al. 2015). 

nitric oxide is acting short, the negative implications 

In 

turn, 

such 

changes 

may 

impair 

of  this  endothelial  dysfunction  are  compounded  by 

vasoreactivity  following  transplantation.  Physio-

the  depletion  of  endogenous  vasopressor  sub-

logically,  continuous-flow  LVADs,  particularly 

stances  (such  as  arginine-vasopressin)  which  may 

those  with  axial  pump  design,  contribute  to 

occur  during  CPB  as  a  result  of  pro-inflammatory 

increased  sympathetic  nervous  system  activity 

cytokines  (Ambardekar  et  al. 2015). 

that 

declines 

with 

pulsatility. 

Furthermore, 

This  culminates  in  profound  arterial  and 

LVAD  support  may  be  associated  with  a  state  of 

venous  vasodilation  as  well  as  reduced  left  ven-

chronic  inflammation,  which  is  implicated  in  the 

tricular  preload  and  afterload,  resulting  in  a  pre-

increased  risk  of  vasoplegia  within  this  patient 

cipitous  decline  in  MAP.  End-stage  heart  failure  is 

cohort  (Asleh  et  al. 2019).  A  2006  study  by 

associated  with  elevated  inflammatory  cytokines 

Amir  et  al.  (2006)  measured  flow-mediated  dila-

and  a state  of  chronic inflammation,  which  may  be 

tion  in  patients,  comparing  continuous-flow  and 

potentiated  with  exposure  to  allograft  antigens 

pulsatile-flow  LVADs  in  order  to  assess  differ-

upon  transplantation.  While  a  general  inflamma-

ences  in  peripheral  arterial  vasoreactivity.  The 

tory  response  may  be  expected  following  CPB, 

study  found  that  flow-mediated  dilation  of 

the  release  of  antigens  from  graft  tissue  activates 

patients  supported  by  pulsatile-flow  devices  was 

host  immune  mechanism  in  the  early  reperfusion 

higher  than  that  of  patients  with  continuous-flow 

phase.  Chan  et  al.  (2020)  highlights  the  clinical 

devices.  While  exact  mechanisms  are  not  fully 

relevance  of  this,  in  so  far  as  post-cardiac  surgery 

understood,  this  suggests  that  prolonged  exposure 

patients  who  developed  vasoplegia  and  severe 

to  continuous  flow  may  contribute  to  poor  vascu-

systemic  inflammatory  response  syndrome  was 

lar  reactivity.  Putative  mechanisms  include  alter-

found  to  have  elevated  adenosine  levels  and 

ations  in  nitric  oxide  bioavailability  and  vascular 

A2A  receptor  expression.  This  is  significant  as 

remodeling  (Zundel  et  al. 2016). 

these  changes  are  thought  to  be  implicated  in
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vascular  tone  and  dysfunction,  thus  contributing 

3  years  by  22%  and  46%,  respectively.  While 

to  vasodilatory  shock. 

strokes  and  device  malfunction  appear  to  occur 

Understanding  these  mechanisms  highlights 

at  lower  frequencies  in  patients  supported  with 

the  potential  of  utilizing  anti-inflammatory  medi-

third-generation  centrifugal  flow  devices,  results 

cations  in  addition  to  traditional  vasopressors  for 

from  Intermacs  or  clinical  trials  with  extended 

the  purpose  of  combating  the  severe  systemic 

follow-up  appear  to  be  warranted,  given  the 

vasodilation  seen  in  vasoplegia.  The  effect  device 

marked impact of these AEs on long-term success. 

complications  and  end-organ  dysfunction  on  the 

Furthermore,  dedicated  studies  aimed  specifically 

success  of  long-term  cfLVAD  support  was  evalu-

at  stroke  mitigation  through  improvements  in 

ated  in  recipients  (2012–2018)  in  the  Intermacs 

patient  management  are  necessary.  The  contribu-

registry.  Patients  were  grouped  according  to  time 

tions  of  other  AEs,  such  as  mucocutaneous  bleed-

on  support:  short-term  (<1  year,  n  =  7483), 

ing,  right  HF,  and  infection,  to  reduced  long-term 

mid-term  (MT,  1–3  years,  n  =  5976),  and  long-

survival  were  also  unveiled  in  this  analysis. 

term  (LT,  ≥3  years,  n  =  3015)  (Özal  et  al. 2005; 

Longer-term  survival  is  reduced  in  those  with 

Levin  et  al. 2004; Hariri  et  al. 2022). 

early  (within  1  year)  or  later  (within  3  years) 

Postoperative  events  that  most  negatively 

events  and  those  with  recurrent  events. 

influenced  achieving  long-term  survival  were 

Adverse  events  occurring  within  1  year  of 

found  in  those  alive  at  1  year  or  3  years.  They 

cfLVAD  implant  were  categorized  according  to 

were  the  occurrence  of  postoperative  renal  and 

frequency  with  corresponding  survival  after 

hepatic  dysfunction,  stroke,  device  infection, 

1  year  shown. 

and/or  malfunction  (all  p  ≤ 0.03)  in  their  analysis; 

Each  episode  of  infection  was  associated  with 

AEs  that  were  accrued  during  cfLVAD  support 

a  10–13%  increase  in  the  adjusted  continuous 

had  a  marked  impact  on  achieving  extended  sur-

hazard  for  long-term  mortality  after  1  and 

vival.  Each  episode  of  stroke  increased  the  hazard 

3  years  of  cfLVAD  support,  and  survival  in  those 

for  mortality  by  42%  in  those  alive  on  support  at 

with  recurrent  right  HF  and  mucocutaneous 

1  year  and  by  24%  for  those  alive  on  support  at 

bleeding  events  was  significantly  reduced  on 

3  years.  Prior  analyses  have  demonstrated  the 

unadjusted  analyses.  Others  have  shown  through 

substantial  impact  of  stroke  on  survival  but  have 

AE  pattern  mining  that  there  is  a  potential  for 

focused  on  shorter  support  durations  and/or  inci-

interdependence  between  AEs  that  occur  during 

dent  stroke  events.  In  a  recent  analysis  from 

cfLVAD  support,  such  that  the  occurrence  of  one 

Intermacs  (Kirklin  et  al. 2020)  and  a  sub-study 

AE  may  be  a  risk  for  subsequent  adverse  event. 

from  the  Multicenter  Study  of  MagLev  Technol-

Finally,  the  data  herein  largely  captures  long-

ogy  in  Patients  Undergoing  Mechanical  Circula-

term  support  on  HeartMate  II  (65%  of  sample) 

tory 

Support 

Therapy 

with 

HeartMate 

and  HVAD  (30%  of  sample)  technologies 

3  (MOMENTUM  3)  (Colombo  et  al. 2019),  the 

implanted  temporally  according  to  Food  and 

occurrence  of  incident  postoperative  stroke  led  to 

Drug  Administration  indications  for  use.  While 

a  significant  reduction  in  survival  at  2  years  of 

stroke  and  pump  thrombosis  risks  appear  lower 

support.  Their  findings  demonstrated  that  stroke 

with  centrifugal  flow  technologies,  it  is  not  clear 

occurring  in  patients  alive  out  to  3  years  has  a 

that  the  newer  technologies  confer  a  clinically 

negative  impact  on  added  survival  and  recurrent 

significant  reduction  in  infection,  bleeding, 

neurological  events  (ischemic  or  hemorrhagic)  in 

and/or  right  HF  risks.  Future  Intermacs  reports 

patients  longer  term  support  portends  poor  out-

will  shed  light  on  these  questions  the  impact  of 

comes. 

Similarly, 

requirements 

for 

device 

new  technologies  and  contemporary  experience 

exchange  due  to  cfLVAD  thrombosis  have  been 

on  long-term  survival  (Teuteberg  et  al. 2020; 

shown  to  confer  worse  outcomes  in  the  first 

Mehra  et  al. 2019). 

2  years  of  cfLVAD  support. 

In  conclusion,  success  with  LVAD  therapy 

In  this  analysis,  the  occurrence  of  any  pump 

hinges  on  achieving  long-term  survival  in  more 

malfunction  reduced  survival  beyond  1  and 

recipients.  After  1  year,  extended  survival  is
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heavily  constrained  by  the  occurrence  of  adverse 

transition  to  the  upright  posture  in  humans. 

events  and  postoperative  end-organ  dysfunction. 

Hence,  the  structure  and  function  of  the  brain 

The growth of  destination  therapy intent  mandates 

vasculature  have  evolved  to  maintain  a  relatively 

that  future  LVAD  studies  be  designed  with  follow-

low  resistance  to  blood  flow  and  an  efficient 

up  sufficient  for  capturing  outcomes  beyond 

capacity  to  control  blood  flow  such  that  every 

24  months. 

single  neuron  receives  sufficient  perfusion.  This 

is  achieved  by  a  complex  microcirculation  system 

with  arterial  branches  and  arterioles  feeding  an 

Cerebrovascular  Effects  of  cfLVADs 

extensive  network  of  capillaries  of  a  total  length 

of  some  600  km.  Autoregulation  in  the  brain 

A  topical  review  by  Avolio  et  al. (2018)  assesses 

involves  active  changes  in  vascular  resistance  to 

the  effects  of  pulsatility  of  blood  pressure  and 

maintain  constant  blood  flow  over  a  relatively 

flow  in  the  systemic  arteries  on  the  brain.  The  wide  mean  pressure  range  (typical  range 

review  builds  on  the  emerging  notion  of  the  “pul-

50–150  mmHg)  (Peterson  et  al. 2011). 

sating  brain”  and  considers  the  high  throughput  of 

Beyond  these  limits,  flow  becomes  dependent 

blood  flow  in  the  cerebral  circulation  in  the  pres-

on  perfusion  pressure.  With  chronic  elevation  of 

ence  of  mechanisms  involved  in  ensuring  efficient 

perfusion  pressure,  as  hypertension  occurs,  the 

and  regulated  cerebral  perfusion.  Recent  findings 

vasculature  generally  adapts  to  maintain  constant 

and  studies  have  provided  evidence  of  the  rele-

flow  at  a  higher  perfusion  pressure.  However,  the 

vance  of  pulsatility  and  hypertension  in  the  fol-

degree  of  adaptation  becomes  less  efficient  with 

lowing  areas:  (i)  pressure  and  flow  pulsatility  and 

sustained  hypertension  and  also  reduces  with  age 

regulation  of  cerebral  blood  flow,  (ii)  cerebral  and 

in  conditions  of  compromised  systemic  hemody-

systemic  hemodynamics,  hypertension,  and  brain 

namics  (as  occurs  in  heart  failure)  reduced  cere-

pathologies  (cognitive  impairment,  dementia,  and 

bral  autoregulatory  capacity  is  associated  with 

Alzheimer’s  disease),  (iii)  stroke  and  cerebral 

reduced  regional  cerebral  perfusion  (Toth  et  al. 

small  vessel  disease,  (iv)  cerebral  hemodynamics 

2017). 

and  noninvasive  estimation  of  cerebral  vascular 

In cultured  human brain  endothelial cells, it has 

impedance,  (v)  cerebral  and  systemic  pulsatile 

been  shown  that  cyclic  stretch  (range  0–15%, 

hemodynamics  and  intracranial  pressure,  and 

1  Hz,  18  hour)  is  associated  with  an  increase 

(iv)  response  of  brain  endothelial  cells  to  cyclic 

(36%)  in  ICAM-1,  an  increase  (137%)  of  eNOS, 

mechanical  stretch  and  increase  in  amyloid  bur-

and  a  marked  decrease  (74%)  in  phosphorylated 

den.  They  found  that  summary  studies  to  date 

eNOS,  suggesting  reduced  bioavailability  of  NO 

produced  increasing  epidemiological,  clinical, 

with  increased  cyclic  stretch.  Subsequent  in  vivo 

and  experimental  evidence,  suggesting  a  poten-

observations  and  the  in  vitro  findings  of  cyclic 

tially  significant  role  of  systemic  hemodynamic 

stretch  on  brain  endothelial  cells  provide  potential 

pulsatility  on  structure  and  function  of  the  brain. 

confirmatory  evidence  of  the  effect  of  mechanical 

The  function  of  the  brain,  the  body’s  most 

stretch  on  cerebral  vessels  and  markers  of  associ-

complex  and  highly  evolved  organ,  is  vitally 

ated  cerebral  dysfunction.  These  novel  observa-

dependent  on  adequate  cerebral  perfusion.  At 

tions  also  lend  support  to  earlier  investigations  in 

rest,  the  amount  of  blood  that  perfuses  brain  tis-

vascular  and  smooth  muscle  signaling  pathways, 

sue,  which  comprises  only  2%  of  total  body  mass, 

which  proposed  that  the  higher  hemodynamic 

is  similar  to  the  amount  of  blood  that  perfuses 

forces  in  microvessels  associated  with  hyperten-

skeletal  muscle,  which  comprises  some  40%  of 

sion  can  initiate  impaired  response  of  endothelial 

total  body  mass—each  about  15–20%  of  total 

and  smooth  muscle  cells  through  modulation  of 

cardiac  output  (Toth  et  al. 2017).  The  preservation 

Ca2+  and  NO  pathways  by  potentiating  produc-

and  regulation  of  cerebral  blood  flow  under  a 

tion  of  reactive  oxygen  species. 

range  of  conditions  is  a  powerful  evolutionary 

This  topical  review  (Roy  et  al. 2017)  addressed 

driver  based  on  species  survival,  including  the 

recent  investigations  related  to  the  effects  of
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pulsatility  of  blood  pressure  and  flow  in  the  sys-

management  is  used.  Furthermore,  studies  in  ani-

temic  vasculature  on  the  brain.  The  review  has 

mals  failed  to  find  an  effect  of  nonpulsatile  CPB 

expanded  on  the  emerging  notion  of  the  “pulsat-

on  global  CBF  or  regional  oxygen  saturation 

ing brain,” considering the complex control mech-

(Undar  et  al. 2002). In  humans,  pulsatile  CPB 

anisms 

contributing 

to 

the 

high 

level 

of 

flow  is  associated  with  decreased  neurohumoral 

autoregulation  of  cerebral  blood  presence  of 

activation,  lower  vascular  resistance,  higher  vis-

pulsatility  in  microvessels.  The  increasing  epide-

ceral  blood  flow,  and  improved  renal  and  liver 

miological,  clinical,  and  experimental  evidence 

function  compared  with 

no  pulsatile 

flow 

suggests  a  significant  role  of  systemic  hemody-

(Hogue  et  al. 2006). The  higher  energy  imparted 

namic  pulsatility  on  alteration  of  structure  and 

by  pulsatile  flow  provides  more  efficient  distribu-

function  of  the  brain  but  concentrated  on  the  cere-

tion  of  blood  flow  to  microcirculation  than  does 

bral  effects  of  hypertension  and  increased 

no  pulsatile  flow  and  leads  to  less  edema, 

pulsatility  (Gangoda  et  al. 2018). 

improved  brain  oxygenation  after  circulatory 

A  probable  example  of  extracranial  anatomic 

arrest,  improved  blood  flow  to  ischemic  brain 

pressure  restriction  was  illuminated  using  carotid 

regions,  lower  neuropathologic  abnormalities  in 

arterial  flow  patterns  were  analyzed  with  flow-

ischemic  penumbral  regions,  less  inflammation, 

sensitized  4D  PC  MR  imaging  (time-resolved 

and  other  benefits.  Findings  are  conflicting  with 

3D  PCMR)  at  3  T  in  17  healthy  volunteers  (Schu-

regard  to  clinical  benefit  of  pulsatility  on  neuro-

bert  2011).  The  flow  patterns  in  the  carotid  distal 

logic  outcomes,  but  the  data  is  limited.  This  data 

to  siphon  were  dampened  when  compared  to  the 

suggests  that  CBF  autoregulation  is  preserved 

artery  proximal  to  the  siphon.  The  observed  atten-

during  and  immediately  after  surgery  in  patients 

uation  of  flow  pulsatility  is  most  likely  related  to 

undergoing  LVAD  insertion. 

the  contorted  shape  of  the  distal  internal  carotid 

Finally,  a  low-pulsatility  system  induces  endo-

and  may  bear  a  protective  effect  for  downstream 

thelial  dysfunction,  with  decreased  nitric  oxide 

cerebral  vasculature.  The  effects  of  absent  or 

production  in  cfLVADs  compared  with  pulsatile 

attenuated  pulsatile  flow  to  the  brain  are  less 

devices.  A  study  of  CBF  in  21  patients  with 

well-studied.  Ruel  et  al. (2014)  reported  carotid-

cfLVAD  suggested  that  static  cerebral  auto-

bulb  thrombus  occurring  at  5  months  in  a  cfLVAD 

regulation  is  preserved  when  pulsatility  is  exper-

device  recipient.  He  suggested  that  “preserving 

imentally  reduced  (Konarik  et  al. 2021). 

aortic  valve  opening  might  be  helpful  in  reducing 

An  increase  in  LVAD  pump  speed  by  800  rpm 

stasis  and  thus  preventing  carotid-bulb  thrombus 

[IQR  800;  1000]  from  the  baseline  lead  to  a  sig-

and  other  complications  related  to  continuous-

nificant  decrease  in  arterial  pulse  pressure  and 

flow  pump  support.” 

cerebral  blood  flow  pulsatility  (relative  change -

Ono  et  al.  (2012)  evaluated  cerebral  blood  flow 

24%  and -32%,  both  p  <  0.01),  but  it  did  not 

(CBF)  autoregulation  with  transcranial  Doppler 

affect  mean  arterial  pressure  and  mean  CBF 

and  near-infrared  spectroscopy  (NIRS)  and 

velocity  (relative  change  1%  and -1.7%, 

found  that  CBF  autoregulation  is  preserved  in 

p  =  0.1  and  0.7).  In  stable  patients  with 

patients  undergoing continuous-flow  LVAD  inser-

continuous-flow  LVAD,  changes  of  pump  speed 

tion  during  surgery  and  on  the  first  postoperative 

settings  within  a  clinically  used  range  did  not 

day,  suggesting  that  the  ability  of  the  brain  to 

impair  static  cerebral  autoregulation  and  cerebral 

constrain  CBF  over  a  range  of  blood  pressures  is 

blood  flow.  It  appeared  that  LVAD  pump  speed 

preserved. 

optimization  is  a  routine  and  safe  procedure 

The  relative  merits  of  pulsatile  versus  non-

performed  during  the  post-implant  period  and  is 

pulsatile  extracorporeal  flow  have  been  debated 

not  associated  with  neurological  disturbances. 

for  decades  with  reference  to  CPB  for  cardiac 

HeartMate  3  (HM3)  features  intrinsic  pulse 

surgery.  Multiple  studies  in  patients  undergoing 

technology  produced  by  sequential  changes  in 

nonpulsatile  CPB  have  demonstrated  preserved 

pump  speed  occurring  every  2  seconds  in  contrast 

CBF 

autoregulation 

when 

alpha-stat 

pH 

to  the  constant  flow  HMII.  Stöhr  (2021)  reported
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the  first  study  to  demonstrate  that  HM3  patients 

modification  of  the  blood  flow  pattern,  as  evoked 

have  an  improved  cerebrovascular  reserve  (CVR) 

by  the  rapid  intermittent  speed  change  in  the  HM3 

compared  with  HMII  patients  as  measured  by  the 

which  may  prevent  stasis  in  the  pump  (and  reduce 

mean  flow  velocity  response  (MFV)  to  a 

stroke  risk),  does  not  impact  CVR  (Witman  et  al. 

30-second  breath-hold,  though  the  CVR  was  still 

2015). 

similar  to  HF  patients  it  was  reduced  compared 

They  felt  their  results  also  indicated  that  the 

with  healthy  controls.  Despite  improved  survival 

chronic  exposure  to  the  intrinsic  pulse  of  30  times 

and  better  clinical  outcomes  in  HM3  patients 

every  minute  may  contribute  to  the  overall 

compared  to  HMII,  it  is  notable  that  HM3  patients 

improved  CVR  response  (even  if  it  does  not 

did  not  achieve  normal  CVR,  indicating  ongoing 

have  a  beat-by-beat  effect,  it  may  influence  the 

dysfunction  in  the  regulation  of  cerebral  blood 

overall  regulation  during  a  30-second  breath-

flow.  The  lack  of  an  association  between  LVAD  hold).  cfLVAD  patients  have  been  shown  to  have 

pump  speed  and  CVR  in  HM3  suggests  greater 

an  impaired  endothelial  function  which  may 

preservation  of  autonomic  regulation  in  HM3 

likely  extend  to  the  cerebral  circulation.  Although 

patients  and  less  dependency  on  LVAD  pump 

the  precise  impact  of  the  “artificial  pulse  physiol-

speed.  Furthermore,  within  the  HM3  patient 

ogy”  on  the  whole  circulation  remains  to  be 

group,  there  was  no  difference  in  CVR  between 

understood,  it  is  likely  that  the  intermittent  speed 

the cardiac cycles with and without  intrinsic pulse. 

modulation  influences  endothelial  function  over 

Several  important  discussion  points  arise  from 

time,  possibly  by  increasing  NO  production  via 

these  observations.  Previous  studies  in  LVAD 

increased  shear  (Castagna  et  al. 2017). 

patients  who  were  implanted  with  pulsatile  or 

In  addition,  the  intrinsic  pulse  may  influence 

cfLVADs  have  revealed  that  dynamic  cerebral 

arterial smooth muscle and the extracellular  matrix, 

autoregulation  is  preserved  based  on  blood 

thus  contributing  to  the  elasticity  of  the  vessels  and 

pressure-focused  analyses  (Ono  et  al. 2012; 

perhaps 

countering 

the 

previously 

reported 

Hogue  et  al. 2006).  While  these  studies  support 

increased  arterial  stiffness  in  cfLVAD  patients 

that  there  is  no  pressure  regulated  autonomic  dys-

(Ambardekar  et  al. 2015; Patel  et  al. 2017; 

function  in  LVAD  patients,  control  of  cerebral 

Rosenblum  et  al. 2018).  Another  explanation  for 

blood  flow  also  occurs  via  chemical  or  metabolic 

the  differential  response  between  HM3  and  HMII 

changes.  Accordingly,  the  present  study  (ter  Laan 

patients  could  be  a  different  sympathetic  tone 

et  al. 2013)  extends  the  previous  findings  in 

evoked  by  the  intrinsic  pulse.  A  previous  study 

LVAD  patients  by  reporting  the  effects  of  a  simple 

has  elegantly  demonstrated  that  the  increased  sym-

30-second  breath-hold  challenge  that  is  known  to 

pathetic  tone  present  in  continuous-flow  LVAD 

provoke  cerebral  reactivity  (Kety  and  Schmidt 

patients  is  reduced  in  patients  with  pulsatile 

1948). 

LVADs  (Cornwell  3rd  et  al. 2015). 

In  contrast  to  the  abovementioned  studies,  this 

This  indicates  that  pulsatility  plays  an  impor-

stimulus  revealed  a  markedly  lower  cerebral  vas-

tant  role  in  overall  arterial  tone.  Given  the  low 

cular  activity  (CVR)  in  HMII  patients  compared 

CVR  in  HMII  patients,  it  is  conceivable  that  the 

with  healthy  controls  and  HF  patients,  indicating 

high  sympathetic  state  may  reduce  the  impact  of 

that  cfLVAD  patients  have  an  impaired  cerebro-

the  breath-hold  challenge  and/or  limit  the  ability 

vascular  function.  Since  previous  studies  used 

of  the  cerebral  circulation  to  accommodate  more 

stimuli  that  were  based  upon  altering  blood  pres-

flow  in  response  to  the  stimulus.  In  either  case,  the 

sure  and  not  metabolism,  it  is  possible  that  the 

higher  CVR  in  HM3  versus  HMII  patients  may 

cerebral  circulation  of  cfLVAD  patients  may  be 

also  be  linked  to  a  reduced  sympathetic  state  at 

more  sensitive  to  altered  metabolism.  The  HM3 

baseline  or  in  response  to  the  breath-hold,  possi-

intrinsic  pulse  did  not  have  an  acute  influence  on 

bly  caused  by  the  interaction  between  the  intrinsic 

the  CVR,  as  evidenced  by  the  similar  responses 

pulse  and  the  arterial  wall.  Consequently,  HM3 

between  cardiac  cycles  with  and  without  the 

patients 

may 

have 

a 

beneficial  functional 

intrinsic  pulse.  These  data  suggest  that  an  acute 

sympatholysis  compared  with  HMII  patients. 
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They  concluded  that  compared  with  HMII 

of  vascular  fragility  in  the  brain  of  patients  with  an 

patients,  HM3  patients  have  a  significantly  higher 

LVAD  are  warranted. 

cerebrovascular  reactivity,  which  is  not  acutely 

The  study  reported  by  Ali  and  Uribe  (2021)  is  

influenced  by  the  intrinsic  pulse.  However,  the 

the  first  to  show  that  a  simple  clinic-based  test 

CVR  in  HM3  is  still  reduced  compared  with 

assessing  endothelial  function  is  associated  with 

healthy  controls,  indicating  the  need  for  further 

bleeding.  They  used  a  noninvasive,  operator-

research  into  the  mechanisms  that  could  improve 

independent  device  called  VENDYS®  to  assess 

cerebrovascular 

health 

in 

LVAD 

patients 

vasodilatory function based on digital thermal mea-

(Remensnyder  et  al. 1962). 

surements  post  release  of  a  brachial  artery  occlu-

Although  some  cerebrovascular  physiology 

sion  in  ambulatory  patients  with  HeartMate-II 

seems  to  be  preserved  in  continuous-flow  sys-

cfLVAD  (n  =  56).  Aortic  valve  opening  and  pulse 

tems,  Yoshioka  et  al. (2017)  was  the  first  investi-

perception  were  also  documented  before  the  test. 

gate  the  prevalence  of  cortical  micro-bleedings 

The  median  duration  of  cfLVAD  support  was 

(CMB)  in  patients  with  cfLVAD.  They  found 

438  days.  The  test  generates  vascular  reactivity 

induced  arteriolar  fragility  and  microangiopathy 

index  (VRI).  Outcomes  for  the  cfLVAD  patients 

pattern  inducing  brain  CMB  in  this  context. 

were  compared  between  VRI  <  1  and  VRI  ≥ 1. 

Thirty-four  out  of  35  (97%)  Asian  (mean  age 

The  bleeding  events  were  driven  primarily  by  a 

37.7  years)  patients  with  continuous-flow  LVAD 

difference  in  neurologic  bleeds.  Multivariate  anal-

support  for  mean  of  2.4  years  had  at  least  one 

ysis  showed  that  VRI  <  1  correlated  with  future 

CMB,  and  the  number  of  CMBs  was  more  prev-

bleeding  events  (HR:  5.56;  p  =  0.01).  The 

alent  in  patients  with  hemorrhagic  stroke  and  in 

C-statistic  with  the  VRI  dichotomized  as  above 

patients  with  LVAD-related  infection.  They 

was  0.82.  There  was  a  trend  toward  a  worse  sur-

pointed  to  several  possible  causes  of  hemorrhagic 

vival  in  patients  with  poor  endothelial  function . 

stroke  in  patients  with  LVAD,  such  as  anti-

Endothelial  vasodilatory  dysfunction  mea-

coagulation,  hemorrhagic  conversion  after  infarc-

sured  by  this  simple  test  utilizing  digital  thermal 

tion,  the  acquired  Von  Willebrand  syndrome  as  a 

monitoring  can  predict  adverse  bleeding  events  in 

result  of  mechanical  destruction,  and  proteolysis 

patients  with  cfLVADs.  An  interesting  observa-

of  high-molecular-weight  multimers  of  Von 

tion  was  the  higher  number  of  GI  bleeds  in  indi-

Willebrand  factor.  Importantly,  the  rupture  of  his-

viduals  with  VRI  ≥ 1  compared  with  VRI  <  1 

tologically  fragile  vessels  caused  by  non-

group  with  no  statistical  significance.  To  explain 

physiologically  continuous  pulseless  flow. 

this  trend,  they  hypothesized  that  endothelial  dys-

Previous  studies  have  reported  that  the  preva-

function  might  be  playing  a  more  relevant  role  in 

lence  of  CMBs  ranged  from  3.1%  to  23.5%  in 

hemorrhagic  stroke  while  GI  bleeding  might  be 

healthy  persons  without  cerebrovascular  disease, 

related  to  rheological  changes,  but  stated  that  fur-

18–68%  of  patients  with  ischemic  stroke,  and  up 

ther  studies  are  needed  to  understand  the  biologic 

to  47%–80%  of  patients  with  intracranial  hemor-

mechanisms  of  various  bleeding  sites. 

rhage  (Susen  et  al. 2015).  These  results  may  indi-

Finally,  the  excellent  “Review  of  the  Complex 

cate  that  patients  with  LVADs  are  vulnerable  to 

Landscape  of  Stroke  in  Left  Ventricular  Assist 

intracranial  bleeding,  even  in  young  patients  with 

Device  Trials”  by  Mai  et  al.  (2020)  made  the 

low  BP,  and  symptomatic  hemorrhagic  stroke  in 

following  conclusions  regarding  future  clinical 

patients  with  LVADs  caused  by  spontaneous 

trials.  First,  utilize  standardized  stroke  definitions 

bleeding  from  fragile  small  vessels.  Tabit  et  al. 

and  define  stroke  subtypes;  second,  ensure  that 

(2016)  concluded  that  continuous  flow  leads  to 

neurologists  are  integrated  in  study  design  and 

altered  angiogenesis  and  is  associated  with  higher 

event  adjudication;  third,  include  more  thorough 

nonsurgical  bleeding  via  an  elevated  level  of 


evaluations  of  stroke  etiology  using  multi-

angiopoietin-2.  They  suggested  that  abnormal 

modality  techniques;  and  last,  adopt  the  National 

vascular  formation  might  cause  bleeding  in  the 

Institutes  of  Health  Stroke  Scale  and  define  stroke 

brain,  and  further  evaluations  of  the  mechanism 

severity. 
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Renal  Effects  of  cfLVAD  Support:  The 

position, 

sympathetic 

activity, 

and 

renin-

Cross-Talk  Between  a  Mechanical 

angiotensin-aldosterone  system  (RAAS)  activa-

Heart  and  the  Kidney 

tion.  cfLVADs  are  preferred  over  pfLVADs  now-

adays 

for 

practical 

reasons 

(dimensions, 

The  relationship  of  cfLVAD  support  and  renal 

durability,  etc.),  although  pfLVADs  appear  to  be 

function  was  extensively  reviewed  by  Gambaro 

more 

physiological. 

Arterial 

baroreceptors 

et  al. (2021)  After  LVADs  have  been  implanted, 

respond  to  fluctuations  in  pulsatility  and  modulate 

an  eGFR  that  improves  by  22–47%  indicates  a 

a  negative  feedback  of  sympathetic  activity. 

better  prognosis  and  gains  time  for  patients 

Patients  with  cfLVADs  have  higher  levels  of  sym-

implanted  with  LVADs  as  a  bridge  to  a  transplant. 

pathetic  activity  than  those  with  pfLVADs 

The  prognosis  is  worse  for  patients  experiencing  a 

(Cornwell  3rd  et  al. 2015;  Patibandla  et  al. 2016; 

worsening  or  a  >88%  improvement  in  the  esti-

Nishimura  et  al. 1998; Markham  et  al. 2013b). 

mated 

glomerular  filtration  rate  (eGFR)  at 

Sympathetic  activity  can  be  responsible  for 

1  month  after  LVAD  implantation.  They  were 

RAAS  activation.  Welp  et  al.  (2010)  showed  that  

unable  to  state  whether  different  trends  in  eGFR 

HF  patients’  RAAS  activity  levels  were  lower 

depend  on  different  renal  conditions  before  LVAD 

21  days  after  LVADs  had  been  implanted  compared 

placement,  on a  patient’s  better  overall  status,  or  on 

with  beforehand,  and  this  change  was  more  evident 

a  particular  patient  management  strategy  before 

for  pfLVADs  than  for  cfLVADs.  Thus,  in  some 

and/or after  the  device’s  implantation. Steps  should 

cases,  the  balance  between  CRS  resolution  and 

be  taken  to  solve  this  question  and  clarify  whether 

effect  of  the  device  on  sympathetic  activity  might 

even  patients  with  poor  eGFR  can  undergo  LVAD 

make  RAAS  activity  reach  the  normality  levels  in 

implantation  with  acceptable  long-term  outcomes 

LVAD  patients.  However,  in  most  of  the  LVAD 

thanks  to  aggressive  hemodynamic  optimization 

patients,  both  certain  sympathetic  and  RAAS  acti-

and  AKI  treatment  protocols.  The  term  cardiorenal 

vation  persist  that  cause  chronic  kidney  damage. 

syndrome  (CRS)  is a  somewhat  artificial attempt  to 

Ootaki  et  al. (2008)  confirmed  the  relationship 

classify  most,  if  not  all,  conditions  of  concomitant 

between  pulsatility,  RAAS  activity,  and  renal  dam-

cardiac  and  renal  dysfunction.  However,  it  has  the 

age  in  an  experimental  calf  model  of  HF.  Calves 

merit  of  emphasizing  the  complexity  of  the  inter-

were  allocated  to  different  types  of  MCS  (LVAD, 

action  between  heart  and  kidney,  which  cannot  be 

right  ventricular  assist  device  or  total  artificial  heart) 

brought  down  to  a  matter  of  mere  hemodynamics 

and  different  degrees  of  pulsatility.  It  emerged  that 

(Mai  et  al. 2020; Gambaro  et  al. 2021). 

the  cfLVAD  animals  developed  renal  periarteritis, 

Patients  waiting  for  an  LVAD  have  a  reduced 

which  was  not  found  in  the  other,  higher  pulsatility 

renal  arterial  perfusion  pressure  secondary  to  an 

groups  (Witman  et  al . 2015;  Cornwell  3rd  et  al. 

insufficient  cardiac  output  (CO),  but  they  also  suffer 

2015; Nishimura  et  al. 1998). 

from  a  high  central  venous  pressure  (CVP),  which 

To  be  more  precise,  the  former  animals’  arcu-

has  been  proved  to  be  detrimental  to  RF.  That  said, 

ate  interlobular  arteries  had  wall  thickening  with 

acute  kidney  injury  (AKI)  may  occur  as  a  compli-

RAAS  activation  in  intrarenal  inflammatory  cells, 

cation  of  the  LVAD  implantation  procedure. 

as  shown  by  the  abundant  infiltration  of  mononu-

Although  implanting  an  LVAD  may  mitigate  the 

clear  cells  positive  for  angiotensin  II  type-1  recep-

effects  of  HF  on  the  kidney,  it  can  also  be  responsi-

tor  and  angiotensin-converting  enzyme.  Ootaki 

ble  for  renal  damage  in  the  long  term. 

et  al. (2008)  suggested  that  the  lack  of  pulsatility 

Different  types  of  LVAD  flows  and  the  contri-

was  responsible  for  the  renal  periarteritis  and 

bution  of  the  native  heart  to  pulsatility  have  vary-

strong  local  RAAS  activation.  Several  studies 

ing  effects  on  heart-kidney  crosstalk  and  renal 

have  also  reported  aortic  wall  atrophy  and  periph-

structure.  The  lack  of  pulsatility  seems  to  have 

eral  vessel  dysfunction  in  patients  with  cfLVADs 

important  effects  on  gene  expression,  vessel  com-

(Markham  et  al. 2013b; Welp  et  al. 2010; Ootaki
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et  al. 2008;  Hartupee  and  Mann  2017; Segura 

effect  (which  is  generally  lost  after  patients  are 

et  al. 2013). 

discharged),  but  this  is  only  temporary—a  honey-

moon  phenomenon—soon  followed  by  a  slow 

decline  in  the  patient’s  eGFR  (Brisco  et  al. 2014). 

Early  Effects 

The  eGFR  improves  in  the  first  month  after 

Late  Effects 

LVAD  implantation,  even  in  patients  experienc-

ing  post-LVAD  acute  kidney  injury  (AKI) 

Few  studies  have  explored  long-term  RF,  from 

(Quader  et  al. 2020; Sandner  et  al. 2009;  Borgi   6  months  to  2  years  after  LVAD  implantation. 

et  al . 2013; Hasin  et  al. 2012).  There  have  even 

This  is  probably  because  many  patients  undergo 

been  some  reports  of  patients  quitting  the  chronic 

HT  or  have  a  short  life  expectancy.  According  to 

dialysis  required  for  CKD  5.  In  the  study  by 

the  few  data  available,  most  patients’  eGFR 

Borgi  et  al.  (2013),  a  month  after  LVAD  implan-

declines  after  the  first  month,  although  their 

tation,  eGFR  improved  by  20%  in  60%  of 

eGFR  remains  higher  than  before  receiving  an 

patients,  and  by  more  than  50%  in  the  other 

LVAD.  Kirklin  et  al. (2013)  reported  a  stable 

40%  patients,  regardless  of  the  device  strategy 

eGFR  during  the  first  2  years,  even  in  patients 

or  INTERMACS  class.  The  improvement  was 

with  moderate  or  severe  renal  dysfunction 

uninfluenced  by  basal  eGFR  (Borgi  et  al. 2013; 

(eGFR  30–59  mL/min/1.73  m2  or  <30  mL/min/ 

Hasin  et  al. 2012; Schmack  et  al. 2018). 

1.73  m2 ,  respectively).  Muslem  et  al.  (2018) 

Even  patients  with  an  eGFR  <  30  mL/min/ 

found  a  slightly  different  situation  when  they 

1.73  m2  experienced  a  pronounced  improvement 

grouped  patients  by  the  severity  of  the  AKI  they 

in RF. This early improvement  after  LVAD implan-

developed  (using  Kidney  Disease  Improving 

tation  could  be  explained  by  the  complex  interplay 

Global  Outcome  [KDIGO]  criteria)  and  their  tran-

of  hemodynamic  and  nonhemodynamic  mecha-

sient  need  for  renal  replacement  therapy  (RRT)  in 

nisms  between  heart  and  kidneys.  As  well  as  the 

the  immediate  postimplantation  period. 

influence  of  more  or  less  acute  and  recent  disrup-

After  patients  recover  from  AKI,  their  eGFR 

tions  in  heart  function  on  their  renal  physiology, 

remains  stable  from  the  sixth  to  the  twelfth  month 

patients  with  a  long  history  of  HF  have  chronically 

in  all  patients  except  for  those  who  had  AKI  stage 

hypoperfused  kidneys,  which  have  been  exposed 

II  or  III,  whose  eGFR  declines  already  after 

to  the  same  conditions  that  damaged  the  heart 

9  months.  Analyzing  the  data  by  need  for  RRT, 

(diabetes,  dyslipidemia,  hypertension,  etc.).  Their 

both  groups  showed  a  constant  slow  decline  in 

kidneys  probably  have  fewer  well-functioning 

eGFR  beyond  the  first  3  months  after  their  RF  had 

nephrons,  which  may  show  signs  of  hyperfiltration 

recovered.  In  short,  there  is  some  improvement  in 

if  renal  perfusion  improves.  Since  LVADs  deliver  a 

RF  soon  after  implanting  LVADs,  which  then 

constant,  higher  blood  flow  to  the  whole  body, 

stabilizes  temporarily,  before  the  GFR  begins  to 

overcoming  the  previous  condition  of  chronic 

decline.  This  decline  is  more  evident  in  patients 

hypoperfusion,  some  improvement  in  the  GFR  is 

whose  AKI  after  LVAD  implantation  was  more 

to  be  expected  (Sandner  et  al. 2009;  Bock a n  

d

severe  (Pasrija  et  al. 2020; Kirklin  et  al. 2013). 

Gottli eb 2010;  Pasrija  et  al. 2020;  Damman  et  al . 

Several  mechanisms  have  been  suggested  to 

2009; Mullens  et  al. 2009). 

explain  the  decline  in  eGFR  (Table  1). The  grad-

Another  mechanism  that  may  contribute  to 

ual  increase  in  muscle  mass  some  months  after 

such  an  early  increase  in  GFR  is  an  amelioration 

LVAD  implantation  may  correct  this  bias,  giving 

of  venous  congestion  which  generally  occurs 

the  impression  of  a  reduction  in  GFR.  There  are 

soon 

after 

implanting 

an 

LVAD. 

Optimal 

also 

structural 

and 

functional 

mechanisms 

inhospital  fluid  management  may  also  have  an 

involved,  however.  The  onset  of  right  ventricular

850

W. Dembitsky et al. 

Table  1  Effects  of  LVADs  on  renal  perfusion  (Muslem 

hemoglobin  and  iron  that—once  ultrafiltered  by 

et  al. 2018) 

the  glomerulus—may  damage  tubular  cells 

Beneficial  effects  of  LVAD 

Detrimental  effects  of 

(Bellomo  et  al. 2012). 

on  kidneys 

LVAD  on  kidneys 

Increase  in  cardiac 

Chronic  haemolysis 

output 

Gastrointestinal  Effects  of  cfLVAD 

Increase  in  renal  perfusion 

Haemoglobin  and  iron 

Support 

eGFR  improvement 

release  in  blood  stream 

Pigment  nephropathy 

and  inflammation 

During  cfLVADs  support  diminished  or  absent 

Renal  damage 

pulsatility,  coagulopathy,  microangiopathy,  and 

Decrease  in  CVP  and 

Development  of  right 

acquired  Von  Willebrand  disease  are  the  proposed 

venous  congestion 

ventricular  failure 

leading  mechanisms  for  GIB.  Saurav  et  al.  (2016) 

Decrease  in  renal  venous 

Increase  in  CVP  and 

pressure 

venous  congestion 

analyzed  an  estimated  8879  LVAD  index  admis-

Increase  in  renal 

Increase  in renal venous 

sions  and  8722  readmissions  in  LVAD  recipients 

perfusion 

pressure 

over  6  years.  The  yearly  incidence  of  GIB  after 

eGFR  improvement 

Decrease  in  renal 

LVAD  implantation  increased  from  5%  in  2005  to 

perfusion 

Decrease  in  eGFR 

10%  in  2010.  On  multivariate  regression  analysis, 

Reduction  in  RAAS 

Diminished  pulsatility 

the  odds  of  GIB  were  3.24  times  greater  (95% 

activity 

confidence  interval  1.53–6.89)  in  the  era  of 

Decrease  in  systemic 

Increased  intra-renal 

cfLVADs  (2007–2010)  than  in  the  era  of 

vasoconstriction  and 

RAAS  activity 

pulsatile-flow  LVADs  (2005–2007).  Compared 

volume  overload 

Reduction  in  renal 

to  their  younger  counterparts,  in  LVAD  recipients 

eGFR  improvement 

perfusion 

Increase  in  water 

aged  >65  years,  the  adjusted  odds  of  GIB  were 

retention 

20.5  times  greater  (95%  confidence  interval 

Decrease  in  eGFR 

2.24–188).  GIB  did  not  significantly  increase  the 

Renal  periarteritis 

inhospital  mortality  but  increased  the  inpatient 

Renal  damage 

Reduction  in  sympathetic 

length  of  stay.  They  concluded  that  the  incidence 

baroreceptor  negative 

of  GIB  in  LVAD  recipients  with  the  use  of 

feedback 

cfLVADs  has  increased,  leading  to  greater  inpa-

Increase  in  peripheral 

vasoconstriction 

tient  lengths  of  stay  and  hospital  charges.  Older 

Reduction  in  renal 

recipients  of  cfLVADs  appear  to  be  at  greater  risk 

perfusion 

of  GIB. 

Decrease  in  eGFR 

Results  are  from  different  trials,  with  different 

Prominent  in  the  early 

Prominent  in  the  late 

cohorts,  and  cannot  be  compared  directly  (Saurav 

period  after  LVAD 

period  after  LVAD 

implantation 

implantation 

et  al. 2016). 

Abbreviations:  CVP  central  venous  pressure,  eGFR  esti-

Published  studies  of  organ  perfusion  during  car-

mated  glomerular  filtration  rate,  LVAD  left  ventricular 

diopulmonary  bypass  suggest  that  perfusion  of  the 

assist  device,  RAAS  renin-angiotensin-aldosterone  system 

splanchnic  bed  can  be  impaired  by  nonpulsatile 

flow.  Andrasi  et  al. (2014)  postulated  that  non-

failure  (RVF)—which  can  happen  after  LVAD 

pulsatile  flow  from  a  left  ventricular  assist  device 

implantation—certainly  has  a  role  (Hasin  et  al. 

(LVAD)  might  also  compromise  splanchnic  blood 

2014). 

flow  and  cause  bowel  ischemia  especially  in  the 

Another  factor  is  the  lack  of,  or  diminished, 

circulatory  period  instability  early  post-implant. 

pulsatility  due  to  the  use  of  cfLVADs  with  the 

Furthermore,  as  attenuated  pulsatile flow  in patients 

mechanisms  previously  described.  Another  expla-

with  aortic  stenosis  is  associated  with  gastrointesti-

nation  for  the  gradual  loss  of  RF  is  hemolysis. 

nal  bleeding  from  angiodysplasia.  Bleeding  risk  is 

High  pump  speed  and  thrombosis  increase  the 

added to rotary pumps by the absence or diminution 

shear  stress,  causing  hemolysis  and  the  release  of 

of  pulsatility.  The  lower  the  pulsatility,  the  greater
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the  bleeding  risk  (Wever-Pinzon  et  al. 2013; 

pump  speed  to  achieve  pulsatility.  There  have 

Andrasi  et  al. 2014;  Cappell  and  Lebwohl  1986). 

been  many  attempts  to  modulate  pump  speed 

There  are  two  main  mechanisms  to  explain  this 

using  computer  simulation  models,  in  vitro 

increased  bleeding.  One  is  the  destruction  of  Von 

bench  testing,  in  vivo  animal  studies,  to  evaluate 

Willebrand  Factor  (VWF)  by  the  high  shear  stress 

its  effects  on  hemodynamics  and  ventricular 

generated  by  the  rotor.  This  destruction  of  Von 

unloading.  The  effect  is  different  depending  on 

Willebrand  factor  by  high  shear  stress  was  first 

the  timing  of  the  cfLVAD  speed  modulation  rela-

observed  in  patients  with  aortic  stenosis.  This 

tive  to  the  native  ventricular  contraction  (e.g., 

phenomenon  is  also  described  in  cases  of  aortic 

counterpulsation,  copulsation,  etc.),  speed  modu-

stenosis (Heyde’s  syndrome)  where  there  is  bleed-

lation  amplitude,  pulse  shape,  and  pulse  width. 

ing

from

arteriovenous

malformations 

Compared 

with 

constant 

speed 

operation, 

(angiodysplasia)  possibly  due  to  microvascular 

counterpulsation  increases  LV  unloading  and  the 

hypoperfusion  consequent  upon  nonpulsatile 

myocardial  supply/demand  ratio;  however,  it 

flow  (Letsou  et  al. 2005; Vincentelli  et  al. 2003). 

decreases  pulse  pressure.  Copulsation,  on  the 

Another  source  of  bleeding  in  patients  with  a 

other  hand,  increases  pulse  pressure  but  decreases 

nonpulsatile  flow  device  is  the  formation  of  arte-

LV  unloading  and  the  myocardial  supply/demand 

riovenous  malformations.  Nonpulsatile  LVAD 

ratio.  In  addition,  the  aortic  valve  is  difficult  to 

flow  has  been  shown  to  elevate  angiopoietin-2  open  for  copulsation  because  arterial  pressure 

level  leading  to  increased  angiogenesis  and  higher 

increases  during  systole  when  the  aortic  valve 

nonsurgical  bleeding.  Van  der  Merwe  et  al. (2020) 

starts  to  open  (Graph  2)  (Letsou  et  al. 2010; 

concluded  that  the  use  of  nonpulsatile  as  distinct 

Vandenberghe  et  al. 2003;  Ising  et  al. 2011; Cox 

from  pulsatile  VADs  is  associated  with  a  higher 

et  al. 2009; Shi  et  al. 2010; Bearnson  et  al. 1996; 

incidence  of  both  hemorrhagic  and  ischemic  com-

Vandenberghe  et  al. 2005; Wang  et  al. 2009; 

plications  in  the  gastrointestinal  system  especially 

Pirbodaghi  et  al. 2012, 2013; Qian  and  Zheng 

in  the  very  early  post-implant  period.  Whether 

1997; Umeki  et  al. 2012,  2013a,  b). 

these  complications  can  be  reduced  by  increasing 

Other  types  of  speed  modulation  have  been 

the  pulsatility  in  these  devices  is  not  clear,  and  this 

developed  that  allow  the  aortic  valve  to  open  in 

question  merits  further  research  (Patibandla  et  al. 

an  effort  to  prevent  fusion  and  insufficiency  of  the 

2016;  Letsou  et  al. 2010;  Batur  et  al. 2003). 

aortic  valve.  Kishimoto  et  al.  (2013)  developed  a 

Nasal  mucosal  hypervascularity  (HV)  is  com-

novel  “delayed  copulse  mode”  that  provided  min-

mon  in  patients  with  cfLVADs  and  is  strongly  asso-

imal  support  for  early  systole  and  maximal  sup-

ciated  with  gastrointestinal  bleeding.  In  fact,  in  a 

port  shortly  after  aortic  valve  opening  by 

pilot  study  by  Patel  et al. (2016), bleeding  from 

changing  the  pump  speed  in  synchronization 

gastrointestinal 

arterial 

venous 

malformations 

with  heartbeat.  They  demonstrated  in  a  sheep 

occurred  exclusively  in  patients  who  also  had  nasal 

model  that  the  delayed  copulse  mode  of 

hypervascularity.  This  finding,  if  validated  in  appro-

EVAHEART  (Sun  Medical,  Suwa,  Japan)  allo-

priately  powered  studies,  may  identify  the  nasal 

wed  the  aortic  valve  to  open  while  maintaining  a 

mucosa  as  a  surrogate  for  mucosal  vascular  alter-

high 

total 

flow.  The  HeartWare  HVAD 

ations  in  the  GI  tract  and  may  thus  greatly  facilitate 

(HeartWare 

International, 

Inc. 

Framingham, 

risk  stratification  for  and  understanding  of  bleeding 

MA)  modulates  speed  through  a  Lavare  cycle 

episodes  in  patients  supported  by  cfLVADs. 

(200  rpm,  3-second  cycle  once  per  minute), 

which  allows  intermittent  opening  of  the  aortic 

valve  for  washing  the  aortic  root  (Larose  et  al. 

Adding  Pulsatility  Using  cfLVADs 

2010). None  of  these  speed  modulation  algo-

rithms 

can 

provide 

everything—ventricular 

Moazami  et  al. (2015)  posed  the  question  “Does 

unloading,  myocardial  supply/demand  ratio,  and 

pulsatility  matter  in  the  era  of  continuous  flow 

opening  of  the  aortic  valve—while  at  the  same 

blood  pumps?”.  They  also  discussed  modulating 

time 

providing 

increased 

pulse 

pressure. 

[image: Image 194]
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Graph  2  Effects  of  the  timing  of  continuous-flow  left 

systolic  pump  flow;  therefore,  arterial  diastolic  pressure 

ventricular  assist  device  speed  modulation  on  hemody-

increases  and  systolic  pressure  decreases,  reducing  pulse 

namics.  At  the  constant  speed  (left),  the  pump  flow  is 

pressure.  Speed modulation  with copulsation (right), on the 

higher  during  systole  (ventricular  contraction)  as  the  delta 

other  hand,  increases  systolic  pump  flow  further  and 

pressure  is  lower  during  systole.  Compared  with  constant 

decreases  diastolic  pump  flow.  Therefore,  arterial  systolic 

speed  operation,  speed  modulation  with  counter  pulsation 

pressure  increases,  and  diastolic  pressure  decreases,  creat-

(middle)  increases  diastolic  pump  flow  and  decreases 

ing  more  pulse  pressure.  (Dembitsky,  Walter  2022) 

Continued  research  in  this  area  is  needed  to  define 

with detrimental  effects such as  aortic leaflet fusion, 

the  optimal  algorithms. 

ventricular  and  systemic  thrombosis  (in  the  aorta, 

coronary,  cerebrovascular,  and  peripheral  circula-

tion), and unclear perfusion of  the peripheral  micro-

Summary 

circulatory  bed.  Although  these  complications  are 

not seen  in  most patients, the adverse  events  seen  in 

There  have  been  monumental  improvements  in 

some  patients  are  possibly  a  manifestation  of  this 

both  early  and  midterm  survival  and  quality  of 

maladaptive  blood  flow. 

life  for  patients  with  advance  heart  failure  follow-

The  major  impetus  to  develop  continuous 

ing  the  clinical  introduction  of  cfLVAD  pumps. 

rotary  flow  pumps  was  the  engineering  failure  of 

As  support  times  increase,  the  manifestations  of 

early  pulsatile  pumps. Rotary  pump  simplicity has 

chronic  flow  disturbances  on  the  native  heart, 

eliminated  most  mechanical  failures.  Now  bio-

hemostatic  system,  and  peripheral  systemic  and 

logic  barriers  of  attenuated  pulsatility  and  high 

visceral  circulation  have  become  more  evident. 

shear  stress  remain.  Current  pumps  are  clinical 

Low  pulsatility,  in  which  the  cfLVAD  pump  is 

reality,  and  work  continues  to  optimize  their  abil-

the  dominant  driver,  creates  non-physiologic  flow 

ity  to  deliver  blood.  However,  it  is  unlikely  that
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current  operation  of  these  pumps  at  a  constant 

Al-Ogaili  Z,  Foulner  D,  Passage  J,  Weightman  WM, 

speed  at  all  times  is  adequate  for  all  patients  at 

Torre  L,  Baker  S,  et  al.  CT  pulmonary  angiography 

during  veno-arterial  extracorporeal  membrane  oxygen-

all  times.  Evolution  has  favored  the  evolution  of 

ation  in  an  adult.  J  Med  Imaging  Radiat  Oncol. 

pulsatile  volume  displacement  pumps  to  circulate 

2013;57(3):345–7. 

blood at  increasingly higher  pressures at low  shear 

Ambardekar  AV,  Hunter  KS,  Babu  AN,  et  al.  Changes  in 

stress  levels.  We  are  high-pressure  organisms  with 

aortic  wall  structure,  composition,  and  stiffness  with 

continuous  flow  left  ventricular  assist  devices:  a  pilot 

resistance  vessels  that  are  regulated  by  a  host  of 

study.  Circ  Heart  Fail.  2015;8:944–52. 

biochemical  responses  to  pulsatility.  Pulsatility 

Amir  O,  Radovancevic  B,  Delgado  RM  3rd,  et  al.  Periph-

has  the  added  feature  of  delivering  kinetic  energy 

eral vascular reactivity  in patients with  pulsatile vs axial 

to  the  compliant  vascular  system;  therefore,  future 

flow  left  ventricular  assist  device  support.  J  Heart  Lung 

Transplant.  2006;25:391–4. 

developments  should  reconcile  how  to  best  create 

Andrasi  TB,  Mertens  F,  Barabas  B,  Blazovics  A.  Effect  of 

pulsatility.  This  currently  can  be  done  by  using 

haemodynamic  changes  on  epithelium-related  intesti-

speed  modulation  algorithms  that  generate  LVAD 

nal  injury  in  off-pump  coronary  surgery.  Heart  Lung 

pulsatility  similar  to  the  native  circulation  while 

Circ.  2014;23:144–51. 

Asleh  R,  Alnsasra  H,  Daly  RC,  et  al. Predictors  and  clinical 

unloading  the  ventricle.  Alternatively,  pulsatility 

outcomes  of  vasoplegia  in  patients  bridged  to  heart 

can  be  generated  by  allowing  the  native  ventricle 

transplantation  with  continuous  flow  left  ventricular 

to  create  it  periodically  during  intermittent  lower-

assist  devices.  J  Am  Heart  Assoc.  2019;8:e013108. 

speed  pump  operation.  Some  combination  of  both 

Avolio  A,  et  al.  Cerebral  haemodynamics:  effects  of  sys-

temic  arterial  pulsatile  function  and  hypertension.  Curr 

strategies  is  necessary  to  achieve  the  optimal  solu-

Hypertens  Rep.  2018;20:20. 

tion  is  also  possible.  The  ability  of  the  native  heart 

Batur  P,  Stewart  WJ,  Isaacson  JH.  Increased  prevalence  of 

to  generate  a  pulse  is  to  optimize  its  ability  to  do 

aortic 

stenosis 

in 

patients 

with 

arteriovenous 

so  by  assuring  that  it  has  competent  valves,  a 

malformations  of  the  gastrointestinal  tract  in  Heyde 

syndrome.  Arch  Intern  Med.  2003;163:1821–4. 

stable  rhythm,  and  unobstructed  coronary  artery 

Bearnson  GB,  Olsen  DB,  Khanwilkar  PS,  Long  JW, 

flow.  We  hope  that  this  chapter  will  set  the  stage 

Allaire  PE,  Maslen  EH.  Pulsatile  operation  of  a  centrif-

for  further  research  into  this  immensely  important 

ugal  ventricular  assist  device  with  magnetic  bearings. 

and  exciting  area. 

ASAIO  J.  1996;42:M620-4. 

Bellomo  R,  Kellum  JA,  Ronco  C.  Acute  kidney  injury. 

As  an  observation  of  the  current  trends  in 

Lancet.  2012;380:756–66. 

mechanical  assistance  to  reintroduce  pulsatility, 

Bock  JS,  Gottlieb  SS.  Cardiorenal  syndrome:  new  perspec-

there  seems  to  be  once  again  an  example  of  con-

tives.  Circulation.  2010;121:2592–600. 

vergent  evolution  as  an  endorsement  of  the  tried 

Borgi  J,  Tsiouris  A,  Hodari  A,  Cogan  CM,  Paone  G,  Mor-

gan  JA.  Significance  of  postoperative  acute  renal  fail-

and  true  design  tested  by  nature  over  many  mil-

ure  after  continuous-flow  left  ventricular  assist  device 

lions  of  years.  If  “the  question  is  to  pulse  or  not  to 

implantation.  Ann  Thorac  Surg.  2013;95:163–9. 

pulse?”,  then  the  overwhelming  evidence  is  to 

Brisco  MA,  Kimmel  SE,  Coca  SG,  et  al.  Prevalence  and 

pulse. 

prognostic  importance  of  changes  in  renal  function 

after  mechanical  circulatory  support.  Circ  Heart  Fail. 

2014;7:68–75. 
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Abstract 

restricts  this  life-saving  procedure.  An  alterna-

Heart  failure  remains  a  leading  cause  of  mor-

tive  therapy  is  the  use  of  mechanical  circula-

bidity  and  mortality  in  the  United  States.  While 

tory  support  (MCS)  devices  to  supplement 

heart  transplantation  remains  the  definitive 

native  cardiac  function  using  either  ventricular 

treatment  for  patients  with  advanced  disease, 

assist  devices  (VAD),  or,  counterpulsation 

limited  availability  of  healthy  donor  organs 

devices.  Despite  providing  long-term  support, 

VAD  implantation  is  only  offered  to  the  sickest 

patients  due  to  the  invasive  nature  of  the  pro-

cedure  (sternotomy,  thoracotomy)  and  high 
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complication  rate.  The  intra-aortic  balloon 
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pump  (IABP)  is  a  counterpulsation  device 
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that  functions  by  augmenting  diastole  leading 
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to  decreased  cardiac  workload  and  increased 
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coronary  perfusion.  Due  to  its  minimally  inva-

sive  design  and  significant  hemodynamic  ben-
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fit,  the  IABP  is  the  most  commonly  used 
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IABPs  were  only  designed  for  short-term  use 

2020,  approximately  15%  of  patients  died  or 

limiting  their  utility  beyond  the  in-patient  set-

were  removed  from  the  transplant  waiting  list  for 

ting.  The  recent  development  of  a  novel  ambu-

becoming  “too  sick.”  Despite  the  use  of  expanded 

latory  IABP  device  (iVAS  NuPulse,  Raleigh, 

criteria  organs  (Page  et  al. 2018;  Colvin  et  al. 

NC)  may  expand  the  use  of  counterpulsation 

2022), donor  organ  shortage  limits  treatment. 

therapy  to  patients  at  home  and  provides  a 

While  new  advances  in  xenotransplantation  may 

versatile  minimally  invasive  solution  that  may 

enable  a  future  of  unlimited  supply  of  healthy 

avoid  the  complications  associated  with  VAD 

donor  organs  (Griffith  et  al. 2022;  Hozain  et  al. 

placement.  These  benefits  make  this  device 

2019), significant  additional  research  is  needed 

ideally  suited  to  provide  a  long-term  solution 

prior  to  clinical  translation. 

that  may  function  as  a  bridge  to  recovery  or 

Patients  receiving  MCS  devices  today  are  clas-

destination  therapy. 

sified  into  four  groups  based  on  expected  out-

come:  (1)  bridge  to  transplant  (BTT);  (2)  bridge 

to  candidacy  (BTC);  (3)  bridge  to  recovery 

Keywords 

(BTR);  and  (4)  destination  therapy  (DT).  Devices 

Heart  failure  (HF)  ·  Mechanical  circulatory 

are  further  classified  by  mechanism  of  action  into: 

device  (MCS)  ·  Counterpulsation  ·  Intra-aortic 

(i)  direct  pumping  action  and  (ii)  counter-

balloon  pump  (IABP)  ·  Extracorporeal 

pulsation.  Direct  pumping  action  devices  encom-

counterpulsation  ·  Implantable 

pass  both  implantable  pumps  such  as  ventricular 

counterpulsation  ·  Intravascular 

assist  devices  (VAD)  and  total  artificial  heart  and 

counterpulsation  ·  iVAS  ·  NuPulse 

external  (paracorporeal)  pumps  which  use  intra-

vascular  catheters  to  supplement  cardiac  function 

such  as  extracorporeal  membrane  oxygenation 

Introduction 

(ECMO  –  Thoratec  Abbott,  Pleasanton,  CA), 

Impella  (Abiomed,  Danvers,  MA),  and  Tandem 

Heart  failure  (HF)  is  a  leading  cause  of  morbidity 

Heart  System  (LivaNova,  Boston,  MA).  Cur-

and  mortality  in  the  United  States  and  is  expected 

rently,  LVADs  remain  the  most  commonly  used 

to  increase  by  46%  from  2013  to  2030,  affecting 

MCS  device  with  3198  devices  implanted  in  2019 

>  8  million  adults  (Heidenreich  et  al. 2013).  The  (Molina  et  al. 2021). Nevertheless,  limited  adop-mainstay  of  HF  treatment  remains  pharmacologic 

tion  of  VAD  technology  is  driven  by  two  key 

therapy  and  correction  of  the  underlying  disease 

factors:  (i)  major  risk  of  complications  (thrombo-

processes.  Currently,  most  patients  are  managed 

sis,  hemolysis,  bleeding,  infection,  and  stroke) 

with  optimal  medical  therapy.  Despite  improve-

within  12  months  (Molina  et  al. 2021) a nd  

ments  in  mortality  over  the  past  two  decades, 

(ii)  invasive  surgical  procedures  (sternotomy,  tho-

prognosis  of  HF  patients  remains  poor  (Jackson 

racotomy)  and  the  destruction  of  surgical  planes 

et  al. 2018). In  patients  with  medically  refractory 

that  make  future  procedures  more  difficult.  While 

HF,  the  use  of  cardiac  resynchronization  therapy 

patients  with  severe  CHF  remain  ideally  suited  for 

(CRT),  mechanical  circulatory  support  (MCS), 

VADs,  widespread  adoption  of  VAD  therapy  in 

and  transplantation  provide  durable  alternatives 

patients  considered  “less  sick”  remains  limit ed. 

to  improve  quality  of  life.  CRT  functions  by 

Counterpulsation  devices  offer  an  alternative 

resynchronizing  ventricular  contraction  to  ame-

and  less  invasive  MCS  option  in  this  patient  pop-

liorate  abnormal  pressure  gradients  between  the 

ulation.  Counterpulsation  devices  function  by dia-

left  and  right  heart  to  improve  cardiac  function 

stolic  augmentation  to  improve  cardiac  function. 

(Kass  et  al. 1999;  Auricchio  et  al. 1999). Heart 

Today,  counterpulsation  devices  are  the  most 

transplantation  offers the  best  long-term  outcomes 

common  MCS  devices  used,  benefiting  more 

for  patients  with  advanced  HF.  Despite  a  record 

than 

200,000 

patients 

annually 

worldwide 

number  of  3715  heart  transplants  performed  in 

(Webb  et  al. 2015).  Next,  we  will  discuss  the

[image: Image 195]
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history,  function,  and  advancements  in  counter-

another  group  led  by  Dennis  et  al.  developed  and 

pulsation  technology  that  may  play  a  role  in  the 

tested  the  effect  of  an  extracorporeal  counter-

long-term  management  of  advanced  heart  failure 

pulsation  method  by  compression  of  the  lower 

patients. 

extremities  and  mid-abdomen  in  synchrony  with 

cardiac  diastole  (Dennis  et  al. 1963).  By  1967, 

Kantrowitz  et  al.  using  a  non-distensible  polyure-

Counterpulsation 

thane  balloon  and  helium  as  a  shuttling  gas 

implanted  the  first  intraaortic  balloon  pump 

History  and  Development 

(IABP)  into  a  45  year-old  patient  in  cardiogenic 

shock  for  7  h  (Fig. 1)  (Kantrowitz  et  al. 1968a). 

In  1953,  Kantrowitz  first  demonstrated  the  con-

The  patient  survived  to  discharge.  This  led  to 

cept  of  diastolic  augmentation  by  delaying  the 

subsequent  clinical  trials  in  the  late  1960s 

arterial  pressure  peak  so  that  it  occurred  during 

and  early  1970s  which  demonstrated  the  clinical 

diastole,  leading  to  increased  coronary  blood  flow 

utility  of  an  IABP  in  a  patient  population 

(Kantrowitz  1953). Subsequent  studies  demon-

without  previously  effective  clinical  treatment 

strated  increased  diastolic  pressure  and  decreased 

options  (Scheidt  et  al. 1973;  Kantrowitz  et  al. 

left  ventricular  stress  when  the  descending  aorta 

1968b). 

was  wrapped  with  a  hemidiaphragm  coordinated 

to  contract  during  diastole  (Kantrowitz  and 

McKinnon  1958). In  1961,  Clauss  et  al.  demon-

Intra-aortic  Balloon  Pump  (IABP) 

strated  the  concept  of  diastolic  augmentation  by 

aspirating  blood  from  an  arterial  reservoir  during 

Currently  available  IABPs  function  using  the 

systole  and  returning  it  during  diastole  (Clauss 

principle  of  diastolic  augmentation  described  ear-

et  al. 1961). These  early  studies  ultimately  dem-

lier.  The  IABP  inflates  during  diastole  in  syn-

onstrated  that  diastolic  augmentation  led  to 

chrony  with  the  closure  of  the  aortic  valve  and 

decreased 

left 

ventricular 

work 

load 

and 

the  appearance  of  the  dicrotic  notch,  followed  by 

decreased  myocardial  O2  consumption  (Soroff 

rapid  deflation  before  the  onset  of  systole.  The 

et  al. 1962). By  1962,  Moulopoulos  et  al.  devel-

effect  results  in  displacement  of  blood  toward 

oped  and  implanted  an  inflatable  latex  balloon 

the  coronary  arteries  and  peripheral  organs  and 

filled  with  carbon  dioxide  into  the  descending  decreases  afterload.  Multiple  studies  have  now 

aorta  to  evaluate  the  effect  of  intravascular 

demonstrated  a  leftward  shift  of  pressure-volume 

counterpulsation  coordinated  to  cardiac  electrical 

loops  as  well  as  a  decrease  of  left  ventricular 

activity  (Moulopoulos  et  al. 1962).  Concurrently, 

end-systolic

and

end-diastolic

pressure

Fig.  1  Original  IABP 

developed  by  Dr.  Adrian 

Kantrowitz  in  1967. 

(Adapted  from  Kantrowitz 

et  al. (1972)) 
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Table  1  Indications  for  intra-aortic  balloon  pump  (IABP) 

Table  2  Contraindications  for  intra-aortic  balloon  pump 

placement 

(IABP)  placement 

Indications 

Contraindications 

1.  Acute  congestive  heart  failure  exacerbation  with 

1.  Uncontrolled  sepsis 

hypotension 

2.  Uncontrolled  bleeding  disorder 

2.  High  risk  PCI  prophylaxis 

3.  Moderate  to  severe  aortic  regurgitation 

3.  MI  with  shock  due  to  decreased  EF,  mitral 

4.  Aortic  aneurysm  or  aortic  dissection 

regurgitation,  or  VSD 

5.  Severe  peripheral  arterial  disease  unless  pretreated 

4.  Post-cardiotomy  low  cardiac  output 

with  stenting 

5.  Bridge  to  transplant 

6.  Tachycardia  or  unstable  rhythm  preventing  device 

6.  Bridge  to  optimization  and  decision 

tracking 

(Kawaguchi  et  al. 1999), resulting  in  a  24% 

action.  This  is  the  most  commonly  performed 

increase  in  cardiac  index  and  31%  reduction  in 

method  for  patients  with  acute  myocardial 

myocardial  oxygen  demand  (Stefanadis  et  al. 

infarction  and  cardiogenic  shock.  Total  inci-

1998). 

dence  of  major  complications  is  2.6%  due  to 

The  most  common  indication  for  IABP  place-

IABP  insertion  or  failure,  while  total  in-hospital 

ment  are  currently  cardiogenic  shock  and  hemo-

mortality  is  21.2%  with  only  0.05%  attributable 

dynamic 

support 

during 

high-risk 

cardiac 

to  the  IABP  (Ferguson  et  al. 2001).  Use  of  the 

catheterization  (Ferguson  et  al. 2001). However, 

femoral  access  site  limits  patients  to  being 

IABPs  are  increasingly  used  in  patients  with  acute 

bedbound  and  in  the  intensive  care  unit  in 

decompensated  heart  failure  to  augment  cardiac 

order  to  avoid  balloon  dislodgment  or  driveline 

function  (Sintek  et  al. 2015). Tables  1  and  2 

dysfunction.  This  can  lead  to  deconditioning, 

review  the  indications  and  contraindications  for 

infection,  and  limb  ischemia  (Dick  et  al. 2009). 

IABP  placement.  Depending  on  the  indication  for 

use,  different  IABP  access  sites  can  be  used  (fem-

oral, 

axillary/subclavian) 

which 

are 

either 

Subclavian/Axillary  IABP 

connected  to  extracorporeal  large  stationary 

pumps  or  newly  developed  ambulatory  pumps. 

In  1977,  Mayer  et  al.  first  described  a  subclavian 

The  most  commonly  used  IABP  access  site  is 

artery  access  technique  using  a  subperiosteal  cla-

the  femoral  artery.  Placement  is  performed 

vicular  resection  in  a  patient  that  failed  femoral 

through  a  minimally  invasive  percutaneous 

IABP placement due to severe aortoiliac atheroscle-

technique.  Briefly,  a  J-tip  (0.035″)  guidewire  is 

rotic  disease.  This  approach  was  found  to  add  little 

advanced  through  the  femoral  artery  just  below 

morbidity  or  functional  compromise  (Mayer  1978). 

the  inguinal  ligament.  A  sheath  introducer  is 

A  modified  version  of  this  technique  was  subse-

then  placed,  and  the  guidewire  is  exchanged 

quently developed  utilizing  an  infraclavicular  trans-

for  an  IABP  guidewire  (0.018″)  and  placed  into 

verse  incision to  anastomose  a  graft  with a  one-way 

the  thoracic  aorta.  The  IABP  is  then  placed  with 

valve  to  the  subclavian  artery  (Tanaka  et  a l. 2015). 

the  tip  lying  distal  to  the  left  subclavian  artery 

In  2015,  Estep  et  al.  further  developed  this  method 

and  the  proximal  end  above  the  origin  of  the 

by  describing  a  percutaneous  subclavian  IABP 

renal  arteries.  Confirmation  with  fluoroscopy  or 

approach  (Estep  et  al. 2013). The  use  of  a  subcla-

chest  X-ray  is  then  performed.  Next  the  IABP 

vian  approach  allows  patients  the  ability  to  ambu-

catheter  is  connected  to  a  large  IABP  console, 

late  with  significantly  less  risk  of  balloon 

and  the  patient  is  started  on  anticoagulation, 

dislodgment  or  malfunction. 

largely  to  prevent  thrombosis  at  the  access  site 

A 

standard 

percutaneous 

truncal 

access 

(PTT  1.5–2x  normal)  (Bregman  and  Casarella 

approach  has  now  been  commonly  adopted  by 

1980;  Subramanian  et  al. 1980). The  console 

many  centers  for  IABP  placement  using  the  fol-

uses  compressed  helium  gas  to  facilitate  pump 

lowing  method:  The  left  or  right  supraclavicular
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subclavian  or  infraclavicular  axillary  artery  (min-

Predictors  of  hemodynamic  stabilization  after 

imum  diameter  5  mm)  is  accessed  using  a  micro-

IABP  placement  were  pre-placement:  (i)  stable 

puncture  technique  under  ultrasound  guidance. 

heart  rhythm  <100  BPM,  (ii)  descending  aorta 

Preference  is  given 

to  the 

supraclavicular 

diameter  >2  cm,  and  (iii)  old  age  (notably,  youn-

approach  as  the  artery  is  often  larger  and  there  is 

ger  patients  often  benefit  less  from  counterpul-

a  more  direct  course  into  the  descending  aorta. 

sation  as  the  more  compliant  vessels  mitigate  the 

10  cc  of  50%  water-soluble  contrast  are  used  to 

effects  of  diastolic  augmentation).  The  most  sig-

visualize  the  aorta  as  well  as  the  arterial  entry  site 

nificant  complication  related  to  device  placement 

to  evaluate  for  branches,  areas  of  stenosis,  or 

or  removal  was  stroke  (2.5%)  which  is  higher  than 

presence  of  calcifications  which  may  limit  the 

the  reported  rate  for  femoral  access  IABP  (0–2%). 

use  of  a  percutaneous  closure  device.  Next,  a 

While  the  cause  is  unclear,  strokes  were  more 

standard  0.035″  J-tip  guidewire  is  advanced 

common  with  right-sided  axillary  IABP  place-

followed  by  removal  of  the  micropuncture  sheath. 

ment,  possibly  due  to  plaque  dislodgment  at  the 

A  24-cm  wire-reinforced  9F  introducer  is  then 

common  bifurcation  shared  between  the  subcla-

advanced  into  the  descending  aorta  with  the  tip 

vian  and  common  carotid  artery  (Nishida  et  al. 

of  the  catheter  at  the  level  of  the  lower  border  of 

2022; Nishida  et  al. 2021). Nevertheless,  IABPs 

the  left  mainstem  bronchus.  If  the  guidewire  is 

were  not  originally  designed  for  long-term  use  or 

placed  within  the  ascending  aorta,  a  modified 

to  enable  early  ambulation.  In  this  study,  27.8%  of 

right  coronary  angiograph  catheter  is  used  to  redi-

patients  had  complications  related  to  balloon 

rect  the  guidewire  to  the  descending  aorta.  The 

malpositioning,  kinking,  malfunction,  or  rupture 

guidewire  is  then  exchanged  for  a  0.025”  IABP 

requiring  IABP  exchange  (Nishida  et  al. 2022). 

guidewire  and  placed  within  the  aortoiliac  system. 

Additionally,  all  patients  were  required  to  remain 

Next,  the  IABP  is  advanced  and  positioned  so  that 

in  the  ICU  for  a  mean  duration  of  21  days  of 

the  proximal  marker  is  approximately  2  cm 

support  (Tanaka  et  al. 2015). 

beyond  the  tip  of  the  wire-reinforced  sheath.  The 

IABP  is  then  connected  to  the  console  and 

counterpulsation  is  started.  If  a  femoral  IABP  is 

Intravascular  Ventricular  Assist  System 

in place, it is kept on until the introducer and IABP 

(iVAS) 

guidewire  are  in  place,  then  turned  off,  and  pulled 

down  while  the  subclavian  IABP  is  advanced  and 

To  overcome  limitations  related  to  a  standard 

activated.  The  subclavian  IABP  device  is  then 

IABP  device,  a newly  developed  counterpulsation 

adequately  secured  to  the  skin  to  allow  ambula-

device  undergoing  an  active  FDA  trial,  the 

tion  and  rehabilitation  using  0-silk  suture  (Fig. 2). 

NuPulseCV  iVAS  (NuPulseCV,  Inc.,  Raleigh, 

Adhesive  film  such  as  Ioban  can  be  used  to  secure 

NC),  was  designed  for  long-term  use  and  ambu-

the  IABP  and  sheath  further.  Hemostasis  during 

latory  support  at  home  (Fig. 3). Like  a  standard 

removal is accomplished either with direct pressure 

IABP,  the  iVAS  device  uses  a  50-cc  intravascular 

or  an  AngioSeal  device  (Song  and  Jeevanandam 

balloon  pump  and  is  inserted  through  a  subclavian 

2021). 

arterial  access.  The  device  is  inserted  via  a  custom 

Since  2009,  the  benefits  of  an  ambulatory  sub-

Dacron  graft  to  the  subclavian  artery  known  as  the 

clavian/axillary  IABP  in  patients  with  heart  fail-

arterial  interface  device  (AID).  The  AID  functions 

ure  have  been  demonstrated.  Over  a  10-year 

to  maintain  access  to  the  subclavian  artery,  helps 

period,  a  total  of  241  patients  underwent  IABP 

prevent  kinking  of  the  internal  driveline,  and 

as  a  bridge  to  transplant  (n  =  146),  bridge  to  VAD 

enables  easy  pump  replacement  as  needed.  The 

(n = 66),  and bridge to recovery (n = 29). Overall, 

balloon  membrane  is  more  durable  than  a  tradi-

90%  of  patients  were  able  to  ambulate  during 

tional  IABP  and  has  demonstrated  integrity  for  up 

support  with  significant  improvements  in  hemo-

to  2.5  years  in  real-time,  in  vitro  life  testing 

dynamic  function.  91.7%  of  patients  were  suc-

(Jeevanandam  et  al. 2018). The  internal  driveline 

cessfully 

bridged 

to 

heart 

transplantation. 

is  connected  to  a  subcutaneous  skin  interface

[image: Image 196]

[image: Image 197]
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Fig.  2  IABP  placed  within 

the  subclavian  artery  using 

a  supraclavicular  approach. 

The  catheter  is  anchored  to 

the  skin  at  multiple  points 

using  0-silke  suture. 

Adhesive  film  can  be  used 

to  further  secure  the  IABP 

and  sheath  (not  pictured). 

(Adapted  from  Song  and 

Jeevanandam  (2021)) 

Fig.  3  iVAS  NuPulse  device.  The  device  is  comprised  of 

action.  The  SID  has  a  wide  base  to  adhere  to  the  subcuta-

three  components:  the  skin  interface  device  (SID),  the 

neous  tissue  for  stability  and  a  textured  titanium  neck  for 

arterial  interface  device  (AID),  and  the  NuPulse  driver 

interfacing  with  the  skin.  It  has  a  rotatable  cap  and  a  patient 

unit  (NDU).  The  NDU  is  a  portable  pump  that  shuttles 

connector  to  attach  an  external  driveline.  The  AID  facili-

room  air  to  the  intra-aortic  balloon  pump.  This  is  relayed  to 

tates  insertion  of  the  balloon  pump  and  driveline  to  the 

the driveline by the SID which acts as an electromechanical 

patient  and  serves  to  maintain  access  to  the  subclavian 

conduit  that  digitizes  the  EKG  signal  to  trigger  NDU  pump 

artery.  (Adapted  from  Jeevanandam  et  al. (2018))

device (SID) placed at the ipsilateral costal margin

designed  without  seams  to  allow  for  complete 

along the anterior axillary line which connects the

collapse  when  the  pump  is  turned  off,  limiting 

internal and external components. Subcutaneous

blood  stagnation  and  development  of  thrombi. 

EKG leads are tunneled through the same SID

This  allows  for  a  lower  level  of  anticoagulation 

incision. Unlike a traditional IABP, iVAS pump

using  aspirin and  warfarin  (INR  1.5–2). The exter-

action is driven by a portable 5.6-pound external

nal  driver  is  continuously  checking  for  air  leaks 

driver that compresses ambient air to inflate the

and  deflates  the  balloon  if  an  air  leak  is  detected  to 

intravascular pump. The intravascular balloon is

minimize  the  risk  of  an  air  embolus.  The  device  is
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a  non-obligatory  system  meaning  that  it  may  be 

week,  while  2  patients  developed  upper  extremity 

turned  off  for  short  periods  without  consequence. 

distal  neuropathy  which  resolved  at  3  weeks  and 

Augmentation of  the  pump  can  be  set  as  a  1:1,  1:2, 

4  months. 

or  1:3  mode.  Additionally,  the  device  is  forward-

A  follow-up  prospective,  single-arm,  multi-

compatible  (i.e.,  does  not  disrupt  surgical  planes 

center  FDA-approved  feasibility  trial  was  sub-

and  able  to  accommodate  more  advanced  VAD 

sequently  conducted.  (Uriel  et  al. 2020)  The 

device  placement  as  needed). Patients  are required 

inclusion  criteria  was  expanded  and  45  patients 

to  have  an  aortic  diameter  >  19  mm  and  subcla-

were  enrolled  across  6  large  academic  centers 

vian  artery  diameter  >  7.0  mm.  Key  contraindi-

who  were  listed  as  BTT  (67%)  or  BTD  (33%) 

cations  for  use  include  aortic  dissection,  greater 

between  2016  and  2018.  Primary  outcomes  were 

than  mild  aortic  valve  regurgitation,  resting 

survival  to  transplant  or  stroke-free  survival  at 

HR  >  100  BPM,  and  uncontrollable  atrial  or 

30  days  and  subsequently  at  6-months.  89% 

ventricular  arrhythmia  (0.5%  of  heartbeats), 

and  80%  of  patients  successfully  met  the  pri-

heavy  aortic  calcifications,  or  aneurysms. 

mary  end  point  (transplant  or  stroke  free  sur-

The  first  in  human  (FIH)  trial  using  the  iVAS 

vival)  at  30  days  and  6  months,  respectively. 

device  was  conducted  at  the  University  of  Chi-

Duration  of  support  was  >30  days  in  64%  of 

cago  in  2016  in  patients  listed  for  heart  transplan-

patients  with  four  patients  being  supported  for 

tation  as  United  Network  for  Organ  Sharing 

>180  days.  In  a  separate  study  evaluating  the 

(UNOS)  status  1A  or  1B  (Jeevanandam  et  al. 

same  patient  cohort,  left  ventricular  ejection 

2018).  Twenty-six  patients  were  screened  and 

fraction  as  well  as  markers  of  right  ventricular 

14  were  enrolled.  A  total  of  13  patients  underwent 

function  demonstrated  significant  improvement 

iVAS  placement  while  one  patient  was  excluded 

in  biventricular  cardiac  function  after  30  days 

due  to  identification  of  a  small  subclavian  artery 

of  iVAS  support  (Imamura  et  a l. 2019). Notably, 

diameter  in  the  operating  room.  The  study  was 

in  yet  to  be  published  data,  patients  likely  to 

designed  to  evaluate  the  benefits  and  adverse 

respond  to  iVAS  counterpulsation  therapy 

events  of  the  device.  The  primary  endpoints 

were  assessed  using  measurement  of  the  pre-

were  survival  to  transplant  or  stroke-free  survival 

operative  cardiac  power  efficiency  score  (CPE). 

at  30  days.  All  patients  were  transplanted  with 

CPE =  Cardiac  Index⁎Mean  Arterial  Pressure 

1  .  A

Pulmonary  Capillary  Wedge  Pressure 

451 

100%  survival  after  an  average  of  32  ±  21  days 

CPE  score  >  0.0175  had  a  sensitivity  and  spec-

on  iVAS  support.  Hemodynamic  parameters 

ificity  of  92.6%  and  100%,  respectively,  of 

improved  in  92%  of  patients  with  69%  coming 

hemodynamic  recovery  without  the  need  for 

off  pressor  support  after  implant.  All  13  patients 

inotrope  therapy  (defined  as  CVP  <  10  mmHg, 

were  ambulatory  within  24  hours  of  implantation. 

wedge  <15  mmHg,  and  CI >  2.2  L/minutes/m2 ). 

Notably,  three  patients  were  deemed  “super 

Patients  with  CPE  <  0.0175  were  more  less 

responders”  as  measured  by  left  ventricular  ejec-

likely  to  benefit  from  iVAS  placement  and  t  o

tion  fraction  improvement  from  26.2%  to  38.3%. 

remain  on  inotrope  therapy  after  placement. 

One  patient  required  escalation  of  support  after 

The  most  serious  complications  were  (i)  2  dis-

iVAS  placement  due  to  a  surgical  complication  of 

abling  strokes  within  30-days;  (ii)  device  failure 

the  driveline  resulting  in  inadequate  support.  The 

requiring  exchange  were  6  and  2  within  30  days 

patient  tolerated  28  days  of  counterpulsation  sup-

and  6  months,  respectively;  and  (iii)  infection  of 

port  and  was  upgraded  to  an  Impella  5.0  and 

the  SID  occurred  in  3  patients.  A  total  of 

subsequently  ECMO  after  iVAS  failure.  Notably, 

5  patients  required  escalation  of  MCS  support 

all  patients  survived  without  stroke  to  transplant, 

to  ECMO  or  L VAD therapy. 

and  there  were  no  thromboembolic  events.  One 

Patients  with  severe  forms  of  heart  failure 

patient  required  reoperation  to  adjust  the  SID  on 

(those  on  inotropes  and/or  temporary  MCS 

postoperative  day  1.  Most  patients  developed 

devices)  will  often  require  escalating  to  LVAD

shoulder  pain  which  resolved  within  the  first 
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therapy.  The  optimal  treatment  for  patients  with 

an  external  driver  (Jeevanandam  et  al. 2002). 

less  advanced  CHF  is  less  clear.  The  ROADMAP 

The  KCV  was  implanted  through  a  thoracotomy 

trial  evaluated  this  “less  sick”  CHF  population 

with  cardiopulmonary  bypass  support  and  did  not 

(defined  as  non-inotrope-dependent  advanced 

require  anticoagulation  after  implantation.  Due  to 

CHF)  by  prospectively  comparing  patients  treated 

complications  with  membrane  leak  and  limited 

with  LVAD  therapy  or  optimal  medical  manage-

options  for  device  exchange,  further  development 

ment.  While  patients  in  the  LVAD  group  demon-

of  the  device  was  terminated. 

strated 

significant 

functional 

improvement 

compared  to  the  optimal  medical  management 

group,  there  was  no  overall  difference  in  mortality 

Subcutaneous  Counterpulsation 

in  an  intention-to-treat  analysis  and  significantly 

Device 

more  adverse  events  in  the  VAD  group  (Starling 

et  al. 2017).  As  a  result,  placement  of  VAD 

The  Symphony  Device  System  (ClinicalTrials. 

devices  in  this  patient  population  is  often  deemed 

gov  identifier:  NCT01543022)  was  designed  to 

risky.  Notably  the  iVAS  device  may  play  a  role  in 

provide  long-term  counterpulsation  in  patients 

this  patient  population  as  an  ambulatory,  mini-

with  early-stage  heart  failure  without  the  need 

mally  invasive,  forward-compatible  device  able 

for  major  surgery  as  required  for  VAD  or  the 

to  improve  ventricular  function.  Future  studies 

KCV.  The  conduit,  a  30  cc  pump  with  a  single 

using  the  device  should  evaluate  expanded  patient 

conduit,  is  anastomosed  to  the  subclavian  artery 

selection  (e.g.,  less  advanced  CHF)  and  determine 

using  a  small  incision  and  acts  as  both  the  inlet 

functional  outcomes  and  adverse  events  to  assess 

and  outlet  to  shuttle  blood  back  to  the  aorta  during 

its  use  as  a  bridge  to  recovery  and  destination 

diastole.  The  device  is  placed  under  the  pectoralis 

therapy. 

muscle  in  a  small  pocket  and  the  driveline  is 

tunneled  out  through  the  skin  and  attached  to  the 

console  (Giridharan  et  al. 2006;  Koenig  et  al. 

Historical  Devices 

2006). Due  to  an  inability  to  shuttle  blood  quickly 

enough  between  systole  and  diastole,  as  well  as  an 

Kantrowitz  CardioVAD  (KCV) 

increased risk  of cerebrovascular accidents (due to 

the  device’s  proximity  to  the  carotid  artery)  the 

Kantrowitz  et  al.  first  developed  a  mechanical 

device  is  no  longer  being  studied  in  clinical  trials. 

auxiliary  ventricle  (MAV)  in  1966  which  bridged 

the  aortic  arch  and  functioned  to  pump  blood  from 

aortic  inlet  to  the  aortic  valve  creating  significant 

Extra-aortic  Balloon  Counterpulsation 

stroke  volume  (Fig. 4)  (Kantrowitz  et  al. 1966). 

The  device  was  ultimately  abandoned  due  to  a 

The  Sunshine  Heart  C-Pulse  device  system  (Sun-

prohibitively  high  rate  of  complications.  The 

shine  Heart  Inc.,  Eden  Prairie,  MN)  was  designed 

MAV  was  subsequently  redesigned  by  replacing 

as  an  extra-aortic  balloon  pump  which  is  wrapped 

a portion of the descending aorta  with an inflatable 

around the ascending aorta  and provides pneumat-

patch  which  functioned  by  counterpulsation  to 

ically  drivern  counterpulsation  for  use  in  heart 

augment  cardiac  function  (Kantrowitz  et  al. 

failure  patients.  The  device  provided  two  main 

1972).  Despite  early  success,  the  device  failed 

benefits.  First,  the  device  could  be  turned  of  with-

due  to  a  high  rate  of  driveline  infections.  Further 

out  deleterious  effects,  and  second,  it  did  not 

research  resulted  in  the  development  of  the 

require  anticoagulation.  Nevertheless,  a  median 

Kantrowitz  CardioVAD  (KCV).  The  counterpul-

sternotomy  was  required  for  placement,  and  the 

sation  device  functioned  by  implanting  a  60  cc-

device  was  contraindicated  in  patients  with  ath-

polyurethane  diaphragm  sewn  into  the  aorta 

erosclerosis  of  the  ascending  aorta,  aortic  insuffi-

coupled  with  a  percutaneous  access  device  and 

ciency,  and  prior  heart  surgery  (Davies  et  al. 2005; 

[image: Image 198]

51

Pulsation and Counterpulsation

869

Fig.  4  The  U-shaped  first-generation  mechanical  auxiliary  ventricle  (MAV)  and  its  power  supply.  (Adapted  from Kantrowitz  et  al. (1966)) 

Sales  and  McCarthy  2010). Its  use  was  ultimately 

transplantation.  The  recent  development  of  a 

associated  with  significant  driveline  infection  rate 

novel  ambulatory  IABP  device  has  extended  the 

(Hayward  et  al. 2010). These  issue  coupled  with 

use  of  counterpulsation  beyond  the  in-patient  set-

the  lack  of  enrollment  and  identification  of  the 

ting.  While  early  studies  using  these  ambulatory 

proper  patient  population  led  to  the  closure  of 

devices  have  shown  efficacy  as  a  bridge  to  trans-

the  clinical  trial. 

plant,  their  ability  to  provide  durable  support  in  the 

outpatient  setting  may  hold  significant  promise  to 

enable  long-term  outpatient  cardiac  rehabilitation 

Conclusion 

in  this  critical  patient  population. 

Counterpulsation  devices  augment  cardiac  func-

tion  and  end  organ  perfusion  by  improving  coro-
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Abstract 

long-term  use  of  devices  and  prevent  MCS 

Mechanical  circulatory  support  (MCS)  has  rev-

from  becoming  a  true  alternative  to  heart  trans-

olutionized  the  management  of  heart  failure 

plant.  Current  challenges  include  continued 

over  the  decades,  from  its  earliest  predecessor, 

minimization  of  complications,  such  as  bleed-

the  cardiopulmonary  bypass  machine,  to  ven-

ing,  thrombosis/thromboembolism,  infection, 

tricular  assist  devices.  With  each  generation  of 

and  late-onset  right  ventricular  failure.  To 

devices,  there  has  been  device  revision  and  pro-

address  these  challenges,  future  innovation 

gression, which has served to improve quality of 

should  be  focused  on  device  miniaturization, 

life  and  patient  outcomes.  Smaller  drivelines 

less  invasive  surgical  insertion  techniques,  opti-

have  reduced  the  risk  of  infection,  and  more 

mization  of  hemocompatibility  based  on  pump 

hemocompatible  surfaces  and  other  features  of 

design  and  blood  flow,  and  determination  of  a 

device  design  have  reduced  thrombotic  compli-

durable  and  wireless  device  power  source  to 

cations,  yet  device  complications  continue  to 

allow  full  implantability.  Durable  biventricular 

support  remains  elusive  but  would  be  a  signifi-

cant  advancement  if  achieved. 
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Keywords 

implanted  in  humans  in  1963  (Dr.  Liotta). 

Improvements  to  these  early  devices  included 

LVAD  ·  Mechanical  circulatory  support  ·  Heart 

the  use  of  Dacron  velour  lining  to  minimize 

failure  ·  Complications 

blood  trauma.  In  1971,  Michael  DeBakey 

reported  “sustained”  use  of  a  pneumatic  left  ven-

tricular  bypass  device  in  a  37-year-old  woman  for 

Introduction 

9  days  following  mitral  and  aortic  valve  replace-

ment  and  a  16-year-old  girl  for  4  days  following 

Since  its  early  predecessor,  the  cardiopulmonary 

mitral  valve  replacement  (DeBakey  1971).  These 

bypass  machine,  mechanical  circulatory  support 

pumps  provided  support  of  2–3  l/min  without 

has provided lifesaving therapy for patients under-

significant  blood  trauma;  however,  it  was  clear 

going  surgery,  patients  with  cardiogenic  shock, 

that  the  cost,  the  need  for  thoracotomy,  and  lack 

and  for  patients  with  heart  failure.  Improvements 

of  durable  blood  interface  limited  long-term  use 

in  LVAD  design  have  improved  longevity  and 

and  wide  applicability  of  the  early  LV  pumps. 

quality  of  life  in  patients  with  end-stage  heart 

The  Artificial  Heart  Program  was  established  in 

failure.  Yet,  mechanical  circulatory  support  con-

1964  under  the  auspices  of  the  National  Heart  Insti-

tinues  to  be  plagued  by  complications  that  their 

tute  (precursor  to  the  NHLBI)  with  the  goal  of 

limit  long-term  use.  In  this  chapter,  we  discuss  the 

developing 

a 

totally 

implantable 

mechanical 

innovations  that  have  reduced  morbidity  and  mor-

replacement  for  the  heart  by  1970  (Kirklin  and 

tality  with  mechanical  circulatory  support  and 

Naftel 2008). Although this  proved to be unrealistic, 

explore  future  design  challenges. 

progress  was  made  in  the  development  of  intra-

aortic  balloon  pumps  and  pneumatically  actuated 

circulatory  support  devices,  to  name  a  few.  In 

Evolution  and  Current  State  of  Devices 

1973,  the  scope  was  reduced  to  the  left  ventricular 

assist  device,  again  with  the  goal  of  total 

Since  the  first  cardiopulmonary  bypass  procedure 

implantability.  Gains  were  made  between  1974  and 

was  performed  by  Dr.  John  Gibbon  in  1953,  there 

1979,  with  the  development  of  electrically  powered 

have  been  tremendous  advances  in  mechanical 

devices, reduction in component size, increased effi-

circulatory 

support. 

While 

cardiopulmonary 

ciency,  and  increased  survival  in  animals  from  days 

bypass  machines  may  be  the  direct  precursors  to 

to  months.  There  was  also  improvement  in  under-

mechanical  circulatory  support,  cross-circulation, 

standing  of  the  interaction  of  materials  with  blood 

pioneered  by  Walt  Lillehei  in  1954,  is  part  of  this 

and  other  tissues  and  of  the  physiological  and  bio-

lineage.  In  an  historic  operation,  Dr.  Lillehei  used 

chemical  effects  of  the  pumping  systems  (Van 

the  father  of  a  13-month-old  boy  as  a  biologic 

Citters  et  al. 1985).  A  working  group  was  also 

heart-lung  machine  (Dang  et  al. 2003). Around 

convened  to  evaluate  the  medical  and  societal 

the  same  time,  Dr.  John  Gibbon  invented  the 

costs,  discuss  ethical  issues,  and  to  establish  the 

heart-lung  machine  and  in  1953  performed  the 

fi

tenets  of  medical  suitability,  beyond  the  medical 

rst  open  heart  surgery  using  total  cardiopulmo-

characteristics  of  a  potential  candidate.  In  1980,  the 

nary  bypass  with  the  modified  Gibbon-IBM. 

NIH  invited  proposals  targeting  features  that  would 

While  these  early  experiments  were  designed  to 

further  advance  pump  technology  –  implantability, 

support  patients  during  surgery,  their  conceptual 

integrated,  and  electrically  powered.  The  vision  was 

bases  were  directly  relevant  to  the  field  of 

that  patients  who  received  pumps  would  be  able  to 

mechanical  circulatory  support.  The  earliest 

return  to  usual  activities  (Kirklin  and  Naftel  2008). 

designs  for  artificial  hearts  were  presented  in 

Technology  continued  to  advance  due  to  col-

1958  and  1959  at  ASAIO  meetings  and  experi-

laboration  between  scientists,  engineers,  and  the 

ments  in  dogs  were  presented  in  1960  (Liotta  et  al. 

heart  transplant  community.  This  collaborative 

1963).  The  original  models  were  made  of  Lucite, 

effort  led  to  the  development  of  first-generation, 

stainless  steel,  and  polyurethane.  They  were  first 

pulsatile  positive  displacement  pumps.  These
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included  both  paracorporeal  pumps  and  implant-

blood  flow  path  and  magnetic  levitation  of  the 

able  devices  such  as  the  Novacor  VAD  and  the 

internal  rotor.  This  design  reduces  friction  and 

HeartMate  XVE.  These  pumps  were  noisy,  size-

heat  generation.  Improvements  in  design  led  to 

able,  requiring  extensive  dissection,  and  had  large 

several  advantages  over  axial-flow  devices: 

components,  notably  the  driveline,  which,  due  to 

higher  flow  pulsatility,  lower  inlet  suction  at 

its  size  and  stiffness,  was  a  conduit  for  infection. 

low  flow  conditions,  easy  scalability  to  size, 

They  had  either  mechanical  or  biological  valves 

less  shear  stress,  and  better  hemocompatibility 

that  allowed  unidirectional  flow.  The  REMATCH 

(Moazami  et  al. 2013; Pagani  2008). The 

study,  which  compared  the  HeartMate  XVE  to 

HeartMate  3  LVAD  (Abbott)  is  the  prototypical 

optimal  medical  management,  demonstrated  a 

design.  The  HeartMate  3  introduced  fully  mag-

48%  reduction  in  risk  of  death  from  any  cause  in 

netically  levitated  flow  technology  into  clinical 

the  LVAD  group.  Despite  this  success,  these  early 

use  (Full  MagLev™).  The  magnetically  levitated 

pumps  had  major  limitations:  lack  of  durability, 

centrifugal  pump  degrades  high  molecular 

with  valve  or  bearing  failure  occurring  at 

weight  multimers  of  Von  Willebrand  factor  to  a 

18  months,  high  rates  of  bleeding,  infections, 

lesser  extent  than  other  devices,  contributing  to 

particularly  driveline  and  pocket  infections,  due 

lower  rates  of  GI  bleeding  and  hemolysis.  In  the 

to  large  components,  and  a  high  rate  of  neurologic 

MOMENTUM  3  trial,  a  randomized  clinical  trial 

events.  The  technical  failure  rate  was  35%  after 

comparing  a  centrifugal-flow  pump  (HeartMate  3) 

2  years  (Rose  et  al. 2001). 

to  an  axial-flow  pump  (HeartMate  2),  patients 

Second-generation  devices  were  designed  with 

who  received  the  centrifugal  pump  experienced 

smaller  components,  continuous  axial-flow  tech-

significantly  fewer  events  and  greater  survival 

nology,  and  as  a  result,  with  fewer  moving  parts 

free  of  disabling  hemorrhagic  or  ischemic  stroke, 

than  required  for  pulsatile  pumps.  Based  on  screw 

lower  rates  of  disabling  strokes,  and  lower  rates  of 

pump  theory  dating  back  to  3  BC,  axial-flow 

removal  or  replacement  of  a  malfunctioning 

devices  move  blood  via  a  rotor.  These  pumps 

device  at  2  years.  Pump  replacement  was  79% 

generally  had  an  internal  rotor,  suspended  by  con-

less  in  the  group  receiving  the  centrifugal  pump 

tact  bearings,  within  an  axial  blood  flow  path. 

at  2  years  and  stroke,  pump  thrombosis,  major 

While  these  devices  provided  superior  survival 

bleeding,  and  GI  hemorrhage  were  also  signifi-

and  durability 

compared 

to  first-generation 

cantly  less  (Mehra  et  al. 2017, 2019).  Experience 

devices  (Slaughter  et  al. 2009),  the  rates  of  dis-

with  these  devices  has  led  to  significant  improve-

abling  stroke  remained  unacceptably  high  and 

ments  in  outcome.  Post-approval  studies  have 

similar  to,  or  in  the  case  of  the  VentraAssist  and 

been  reassuring,  demonstrating  reasonable  sur-

DuraHeart  higher  than,  that  of  the  XVE.  Driveline 

vival  at  5  years,  sustained  improvement  in  func-

infection  rates  ranged  from  13%  to  27%,  although 

tional  status,  and  low  rates  of  adverse  events, 

pump  pocket  infections  were  less.  Finally,  GI 

particularly  GI  bleeding,  stroke,  and  pump  throm-

bleeding, 

pump 

thrombosis, 

and 

less 

LV 

bosis.  Overall  infection  and  sepsis  were  also 

unloading  than  pulsatile  devices  posed  limitations 

reduced  (Netuka  et  al. 2021a). A  5-year  observa-

to  long-term  use  of  the  pump  and  patient  outcome. 

tional  study  of  survivors  from  the  MOMENTUM 

The  proverbial  drawing  board  led  to  the 

3  trial  demonstrated  better  composite  outcome 

development  of  today’s  third-generation  devices. 

(survival  to  transplant,  recovery,  or  LVAD  support 

Third-generation 

devices, 

centrifugal-flow 

free  of  debilitating  stroke  or  reoperation  to  replace 

pumps  without  mechanical  bearings,  are  smaller, 

the  pump)  and  survival  in  patients  who  received 

quieter,  and  more  durable  than  the  previously 

the  centrifugal-flow  pump  compared  to  the  axial-

clunky  devices  of  the  early  1990s.  These  devices 

flow  pump  (Netuka  et  al. 2021a). While  pump 

have  a  magnetically  and/or  hydrodynamically 

thrombosis  has  been  reduced  to  1.5%,  the  occur-

levitated,  and  thereby  bearingless,  impeller.  An 

rence  of  stroke  and  GI  bleed  remain  signifi-

exception  to  this  design  is  the  Incor,  a  third-  

cant  at  10%  and  a  continued  challenge  for  VAD 

generation  device  w hich incorporates an axial

design. 
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Despite  improvements  in  technology  and  mate-

–  inflow  cannula,  pump,  outflow  cannula,  percu-

rials  to  minimize  complications,  some  of  the  earliest 

taneous  driveline,  and  a  controller.  Complications 

described  complications  and  challenges  –  thrombo-

of  LVADs  are  related  to  the  mechanics  of  the 

sis  and  thromboembolism,  red  cell  destruction, 

device  and  can  be  categorized  as  hemocompati-

infection, limitations of the power supply  – continue 

bility-related,  due to the artificial  pump interacting 

to  be  targets  of  design.  Late-onset  RV  failure 

with  the  blood,  resulting  in  mucosal  bleeding, 

remains  a  leading  cause  of  morbidity  and  mortality 

pump  thrombosis,  and  stroke,  and  non-hemocom-

in  patients  with  LVAD.  Outflow-graft  twist  occlu-

patibility-related  which  include  right  ventricular 

sion  was  a  unique  complication  of  the  centrifugal 

failure,  infection,  and  aortic  regurgitation  (Vieira 

pump  which  has  been  remedied. 

et  al. 2020). 

The  challenge  for  future  design  is  to  further 

The  first-generation  FDA-approved  LVAD, 

miniaturize 

devices 

and 

to 

achieve 

total 

HeartMate  XVE,  operated  via  a  pulsatile-flow 

implantability  with  minimal  complications.  Trans-

pump.  Most  of  the  adverse  events  were  attribut-

cutaneous  energy  transfer  systems  (TETS)  have 

able  to  the  pulsatile  blood  flow  and  the  bulky  size 

been  investigated  in  MCS  design.  The  AbioCor 

of  the  pump  which  caused  implantation  compli-

total  artificial  heart  (Abiomed,  Danvers,  Mass) 

cations,  poor  durability,  high  rates  of  infection, 

and  the  LionHeart  LVAD  (Arrow  International, 

and  pump  thrombosis.  Leading  causes  of  death 

Reading,  Pa)  have  been  implanted  in  humans  but 

in  patients  with  the  pulsatile-flow  pump  were 

have 

not 

demonstrated 

acceptable 

survival 

hemorrhagic  stroke,  right  heart  failure,  multi-

although  the  incidence  of  device-related  infections 

system  organ  failure,  and  ischemic  stroke. 

was  lower  than  that  of  devices  with  external  com-

Second-generation  devices  were  designed  with 

ponents  (Slaughter  and  Myers  2010;  Mehta  et  al. 

continuous  flow.  The  continuous-flow  second-

2006; Mehta  et  al. 2001; Dowling  et  al. 2004). 

generation  pumps  were  an  improvement  but  con-

tinued  to  have  a  high  incidence  of  GI  bleeding, 

pump  thrombosis,  right  ventricular  failure,  aortic 

Issues  with  Current  Durable  MCS 

insufficiency,  hemolysis,  and  arteriovenous  mal-

Design 

formations  (Slaughter  et  al. 2009). The  second-

generation  FDA-approved  LVAD  is  the  Heart-

Since  June  23,  2006,  patients  who  have  received 

MateII  (HM2).  HM2  is  the  first  continuous-flow 

an  FDA-approved  MCS  in  North  America  have 

LVAD  designed  to  have  axial  rotation  of  blood 

been  entered  into  the  Interagency  Registry  for 

flow.  While  the  HEARTMATE  II  trial,  which 

Mechanically 

Assisted 

Circulatory 

Support 

compared  the  HeartMate  II  (HM2)  continuous-

(INTERMACS).  Analysis  of  INTERMACS  data 

flow  axial  pump  to  the  HeartMate  XVE,  demon-

has  been  instrumental  in  identifying  adverse 

strated  increased  survival  rate  associated  with  the 

events  in  patients  who  have  received  durable 

HM2,  adverse  events  were  still  prevalent  and 

MCS  devices.  Recently,  the  Society  of  Thoracic 

notable  for  hemorrhagic  stroke,  right  ventricular 

Surgeons 

(STS)-INTERMACS 

2020 

annual 

heart  failure,  sepsis,  external  power  interruption, 

report  was  published,  which  reassessed  the 

respiratory  failure,  cardiac  arrest,  and  bleeding 

adverse  events  associated  with  durable  LVAD 

(Slaughter  et  al. 2009). The  continuous-flow 

implantation  from  2010  to  2019.  The  leading 

axial  pumps  provided  better  components,  were 

adverse  events  identified  were  major  bleeding 

more  durable,  and  reduced  some  VAD  complica-

and  infection,  followed  by  stroke.  Stroke  has 

tions;  however,  pulsatile  flow  may  have  provided 

been  a  known  complication  of  MCS,  but  with 

greater  LV  unloading.  In  addition,  continuous 

technology  advancements  in  LVADs,  the  inci-

flow  dynamics  may  increase  aortic  pressure  and 

dence  of  stroke  has  decreased  to  12.7%  in  the 

vascular  resistance  (Cheng  et  al. 2014; Klotz  et  al. 

current  era  (Molina  et  al. 2021). 

2004; Kato et al. 2011). The HM XVE  appeared  to 

Over  the  years,  LVADs  have  evolved,  but  the 

lower  pulmonary  artery  pressure  to  a  greater 

fundamental  components  have  remained  constant 

degree  than  the  HMII;  however,  the  HeartWare
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(Medtronic),  a  third-generation  centrifugal-flow 

mortality  from  a  disabling  stroke,  the  rate  of 

pump,  had  a  lower  incidence  of  RV  failure  and 

stroke  was  significantly  higher  in  the  HVAD 

significant  greater  decrease  in  systolic  pulmonary 

cohort  (Rogers  et  al. 2017). This  prompted  the 

pressure  than  the  EXCOR  (pulsatile  VAD) 

ENDURANCE  Supplemental  trial,  which  had 

(Molina  et  al. 2021). It  is  difficult  to  extrapolate 

two  aims:  (1)  to  reassess  the  rate  of  stroke  in 

all  findings  to  all  continuous-flow  devices  differ-

HVAD  versus  HM2  patients  and  (2)  to  determine 

ences  in  the  flow  path,  axial  versus  centrifugal, 

if  optimal  blood  pressure  management  influences 

may  impact  findings.  LVADs  are  typically 

the  rate  of  stroke  in  HVAD  patients.  The  outcome 

implanted  as  a  bridge  to  transplantation  or  as 

of  the  trial  confirmed  that  HVAD  is  associated 

destination  therapy.  Some  patients  may  experi-

with  a  higher  stroke  rate  compared  to  HM2;  how-

ence  LV  recovery  with  LVAD  support  and  may 

ever,  with  enhanced  blood  pressure  management, 

be  implanted  as  a  bridge  to  decision;  however, 

there  was  a  reduction  in  stroke  rate  in  HVAD 


recovery  may  be  more  likely  with  pulsatile  devices 

patients.  The  results  of  the  ENDURANCE  trial 

than  with  continuous-flow  devices  (Cheng  et  al. 

and  Supplemental  trial  led  to  FDA  approval  of  the 

2014;  Birks  et  al. 2006;  Krabatsch  et  al. 2011; 

HVAD  as  an  LVAD  for  BTT and  DT  (Milano  et  al. 

Farrar  et  al. 2002). One  theory  for  lower  rate  of 

2018).  Despite  initial  FDA  approval  and  world-

recovery  with  CF  support  is  reduced  coronary 

wide  use,  an  Urgent  Medical  Device  Communi-

flow  with  CF  support  (Cheng  et  al. 2014). Less  cation  was  issued  in  December  2020  to  report LV  unloading  and  higher  aortic  pressures  and 

critical  device  malfunctioning  of  the  HVAD 

vascular  resistance  seen  with  the  CF  pump  may 

related  to  a  delay  or  failure  of  device  restart.  The 

also  contribute  to  RV  failure,  HTN,  and  subse-

concern  for  device  malfunction,  known  risk  of 

quent  stroke. 

stroke,  and  recent  evidence  of  reduced  mortality 

Aortic  insufficiency  increased  in  patients 

with  newer  third-generation  LVADs  led  to  the  halt 

supported  with  CF  VAD  (HM2)  compared  to 

in  sales  and  distribution  of  the  HVAD  in  June 

those  supported  with  the  HM  XVE  (Pak  et  al. 

2021  (Balachandran  et  al. 2022). 

2010).  AI  was  attributed  to  less  frequent  opening 

The  most  recent  third-generation  LVAD  is 

of  the  aortic  valve  and  fusion  of  the  commissures 

HeartMateIII  (HM3).  HM3  differs  from  HVAD 

(Mudd  et  al. 2008; Hatano  et  al. 2011).  The  flow 

in  that  it  has  a  magnetically  levitated  pump  to 

dynamics  of  the  CF  axial-flow  pump  also  led  to 

minimize  heat  generation  and  increase  durability, 

higher  rates  of  GI  bleeding  (Crow  et  al. 2009). 

wide  blood  flow  gaps  to  reduce  shear  stress  and 

Current  third-generation  pumps  still  incorpo-

subsequent  bleeding  risk,  and  an  artificial  pulse  to 

rate  CF  but  in  a  centrifugal-flow  path  rather  than 

avoid  blood  stasis  to  reduce  thrombosis  (Schmitto 

axial  path.  In  the  ENDURANCE  trial,  the  HM2 

et  al. 2019). Based  on  the  revised  device  mechan-

was  compared  to  a  new  centrifugal-flow  LVAD 

ics  of  HM3,  it  was  theorized  that  the  adverse 

(HeartWare),  and  it  was  determined  that  the 

events  observed  with  other  continuous-flow 

centrifugal-flow  LVAD  was  noninferior  to  the 

LVADs  should  be  reduced.  In  the  MOMENTUM 

axial-flow  device  with  respect  to  mortality  related 

3  trial,  the  magnetically  levitated  centrifugal-flow 

to  a  disabling  stroke  or  need  for  device  replace-

pump  (HM3)  was  compared  to  the  axial-flow 

ment.  Benefits  of  the  HM2  compared  to 

pump  (HM2).  HM3  was  demonstrated  to  have 

HeartWare  were  lower  rates  of  stroke,  right  heart 

reduced  mortality  related  to  disabling  stroke  or 

failure,  and  severe  infection.  However,  limitations 

reoperation  compared  to  HM2,  which  was  largely 

of  HM2  were  higher  rates  of  device  malfunction 

attributed  to  the  lower  rate  of  pump  malfunction 

and  failure  requiring  reoperation  often  related  to 

necessitating  reoperation  (Mehra  et  al. 2017). 

pump  thrombosis  (Rogers  et  al. 2017;  Milano 

Most  notably,  there  is  a  reduced  rate  of  pump 

et  al. 2018). 

thrombosis  in  HM3,  which  was  a  goal  of  the 

While  the  ENDURANCE  trial  revealed  non-

device  design;  however,  the  risk  of  bleeding  is 

inferiority  of  the  centrifugal-flow  HVAD  com-

still  present.  This  prompted  the  MAGENTUM 

pared  to  the  axial-flow  HM2  in  terms  of 

1  pilot  study,  which  was  conducted  to  investigate

878

R. Hasan et al. 

the  safety  of  reducing  the  intensity  of  anti-

that  volume  compensation  needed  to  be  consid-

coagulation  in  HM3  patients  given  the  reduced 

ered.  When  the  pump  ejects  blood,  there  is  an 

risk  of  pump  thrombosis.  All  patients  with 

equivalent  volume  of  air  or  fluid  that  must  enter 

LVADs  require  anticoagulation given the  mechan-

the  inflow  tract  of  the  pump  to  avoid  the  creation 

ical  nature  of  the  device  increasing  the  risk  of 

of  a  vacuum.  To  allow  for  volume  compensation, 

thrombus  formation.  The  need  for  anticoagulation 

a  compliance  chamber  was  formed,  consisting  of 

increases  the  propensity  to  bleed  in  addition  to  the 

an  intracorporeal  flexible  sac  that  would  equalize 

preexisting  bleeding  risk  due  to  the  device  itself 

the  volume  of  air  to  the  stroke  volume  entering  the 

related  to  shearing  of  von  Willebrand  factor  multi-

inflow  tract  of  the  pump  as  blood  was  ejected  via 

mers,  loss  of  mucosal  integrity  from  oxidative 

the  outflow  tract.  While  the  design  was  appropri-

stress,  and  the  development  of  arteriovenous 

ate  in  theory,  it  was  rendered  ineffective  due  to  the 

malformations  as  well  as  increased  angiogenesis. 

loss  of  air  by  diffusion,  anticipated  changes  in  air 

This  pilot  study  demonstrated  that  it  is  safe  for 

volume  with  altitude,  and  formation  of  fibrotic 

HM3  patients to  have  a lower  INR target goal with 

tissue  disrupting  the  compliance  of  the  sac 

the  attempt  to  further  reduce  the  bleeding  risk 

(Giridharan  et  al. 2012). Therefore,  creation  of  a 

(Netuka  et  al. 2018). 

smaller  pump  design  would  eliminate  the  need  for 

a  compliance  chamber  for  volume  compensation. 

Ongoing  efforts  to  further  reduce  the  device 

New  Solutions  to  Current  Problems 

design  will  allow  for  easier  surgical  implantation, 

shorter  post-implant  recovery  time,  reduced 

The goal is to create a long-term MCS device that is 

adverse  events,  and  a  wider  demographic  of  eligi-

totally  implantable  without  the  need  for  skin  pene-

ble  recipients  (smaller  BMI  of  females  and 

tration  by  any  component  of  the  device,  especially 

children). 

the  connection  to  a  power  source.  Over  the  past 

With  device  miniaturization,  LVADs  can  be 

several  decades,  research  and  development  efforts 

implanted  into  smaller  pockets  via  less  invasive 

have  been  invested  in  achieving  this  goal  with 

surgical  techniques.  The  HeartMate  2  weighs 

significant  progress  underway.  In  1964,  the 

281  g  and  requires  implantation  below  the  dia-

National  Institutes  of  Health  started  the  Artificial 

phragm,  whereas  the  new  third-generation 

Heart  Program,  which  was  the  first  program  to 

pump,  MVAD,  weighs  75  g  and  can  be 

establish  the  goal  of  developing  an  implantable 

implanted  within  the  pericardium  (Giridharan 

artificial  heart,  power  source  included,  into  a 

et  al. 2012;  Sladen  2017). The  HeartWare 

human.  The  initial  timeline  to  complete  this  ambi-

MVAD  pump  was  based  on  the  HVAD  technol-

tious  goal  was  a  decade,  which  proved  to  be 

ogy;  however,  this  pump  is  the  size  of  an  AA 

unattainable.  Since  this  time,  the  National  Heart, 

battery  and  has  the  option  to  be  implanted 

Lung,  and  Blood  Institute  (NHLBI)  has  continued 

transapical,  transmitral,  intercostal,  or  sub-

to fund programs set forth to achieve this  same goal 

costal.  The  flexibility  in  where  the  device 

(Slaughter  and  Myers  2010). Currently,  the  latest 

pump  can  be  implanted  allows  for  versatile 

innovations  are  focused  on  addressing  the  design 

cannulation  options  and  exploration  of  percuta-

challenges  and  complications,  which  include  bulky 

neous  surgical  approaches.  The  HVAD  has  been 

size,  surgical  insertion,  hemocompatibility,  pump 

discontinued. 

Currently, 

the 

most 

widely 

design,  and  durable  electric  power  source. 

implanted  LVAD  is  the  Heart  Mate  3,  which 

weighs  200  g  and  is  implanted  within  the  peri-

cardium.  Miniaturized  pumps,  however,  are  on 

Miniaturization 

the  horizon  and  would  represent  a  breakthrough 

in  VAD  technology.  Several  companies,  includ-

In  the  early  phases  of  durable  MCS  development, 

ing  Abbott,  have  products  in  the  pipeline  for 

the  device  design  was  bulky.  The  large  size  meant 

both  short-term  and  long-term  support. 
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Improvements  in  Surgical  Approach 

approaches 

other 

than 

the 

standard 

median 

sternotomy,  such  as  the  thoracotomy.  The  primary 

Traditionally,  LVADs  have  been  implanted  via  a 

endpoints of  the study are 6-month survival rate free 

full  median  sternotomy,  which  is  an  invasive  pro-

of a debilitating stroke, device malfunction requiring 

cedure  involving  a  vertical  incision  along  the  ster-

reoperation,  and  the  need  to  convert  to  the  median 

num,  followed  by  sternum  separation  with  a  saw 

sternotomy  to  complete  implantation  (https:// 

to  allow  for  dissection  down  to  the  heart.  As 

clinicaltrials.gov/ct2/show/NCT04548128). 

devices  have  become  smaller,  less  invasive  surgi-

cal  approaches  for  implantation  have  been 

explored. A current insertion strategy under inves-

Pulsatility 

tigation  is  a  left  lateral  thoracotomy  with  either  an 

upper  mini-sternotomy  or  upper  right  thoracot-

In  the  progression  from  first-,  second-,  to  third-

omy  for  the  ascending  aorta  outflow  graft  anasto-

generation  LVAD  designs,  there  has  been  a  shift 

mosis  (Varshney  et  al. 2022).  During  this  surgical 

away  from  an  axial  pump  design  that  produces 

approach,  there  are  two  incisions  made,  the  first 

physiologic  pulsatile  blood  flow  and  towards  a 

over  the  apex  of  the  heart  to  allow  for  pump 

rotary  pump  design  that  generates  continuous  or 

implantation,  and  then  the  second  along  the  right 

nonpulsatile  flow.  Transitioning  to  continuous-

upper  chest  in  the  second  intercostal  space  for 

flow  pumps  has  allowed  for  a  drastic  reduction 

creation  of  the  aorta  graft  anastomosis. 

in  pump  size  since  blood  sacs  and  valves  are  no 

The  safety  and  efficacy  of  the  thoracotomy 

longer  needed.  Rotary  pumps  consist  of  a  rotating 

approach  were  evaluated  in  the  2019  LATERAL 

impeller  and  adopt  an  axial  or  centrifugal  blood 

trial,  which  involved  implantation  of  the  HVAD. 

flow  configuration,  both  of  which  generate  con-

In  this  multicenter,  prospective,  non-randomized, 

tinuous  blood  flow.  While  earlier  rotary  pumps 

single-arm  clinical  trial,  HVAD  recipients  who 

operated  with  parts  immersed  in  blood,  newer 

underwent  insertion  via  thoracotomy  compared 

designs  have  utilized  magnetic  levitation  technol-

to  the  gold  standard  sternotomy  had  a  higher  rate 

ogy  to  suspend  the  mechanical  parts  above  the 

of  survival  and  a  reduced  rate  of  a  disabling  stroke 

blood  to  reduce  hemocompatibility  adverse 

at  3 months  postimplantation  (McGee  et  al. 2019). 

events  (Simon  et  al. 2019). 

A  2-year  follow-up  study  of  the  LATERAL  trial 

While  there  are  many  goals  to  pump  design 

was  conducted  to  analyze  the  adverse  event  pro-

innovation,  a  main  focus  is  to  reduce  adverse 

file.  Common  adverse  events  included  driveline  events.  According  to  the  STS-INTERMACS 

infections,  gastrointestinal  bleeds,  and  strokes. 

2022  report,  there  has  been  a  reduction  in  the 

While  adverse  event  rates  were  highest  within 

rate  of  major  bleeding  events,  with  an  incidence 

30  days  of  device  implantation,  there  was  a  sig-

rate  of  approximately  20%  in  recipients  of  a 

nificant  reduction  in  rate  after  6  months  with  sta-

continuous-flow  LVADs  (Shah  et  al. 2022).  The 

bilization  or  ongoing  reduction  of  rates  after 

most  popular  theorized  mechanism  for  increased 

2  years.  Most  importantly,  after  2  years,  HVAD 

risk  of  bleeding  with  LVADs  is  related  to  an 

recipients  via  thoracotomy  had  a  95%  freedom 

acquired  deficiency  of  vWF.  While  the  incidence 

rate  from  a  disabling  stroke  (Wieselthaler  et  al. 

of  major  bleeding  events  has  decreased  from  the 

2021). 

first- to  third-generation  LVAD  designs,  the  direct 

Overall,  data  to  support  the  thoracotomy 

relationship  between  pulsatile  blood  flow  and 

approach  is  very  promising;  however,  with  the 

vWF  deficiency  has  never  been  thoroughly  stud-

removal  of  the  HVAD  from  the  market,  it  is  impor-

ied.  Recent  data  has  indicated  that  pulsatile  blood 

tant to further  evaluate the safety and efficacy of  this 

flow  may  be  protective  against  bleeding  events. 

percutaneous 

surgical 

approach 

with 

current 

The  blood  circulatory  level  of  vWF  is  a  balance 

FDA-approved  MCS  devices.  Currently,  there  is 

between  destruction  and  formation.  Introduction 

an  ongoing  clinical  trial  to  evaluate  the  outcomes 

of  an  LVAD  creates  high  shear  stress,  leading  to 

of  implanting  the  HeartMate  3  via  surgical 

degradation  of  vWF  in  both  pulsatile  and
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nonpulsatile  blood  flow  states.  However,  it  has 

pump  motor  via  electromagnetic  induction.  Opti-

been  demonstrated  that  pulsatile  blood  flow  trig-

mal  transdermal  induction  is  seen  with  skin  thick-

gers  endothelial  release  of  new  vWF,  which  can 

ness  between  3  and  15  mm  to  allow  for  coupling 

counterbalance  the  breakdown  of  this  factor 

of  the  external  and  internal  coils  and  thus  contin-

(Vincent  et  al. 2018).  While  in  vitro  and  in  vivo 

uous  energy  delivery.  The  external  power  supply 

studies  have  shown  a  correlation  between  pulsa-

can  come  from  a  control  console  or  portable  bat-

tile  blood  flow  and  increased  levels  of  vWF,  it  has 

teries  to  allow  for  patient  ambulation  and  mobil-

not  been  clinically  demonstrated  that  higher  vWF 

ity.  Alternative  wireless  options  for  energy 

levels  result  in  reduced  major  bleeding  events 

delivery  include  the  use  of  radiofrequency  or 

(Badimon  and  Santos-Gallego  2018).  This  raises 

infrared  (Slaughter  and  Myers  2010). 

the  question  of  whether  continuous-flow  pump 

TETS  have  been  clinically  applied  to  the 

design  is  still  favorable  and  whether  a  return  to  a 

AbioCor  TAH  and  the  LionHeart  LVAD.  AbioCor 

pulsatile  pump  design  should  be  a  new  target. 

was  implanted  in  14  patients  in  a  clinical  trial  in 

which  there  were  no  reported  incidences  of 

device-related  infections;  however,  mortality 

Wireless  Technology 

rates  remained  high  for  thromboembolic  and 

pump  thrombosis  complications.  LionHeart  was 

As  set  forth  back  in  the  1960s,  the  goal  has  been  to 

studied  in  a  small  cohort  enrolled  in  the  Clinical 

develop  a  reliable  internal  power  source  for  MCS 

Utility  Baseline  Study,  which  revealed  a  reduced 

devices.  A  major  challenge  with  current  LVADs  is 

rate  of  device-related  infection  but  high  rates  of 

being  able  to  provide  a  high-powered  and  durable 

device  failure  and  neurologic  events.  For  both 

electrical  source  without  the  need  for  a  percutane-

devices,  it  can  be  extrapolated  that  reduced  infec-

ous  line.  While  some  implantable  medical 

tion  rates  may  be  attributable  to  TETS.  AbioCor 

devices,  such  as  pacemakers  and  defibrillators, 

was  initially  denied  FDA  approval  in  2005  due  to 

can  be  powered  via  conventional  batteries  that 

high  rates  of  complications;  however,  it  received 

require  exchange  after  several  years,  VADs 

FDA  approval  in  2006  under  the  Humanitarian 

require  a  level  of  power  that  exceeds  what  current 

Device  Exemption  Program.  The  LionHeart  is 

battery  technology  can  provide.  Complete  inter-

no  longer  being  manufactured  as  of  2005  due  to 

nalization  of  the  power  source  enables  reduction 

the  lack  of  economical  viability  (Slaughter  and 

in  apparatus  bulkiness  and,  most  importantly, 

Myers  2010). 

reduction  in  infection  risk.  Drivelines  innately 

Ongoing  challenges  with  TET include  duration 

increase  the  risk  of  infection  given  the  connection 

and  efficiency  of  supply  energy  along  with  mini-

from  the  intracorporeal  device  to  the  external  bat-

mizing  the  risk  of  thermal  damage  (Miller  et  al. 

tery  pack  via  a  percutaneous  line.  A  power  source 

2019). For  the  TETS  employed  in  the  LionHeart, 

currently  being  explored  is  transdermal  induction 

the  internal  battery  power  could  only  last  up  to 

charging via a transcutaneous energy transmission 

30  min  before  requiring  recharging.  Therefore, 

system  (TETS).  TETS  allows  for  the  delivery  of 

future  development  should  be  focused  on  creating 

high-level  electrical  power  without  skin  penetra-

an  internal  battery  that  lasts  longer  and  ideally 

tion.  TETS  can  provide  nearly  ten  times  the  watt-

requires  a  short  recharge  time  period,  which  will 

age  needs  of  current  LVAD  and  TAH  designs 

allow  patients  even  greater  freedom  of  mobility. 

(Slaughter  and  Myers  2010).  The  design  of 

Since  TETS  have  been  implanted  into  the  abdom-

TETS  involves  an  external  primary  coil  that  is 

inal compartment, efforts to further reduce  the size 

positioned  on  the  skin  overlying  the  internal  sec-

of  the  internal  battery  will  be  beneficial  and  min-

ondary  coil  that  is  inserted  subcutaneously  into 

imize  complications.  Evaluation  of  design  modi-

the  upper  chest  wall.  There  is  an  external  power 

fications  to  minimize  potential  thermal  damage 

oscillator  that  helps  deliver  the  power  to  the  inter-

from  the  transdermal  interaction  of  the  two  coils 

nal 

components, 

particularly 

the 

battery 

should  be  conducted.  The  loss  of  efficiency  and 

(implanted  in  the  abdominal  cavity)  and  the 

thus  poor  battery  life  was  addressed  by  the
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Leviticus  FIVAD  (Fully  Implantable  VAD) 

The  Aeson  (CARMAT  SA)  was  first  implanted 

(LeviticusCardio,  Ltd.,  Petach  Tikva,  Israel). 

in 2013 in France and approved for commercial use 

This  device  uses  a  coplanar  energy  transfer 

in Europe in 2020. It consists of two ventricles with 

(CET)  system.  The  design  of  the  system  involved 

its  blood-contacting  surfaces  covered  in  bovine 

two  large  rings  utilizing  coil-within-the-coil 

pericardium  to  optimize  hemocompatibility  and 

topology  providing  high  resonancy  energy  capa-

bioprosthetic  valves  to  reduce  the  risk  of  thrombo-

ble  of  powering  an  internal  battery  for  >6  h  of   embolism  and  reduce  the  need  for  anticoagulation 

fully  wireless  LVAD  operation  (Pya et al. 2019). 

(Henn  and  Mokadam  2022; Mehta  et  al. 2006). 

To  date,  experience  with  this  pump  has  been 

There  was  no  hemolysis  or  acquired  von 

reported  in  two  patients.  The  CET  system  was 

Willebrand  syndrome  in  10  patients  implanted 

granted  “Breakthrough  Designation”  status  by 

with  the  Aeson  device  who  were  followed  for 

the  FDA  in  2019,  allowing  the  pump  to  move 

2087  days  (Poitier  et  al. 2022). 

forward  in  production. 

The  Aeson  is  powered  electrically  with  a 

unique  auto-mode  designed  to  mimic  normal 

physiologic  responses  to  patients’  cardiac  output 

Total  Artificial  Heart 

needs.  It  can  detect  the  patients’  activity  level  and 

therefore  how  much  oxygen  is  required  via  pres-

Biventricular  failure  remains  a  major  barrier  to 

sure  sensors  and  adjust  heart  rate  and  stroke  vol-

support with an LVAD. While biventricular support 

ume  accordingly  to  meet  the  desired  cardiac 

is  possible  with  a  total  artificial  heart  device,  the 

output  in  a  pulsatile  fashion.  The  goal  is  to  emu-

lack  of  durability  limits  its  utility.  Total  artificial 

late  the  autoregulatory  function  of  the  heart, 

heart  (TAH)  is  the  most  extreme  version  of  durable 

increasing  cardiac  output  with  exertion  and  con-

MCS  devices,  as  it  involves  device  implantation 

serving  during  periods  of  rest.  While  the  Syn-

after  excision  of  both  native  ventricles.  It  is  indi-

Cardia  is  reliant  on  preload,  resulting  in  a 

cated  in patients  with severe biventricular  failure  or 

minimal  increase  in  cardiac  output  during  periods 

structural  heart  disease  hindering  the  implantation 

of  exercise,  the  Aeson  TAH  is  self-regulating 

of  an  LVAD  or  BiVAD  (Arabia  2020). 

based  on  patient  activity  (Netuka  et  al. 2021b). 

SynCardia  is  the  most  widely  used  and  latest 

The  Aeson  was  first  implanted  in  the  USA  on  July 

design  for  a  temporary  TAH,  FDA-approved  as  a 

12,  2021;  however, due  to  quality  issues,  the study 

BTT  in  2009.  It  has  a  pneumatic  diaphragm  pump 

sponsor  temporarily  suspended  implants  in 

with  mechanical  valves  that  is  implanted  ortho-

December  2021  (Schroder  et  al. 2023). 

topically  into  the  thoracic  cavity  constructed  out 

BiVACOR  is  a  biventricular,  fully  implantable 

of  biocompatible  polyurethane.  There  is  a  drive-

device  that  uses  magnetic  levitation  technology 

line  that  attaches  the  artificial  heart  to  an  external 

and  a  hydrodynamically  suspended  centrifugal 

drive  or  power  system.  The  portable  driver,  Free-

impeller  to  generate  continuous  or  pulsatile  flow 

dom  Driver,  allows  the  patient  to  become  ambu-

(Timms  et  al. 2008).  The  double-sided  centrifugal 

latory  and  to  be  discharged  to  home  while 

impeller  produces  continuous  blood  flow  through 

awaiting  transplantation.  Most  common  adverse 

the  pulmonary  and  systemic  circulation.  This 

events  leading  to  death  include  multiorgan  failure, 

impeller  also  creates  axial  movement  and  subse-

usually  occurring  prior  to  implantation,  and  neu-

quent  pulsatile  blood  flow.  This  is  due  to  the 

rologic  dysfunction.  Currently,  SynCardia  is  the 

device  design’s  sensitivity  to  preload  and  afterl-

only  FDA-approved  TAH  for  use  as  a  bridge  to 

oad.  The  rotary  system  pump  adjusts  for  physio-

transplant  in  North  America.  Newer  technology  is 

logic  changes  in  pulmonary  and  systemic  flow, 

being  developed  and  evaluated,  focused  on  allo-

which 

results 

in 

a 

pulsatile 

blood 

flow 

wing  for  implantation  in  a  wider  demographic 

(Spiliopoulos  et  al. 2019).  This  allows  for  adapta-

with  minimized  adverse  events.  More  recent 

tion  in  cardiac  output  based  on  demand  resulting 

designs  of  TAH  devices  include  the  Carmat  and 

in  higher  exercise.  BiVACOR  is  miniature  enough 

BiVACOR  (Arabia  2020). 

to  be  placed  in  the  intrathoracic  cavity  with
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utilization  of  TETS  powered  by  an  external  bat-

Dang  NC,  Widmann  WD,  Hardy  MA.  C.  Walton  Lillehei, 

tery  pack  (Timms  et  al. 2008).  It  is  the  size  of  a 

MD,  PhD:  a  father  of  open-heart  surgery.  Curr  Surg. 

2003;60:292–5. https://doi.org/10.1016/S0149-7944(03) 

human  fist,  making  it  small  enough  to  be 

00031-X. 

implanted  into  a  child  but  remains  powerful 

DeBakey  ME.  Left  ventricular  bypass  pump  for  cardiac 

enough  to  accommodate  for  the  higher  cardiac 

assistance.  Clinical  experience.  Am  J  Cardiol.  1971;27: 

output  demands  of  an  adult.  This  TAH  design  is 

3–11. https://doi.org/10.1016/0002-9149(71)90076-2. 

Dowling  RD,  Gray  LA  Jr,  Etoch  SW,  Laks  H,  Marelli  D, 

the  closest  we  have  come  to  reaching  the  initial 

Samuels  L,  Entwistle  J,  Couper  G,  Vlahakes  GJ, 

goal  set  forth  in  1964  to  create  a  totally  implant-

Frazier  OH.  Initial  experience  with  the  AbioCor 

able  durable  MCS  device. 

implantable  replacement  heart  system.  J  Thorac 

Cardiovasc  Surg.  2004;127:131–41. https://doi.org/ 

10.1016/j.jtcvs.2003.07.023. 

Farrar  DJ,  Holman  WR,  McBride  LR,  Kormos  RL, 

Conclusion 

Icenogle  TB,  Hendry  PJ,  Moore  CH,  Loisance  DY, 

El-Banayosy  A,  Frazier  H.  Long-term  follow-up  of 

In  summary,  although  great  strides  have  been 

Thoratec  ventricular  assist  device  bridge-to-recovery 

patients successfully  removed from support after recov-

made  in  VAD  technology,  allowing  patients  to 

ery  of  ventricular  function.  J  Heart  Lung  Transplant. 

live  longer  and  better,  the  future  design  of  devices 

2002;21:516–21. https://doi.org/10.1016/s1053-

should  accommodate  destination  therapy  patients 

2498(01)00408-9. 

and  perhaps  less  critically  ill  patients.  Miniaturi-

Giridharan  GA,  Lee  TJ,  Ising  M,  Sobieski  MA,  Koenig  SC, 

Gray  LA,  Slaughter  MS.  Miniaturization  of  mechanical 

zation  and  wireless  technology  will  be  great  leaps 

circulatory  support  systems.  Artif  Organs.  2012;36: 

forward  towards  therapy  that  can  compete  with 

731–9. https://doi.org/10.1111/j.1525-1594.2012. 

transplant. 

01523.x. 
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TEXAS HEART INSTITUTE

Surgery Schedule

Friday, May 28, 1982

Room 1 ADAMS, JAYAKUMAR, LOU (ORT)
LLAKL* Y2106 DxE
LLAK* Y2433 BxA (33yr) Bastelli
TRCD Y1134 MxK (48yr) ASD
Room 2 PECIREP, CHEERAN
TRCD* Y0754 HxJ ACB x 4
GHMMC B0O351 BxG (D) ACB
GHMMC* Y1634 BxJ ACB x 4
PxE (D)
Room 3 BGHERI, KUMAR, LACY (ORT)
RTTJ* Y1861 HxA ACB
LLAK* Y1730 RXS ACB
DH* 2219 LXA ACB, LVA, EXP MV., POSS IABP
Room 4 PANCHOLY, AYDIN, GOGOL (ORT)
Y2135 SxF (H) RCEA
B0345 LxF (H) RCEA
ICU*3 CxT (H) ACB
Y1610 CxL (H) MVR
Y1031 MxN (H) Pervenous Pacemaker (Medtronic 5985)
Room 5 NASTASIC, KWACK
LLL Y0906 PxG ACB x 5
MASCH* B0387 FxM MVR
Stamatiou* Y2205 MxJ ACB
LLAK Y1809 CxB Chest Wound Debridement
Room 6 HELLMAN, RIM
Y0543 GxC (3yr) (0) DDD Pacemaker
ICU*5 sxC (0) ACB x 2
Y1810 MxJ (O) ACB x 2
Y2451 MxM ACB x 3 (Redo: s/p sternal dehiscence)
Room 7 SPEIR, DEASTRO, CARDOS, COLEMAN (PT)
LLAK* Y0730 SxA ACB
Stamatiou B0385-2 ExK ACB x 3
LLAK* Y1605 LxO ACB x 3
GHMMC Sxs ACB x 4
Room 8 GREY, BINA, HOUSE (ORT)
Pedi* Y0533 VsG (7yr,401b) T/F
GHMMC Y1734 DxG AVR, ACB x 1
LLAK* Y1863 WxT MVR (redo)
GHMMC Y0654 SxK ADTA
Room 9 MELENDEZ, HEBLER
LLL* Y1160 PxJ ACB
GHMMC* B0307 RxD ACB x 4
LLAK* B0385-1 RxF ACB
LLAK* Y2061 MxJ ACB
Room 10 MOSSALLATI, AL-SAYYAD, TARAZI, KOZYRA (PT)
LLL Y0734 BxC ACB x 3
LLAK* B0319 GxA ACB x 2
LLL* Y1201 CxJ ACB x 3
RTTJ* Y0960 BXF Broviac Catheter
Room 11
Pedi* Y0513 MxI (6émo, 5 kg) PA Banding
Pedi* Y0533 DxK (3mo, 8.2 kg) Vascular Ring
GHMMC* Y1802 TXR LCEA
McMullen Y0634 LxJ (R) Rt Lumb. Synp., RT Femoral-tibial Byp.
PTCA
LLL* Y1651 WxW ACB/PTCA
PS* B0477 FxG ACB/PTC

REFERRING PHYSICIAN
ON CALL:

RR-ICU FLOORS, ER, CLINIC RESIDENT

SCHELL REDDY GREY
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Denton A. Cooley, M. D. Morris
Atrial septal defect

Closure atrial defect, cardiopulmonary bipess, pump oxygenator

VITAL STATISTICS: Age 17, white female, weight 57 kgm., fluor rate 35 cc per kilo
per minute, total 1,995 cc per minute., Heparin and Protamine dosage, 1.5 mge per
kilo, total 85 mg.; pump time 7 minutes -~ 15 seconds, dependent time 6 minutes,
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Ventricular tachycardia®??? | Cardiac arhythmia of 23 consecutive complexes originating in the ventrides at a rate >100 bpm (cycle length: <600 ms). Types of VT:
Sustained: VT >30 s or requiring termination due to hemodynamic compromise in <30s.
Nonsustained/unsustained: 23 beats, terminating spontaneously.
Monomorphic: Stable single QRS morphology from beat to beat.
Polymorphic: Changing or multiform QRS morphology from beat to beat.
Bidirectional: VT with a beat-to-beat alternation in the QRS frontal plane axis, often seen in the setting of digitalis toxicity or
Monomorphic VT
:;I 4 [ i
414 B 1

Ventricular flutter™?37 A regular VA =300 bpm (cycle length: 200 ms) with a sinusoidal, monomorphic appearance; no isoelectric interval between
successive QRS complexes.
NannaAnanS
WV V VYN
Ventricular fibrillation®223 Rapid, grossly irregular electrical activity with marked variability in electrocardiographic waveform, ventricular rate usually >300
bpm (cyde length: <200 ms).

Sudden cardiac arrest=222 SCA is the sudden cessation of cardiac activity such that the victim becomes unresponsive, with either persisting gasping
respirations or absence of any respiratory movements, and no signs of dirculation as manifest by the absence of a perceptible
pulse. An arrest is presumed to be of cardiac etiology unless it is known or likely to have been caused by trauma, drowning,
respiratory failure or asphyxia, electrocution, drug overdose, or any other noncardiac cause.

Sudden cardiac death=237 Sudden and unexpected death occurring within an hour of the onset of symptoms, or occurring in patients found dead within
24 h of being asymptomatic and presumably due to a cardiac arrhythmia or hemodynamic catastrophe.

VINF storm®333 VTVF storm (electrical storm or arrhythmic storm) refers to a state of cardiac electrical instability that is defined by 23 episodes
of sustained VT, VF, or appropriate shocks from an ICD within 24 h.

Primary prevention ICD=232 ICD placement with the intention of preventing SCD in a patient who has not had sustained VT or SCA but who is at an
increased risk for these events

Secondary prevention ICD=322 |  ICD placement in a patient with prior SCA, sustained VT, or syncope caused by VA.
Structural heart disease* This term encompasses IHD, all types of cardiomyopathy, valvular heart disease, and adult congenital heart disease.

Cardiac channelopathy*?2+ | Arrhythmogenic disease due to a genetic abnormality that results in dysfunction of a cardiac ion channel (eg, long QT
syndrome, catecholaminergic polymorphic VT).

*The definition of this term may differ across publications. Refer to the entry for the definition used in this document.
AV indicates atrioventricular; ICD, implantable cardioverter-defibrillator; IHD, ischemic heart disease; NSVT, nonsustained ventricular tachycardia; SCA, sudden
cardiac arrest; SCD, sudden cardiac death; VA, ventricular arrhythmia; VF, ventricular fibrillation; and VT, ventricular tachycardia.

Torsades de pointes®333 Torsades de pointes is polymorphic VT that occurs in the setting of a long QT interval and is characterized by a waxing and
waning QRS amplitude. It often has a long-short initiating sequence with a long coupling interval to the first VT beat and
may present with salvos of NSVT. The twisting of the points, although characteristic, may not always be seen, especially if the
episode is nonsustained or if only a limited number of leads are available. Torsades de pointes can result from bradycardia
including high-grade AV block that leads to a long-short sequence initiating de pointes.
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Advanced Heart Failure Center (AHFC)

STEP 1:
Does the patient have Special Considerations
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BiVAD

Advantages
Chest size no restriction
Noiseless
Higher rate of discharge to home
Easier to implant
Familiarity with management in most centres
Possibility of bridge to recovery and explant

Drawbacks
Expensive (two devices)?

RVAD in low pressure chamber in vicinity with
tricuspid chordae and RV trabeculae

High incidence of pump thrombosis

TAH

Advantages
Suction events like RVAD are uncommon
One console for two ventricles

Preferred in severe refractorY arrhythmia,
hypertrophic, restrictive, infiltrative
cardiomyopathies, LV thrombus, complex
congenital heart disease, ventricular failure in

presence of mechanical valve, structural defects

Drawbacks
Chest size restrictions for 70cc model
Noise
Big console to carry around
Steep learning curve
Difficult access to all centres
Requires complex anticoagulation regime
Less durable compared to durable LVAD
Higher rate of renal failure
Right heart catheterization is impossible
Poor outcomes in low volume centers
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PATIENT HEALTH QUESTIONNAIRE (PHQ-9)

1N N 0 1 N | =

Over the last 2 weeks, how often have you been
bothered by any of the following problems?

More tha
(use v to indicate your answer) Several h;" me" evh;ear(lz
days days iy
1. Little interest or pleasure in doing things --- 3
2. Feeling down, depressed, or hopeless --- 3

3. Trouble falling or staying asleep, or sleeping too much

w w

4. Feeling tired or having little energy

(2]

5. Poor appetite or overeating

6. Feeling bad about yourself —or that you are a failure or
have let yourself or your family down

7. Trouble concentrating on things, such as reading the
newspaper or watching television

w»

w

8. Moving or speaking so slowly that other people could
have noticed. Or the oppaosite — being so figety or
restless that you have been moving around a lot more
than usual

w

9. Thoughts that you would be better off dead, or of
hurting yourself

add columns + +

(Hedlthcare professiond: Forinterpretation of TOTAL, TOTAL:
please refer to accompanying scoring card.

10. If you checked off any problems, how dfficult Not difficult at all
have these problems made itfor you to do Somewhat difficult

your work, take care of things at home, orget Very difficult

along with other people?
Extremely difficult

Copyright © 1999 Pfizer Inc. All rights reserved. Reproduced with permission. PRIME-MD © is a trademark of Pfizer Inc.
A2663B 10-04-2005
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GAD-7 Anxiety

Over the last two weeks, how often have you Several More Nearly
been bothered by the following problems? days than half every

¢ Notbens ieto st erconol s --—-
3. Worrying too much about different things n--

i AP P P

6. Becoming easily annoyed or irritable

7. Feeling afraid, as if something awful
might happen

Column totals & + + =

If you checked any problems, how difficult have they made it for you to do your work, take care of
things at home, or get along with other people?

Not difficult at all Somewhat difficult Very difficult Extremely difficult
O O O O

Source: Primary Care Evaluation of Mental Disorders Patient Health Questionnaire (PRIME-MD-PHQ). The PHQ was

by Drs. Robert L. Spitzer, Janet B.W. Williams, Kurt Kroenke, and colleagues. For research information, contact Dr.
Spitzer at ris8@columbia.edu. PRIME-MD® is a trademark of Pfizer Inc. Copyright® 1999 Pfizer Inc. All rights reserved.
Reproduced with permission

Scoring GAD-7 Anxiety Severity

This is calculated by assigning scores of 0, 1, 2, and 3 to the response categories, respectively,
of “not at all,” “several days,” “more than half the days,” and “nearly every day.”

GAD-7 total score for the seven items ranges from 0 to 21.

0—4: minimal anxiety

5-9: mild anxiety

10-14: moderate anxiety

15-21: severe anxiety
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SIPAT Score Interpretation
0-6 Excellent Candidate

» Recommend to list for transplantation without reservations.
7-20 Good Candidate

» Recommend to list for transplantation — although monitoring of identified
risk factors may be required.

21-39 Minimally Acceptable Candidate

» Consider Listing. Identified risk factors must be satisfactorily addressed
before representing for consideration.
" 40-63  PoorCandidate 7
» Recommend deferral while identified risks are satisfactorily addressed.
>70 High Risk Candidate, significant risks identified

» Surgery is not recommended while identified risk factors continue to be
present.
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PHQ-9 Patient Depression Questionnaire
For initial diagnosis:

1. Patient completes PHQ-9 Quick Depression Assessment.
2. Ifthere are at least 4 ¥’s in the shaded section (including Questions #1 and #2), consider a depressive
disorder. Add score to determine severity.

Consider Major Depressive Disorder
- if there are at least S ¥s in the shaded section (one of which corresponds to Question #1 or #2)

Consider Other Depressive Disorder
- if there are 2-4 ¥s in the shaded section (one of which corresponds to Question #1 or #2)

Note: Since the questionnaire relies on patient self-report, all responses should be verified by the clinician,
and a definitive diagnosis is made on clinical grounds taking into account how well the patient understood
the questionnaire, as well as other relevant information from the patient.

Diagnoses of Major Depressive Disorder or Other Depressive Disorder also require impairment of social,
occupational, or other important areas of functioning (Question #10) and ruling out normal bereavement, a
history of a Manic Episode (Bipolar Disorder), and a physical disorder, medication, or other drug as the
biological cause of the depressive symptoms.

To monitor severity over time for newly diagnosed patients or patients in current treatment for
depression:

1. Patients may complete questionnaires at baseline and at regular intervals (eg, every 2 weeks) at
home and bring them in at their next appointment for scoring or they may complete the
questionnaire during each scheduled appointment.

Add up ¥'s by column. For every v": Several days = 1 More than half the days = 2 Nearly every day = 3
Add together column scores to get a TOTAL score.

9

Refer to the accompanying PHQ-9 Scoring Box to interpret the TOTAL score.

v oa W

Results may be included in patient files to assist you in setting up a treatment goal, determining degree of
response, as well as guiding treatment intervention.

Scoring: add up all checked boxes on PHQ-9

For every v Not at all = 0; Several days=1;
More than half the days = 2; Nearly every day = 3

Interpretation of Total Score

| ) | Depression Severity
0000 14 000 [Minimaldepression 000000000
00059 000

[ 1014 | Moderate depression
15-19 Moderately severe depression

PHQ9 Copyright © Pfizer Inc. All rights reserved. Reproduced with permission. PRIME-MD ® is a
trademark of Pfizer Inc.

14
5-9 Mild depression

A2662B 10-04-2005
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<Moderate RV failure
LVAD + short-term
RVAD if required

Severe RV failure
Durable biventricular
Support

ST RVAD not weaned

within a week and/ or
worsening end-organ
failure

Severe refractory arrhythmia,
hypertrophic, restrictive, infiltrative
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mechanical valve, structural defects

TAH (preferably in a
high-volume centre)
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LVAD + short-term RVAD SOS

Advantages
- Provision as per need strategy
- May not require mechanical RV support
- May require only temporary RVAD

- May become a candidate for HTx even with short-term
RVAD

- Durable RVAD or TAH when temporary RVAD is not
weaned

- Familiar strategy

Drawbacks
- Multiple sternotomies
- Restricts mobility
- Prolonged ICU and hospital stay
- Cannot be discharged home

- Increased risk of stroke, bleeding, re-operation, renal
failure

BiVAD or TAH

Advantages
Planned surgery
Less requirement of inotropes, nitric oxide
Early ambulation and discharge from hospital
Early candidacy for HTx

Drawbacks
Surgical and technical expertise required
Higher incidence of device related complications
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