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Endorsements for the First Edition

[Readers] should delight in this volume...the authors have succeeded in giving a practical life to the 
subject...[the] artistic work is both innovative and useful...agreeably packaged and illustrated in a way 

accessible to all...an excellent textbook...becoming the standard textbook in the area.
 —JAMA 

“The	book	is	a	resounding	success...in	its	defining	and	explaining	the	anatomic	basis	for	our	clinical	
practice to a contemporary readership...the illustrations are superb and of just the right degree of 

complexity and stylization...the diagrams act as a continuous theme or thread within the various subject 
matters of the book...look out for the wonderful explanations and diagrams...excellent value for money...

will be applicable and useful to neurosurgeons worldwide.” 
 —World Neurosurgery

“A very original and didactic book of multidisciplinary interest.” 
 —Pediatric Endocrinology Reviews

“[A] comprehensive ‘owner’s manual’ for the human nervous system that reliably links neurologic 
disease to relevant clinical neuroanatomy...The perfect balance of text and illustrations that depict only 
the ...necessary to exemplify important clinical concepts...A perfect reference for the training medical 

student [and] a refresher for the practicing physician and midlevel provider.” 
 —American Academy of Neurology

“A comprehensive review of anatomic concepts underlying neurologic disorders...The book is superbly 
written and contains comprehensive and well-described neuroanatomical facts. Each anatomic structure 

is discussed in detail, yet the language is concise and not overwhelming...The text is accompanied by 
impressive color illustrations that are extensive and original...provides creative schematics to illustrate 

key anatomic elements of the nervous system involved in a physiological process...the thorough  
coverage of anatomic concepts in this textbook makes it the perfect resource for both residents and 

advanced practitioners.”
 —AANS (American Association of Neurological Surgeons) Young Neurosurgeons’ Newsletter

“An easy to read book...the central and peripheral neural pathways (such as the reticular formation) are 
beautifully shown.”

 —American Journal of Neuroradiology
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This is a marvellous second edition of a book that adheres beautifully to the traditional approach of neurologic diagnosis 
based on neuroanatomical correlation. It has the great appeal of making clear and explicit correlations between disease 
states and nervous system structure. Having written and edited neurology textbooks, I can say that the illustrations and 
accompanying	text	are	second	to	none	for	clarity	and	concision.	Dr.	Albert	Rhoton	wrote	the	foreword	to	the	first	edition	
and was an apt choice for his extraordinarily detailed work in clinical neuroanatomy. I believe he would have been proud 
to	endorse	this	edition	as	well.	I	am	impressed	that	virtually	every	field	of	neurology	is	covered	and	done	skilfully.	Of	the	
panoply of neurology books available to students, residents, and practitioners, this one by Dr. Alberstone stands out and 
I plan to use it both as a resource on my desk and a reference for material that I and my colleagues write in the future. It 
is both informative and highly enjoyable to read.

Allan Ropper, MD
Professor of Neurology

Harvard Medical School
Boston, Massachusetts, USA

Foreword
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In	2009,	we	published	the	first	edition	of	Anatomic Basis of Neurologic Diagnosis to what has proved to be, happy to say, 
a receptive audience. Translated into Turkish, Portuguese, and Japanese, 40% of sales have been international. The book 
has particularly appealed to physicians-in-training and practicing clinicians, and the second edition has maintained that 
focus.  

Thus, the book before you again sets out to review the basic anatomic concepts that underlie neurologic diagnosis, and 
to illustrate their clinical application. We have reasserted a logical, patient-oriented approach to neurologic diagnosis, 
which	is	missing	from	most	standard	neuroanatomy	texts.	These	traditional	texts	describe	anatomic	concepts	but	offer	
only randomly chosen clinical examples to demonstrate how neuroanatomy is used in clinical practice. To make the book 
most useful to clinicians, and clinicians-in-training, we have bent the usual order of things, setting out an approach to 
diagnosis that applies neuroanatomy—placing diagnosis on an equal footing with the description of structure. 

New to the second edition are several topics sprinkled throughout the book such as neuroplasticity, peripheral nerve 
architecture, peripheral nerve injury and  recovery, electrodiagnostic diagnosis of radiculopathy, tremor, deep brain stim-
ulation	targets	(and	side	effects),		autonomic	disorders,	spontaneous	intracerebral	hemorrhage,	and	two	new	chapters	
on	topics	not	covered	in	the	first	edition,	but	whose	developments	in	neuroscience	deserve	address:	memory	and	neural	
networks. Also new to the second edition are dozens of highly sophisticated imaging examples that amplify and edify the 
anatomy.	As	a	consequence,	the	authors	of	the	first	edition	welcome	two	new	Cleveland	Clinic	contributors:	radiologist	
Stephen E. Jones, MD and neuroscientist Zhong Irene Wang, PhD.

The	guiding	light	in	this	second	edition	does	not	deviate	from	the	first.	Our	mission	(as	stated	in	the	first	edition)	re-
mains steadfast:

In whatever field of medicine or surgery one eventually practices, patients will present with nervous system 
 disorders. These patients deserve caring and knowledgeable physicians to accurately diagnose their complaints. The 
present book provides a rational and practical approach to this humbling task.

Cary D. Alberstone, MD, FACS
Edward C. Benzel, MD

Stephen E. Jones, MD, PhD
Zhong Irene Wang, PhD

Michael P. Steinmetz, MD

Preface
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I
Development 
and 
Developmental 
Disorders
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Learning Objectives

•	 Describe	the	processes	of	early	neural	development	and	early	development	of	the	spinal	cord.
•	 Explain	 the	development	of	 the	spinal	gray	matter,	 the	dorsal	and	ventral	 roots,	and	the	position	of	 the	conus	

medullaris	in	the	spinal	column.
•	 Identify	the	brain	vesicles	and	brain	flexures.
•	 Understand	how	the	brain	vesicles	form	the	mature	brain,	including	its	commissures	and	deep	nuclei.
•	 Name	and	describe	the	major	congenital	malformations	of	the	brain,	spine,	and	spinal	cord.

1

Knowledge	 of	 nervous	 system	development	 can	provide	
the	foundation	for	understanding	nervous	system	structure	
and	function.	This	chapter	describes	early	development	of	
the	 nervous	 system	 and	 then	 discusses	 development	 of	
the	spinal	cord	and	brain.	The	main	malformations	due	to	
	abnormal	nervous	system	development	are	also	discussed.	
Table 1.1	summarizes	the	embryonic	elements	of	the	nerv-

ous	system	and	their	derivatives	in	the	adult.

Early Neural Development

See	Fig. 1.1.
Formation	 of	 the	 nervous	 system	begins	 during	 the	

third	week	of	gestation,	when	the	neural	plate	develops	
from	a	thickening	of	the	embryonic	ectoderm.	A	longitu-

dinal	neural	groove,	bounded	by	two	neural	folds,	forms	
along	the	midline	of	the	plate.	Fusion	of	the	neural	folds,	
which	meet	along	the	midline,	proceeds	in	both	cranial	
and	caudal	directions,	gradually	converting	the	grooved	
plate	into	the	neural tube,	which	comes	to	lie	below	the	
surface	ectoderm.

The	 process	 of	 neural	 tube	 formation	 (neurulation)		
occurs	 simultaneously	with	 the	 separation	of	 the	neu-	
roectoderm	from	the	surface	ectoderm,	a	process	termed	
disjunction.	 Disjunction	 results	 in	 a	 separation	 of	 the	
future	 nervous	 system	 from	 the	 future	 skin.	 Failure	 to	
complete	 the	 process	 of	 disjunction	 (nondisjunction)	

 Neuroembryology

and		completion	of	disjunction	prior	to	neural	tube	clo-

sure	 (premature	disjunction)	 are	 two	 sources	of	 spinal	
dysraphism.

Before	 the	 neural	 tube	 closes	 completely	 during	 the	
fourth	 week	 of	 embryonic	 development,	 it	 remains	 in	
communication	with	the	amniotic	cavity	through	the	an-

terior	and	posterior	neuropores.	The	anterior	neuropore	
closes	between	gestational	days	23	and	25;	the	posterior	
neuropore	closes	between	gestational	days	25	and	27.

Along	 the	 lateral	margins	 on	 either	 side	of	 the	neu-

roepithelial	 cells	 of	 the	 neural	 plate	 are	 two	 strips	 of	
cells	that	pinch	off	from	the	neural	groove	as	it	forms	the	
neural	tube.	These	neural crest	cells	eventually	occupy	a	
dorsolateral	position	between	the	surface	ectoderm	and	
the	neural	tube.	Most	of	the	peripheral	nervous	system	is	
derived	from	the	neural	crest,	including	sensory	ganglion	
cells	of	the	cranial	and	spinal	nerves,	autonomic	ganglia,	
and	 Schwann	 cells.	Neural	 crest	 cells	 give	 origin	 to	 the	
adrenal	medulla	and	melanocytes	as	well	(Table 1.2).

Thickening	of	the	neural	tube	walls	gives	form	to	the	
brain	and	the	spinal	cord,	whereas	the	lumen	of	the	tube	
becomes	 the	 ventricular	 system	 and	 the	 central	 canal.	
The	neuroepithelial	cells	that	form	the	walls	of	the	neural	
tube	give	origin	to	neurons	and	macroglia	(i.e.,	astrocytes,	
oligodendrocytes,	 and	 ependymal cells).	 The	microglia	
are	 derived	 from	 cells	 of	mesodermal	 origin	 that	 enter	
the	 central	 nervous	 system	 (CNS)	 from	 the	 vasculature	
during	development	(Table 1.2).

Table 1.1 Adult Derivatives of Embryonic Brain Vesicles

Primary Vesicles Secondary Vesicles

Adult Derivatives 

Walls Cavities 

Forebrain (prosencephalon) Telencephalon Cerebral hemispheres Lateral

Diencephalon Thalamus  

Epithalamus 

Hypothalamus

Third

Midbrain (mesencephalon) Mesencephalon Midbrain Cerebral aqueduct

Hindbrain (rhombencephalon) Metencephalon Pons 

Cerebellum

Fourth

Myelencephalon Medulla Fourth
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Fig. 1.1 Early neural development.

Table 1.2 Comparison of Neural Tube and Neural Crest Derivatives

Neural Tube Derivatives Neural Crest Derivatives

Ventral horn cells Cranial ganglia

Preganglionic autonomic neurons Dorsal root ganglia

Astrocytes, oligodendrocytes, and ependymal cells Autonomic ganglia

Retina Schwann cells

Posterior pituitary Adrenal medulla

Cortical neurons Melanocytes

Gray nuclei of the brain and spinal cord
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Early Development of the Spinal Cord

See	Fig. 1.2.
Three	layers	of	cells	are	formed	from	the	proliferation	

and	 differentiation	 of	 the	 thick,	 pseudostratified	 neu-

roepithelium	that	makes	up	 the	wall	of	 the	neural	 tube.	
	Beginning	 from	 inner-	 to	 outermost,	 these	 are	 the	neu-

roepithelial layer,	the	mantle layer,	and	the	marginal layer.
On	 the	 innermost	 aspect	 of	 the	 neural	 tube,	 the	

	neuroepithelium	forms	a	layer	of	ciliated	columnar	cells,	
the	neuroepithelial	 (or	 ependymal)	 layer,	 that	 lines	 the	
future	ventricles	and	central	canal.

The	neuroepithelium	also	gives	rise	to	primitive	neu-

rons,	called	neuroblasts,	that	migrate	peripherally	to	sur-

round	 the	 neuroepithelial	 layer.	 This	 so-called	 mantle	
layer	will	later	form	the	gray	matter	of	the	spinal	cord.

As	 the	 neuroblasts	 in	 the	mantle	 layer	 develop	 into	
mature	neurons	with	cytoplasmic	processes,	 these	pro-	
cesses	 extend	peripherally	 to	 form	 the	outermost	mar-

ginal	 layer	 that	 later	 becomes	 the	white	matter	 of	 the	
spinal	cord.

Astrocytes	and	oligodendrocytes	are	also	derived	from	
precursor	blast	cells	that	originate	in	the	neuroepithelial	
layer	and	migrate	peripherally	into	the	mantle	and	mar-

ginal	layers.

Fig. 1.2 Early development of the spinal cord.
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Spinal Gray Matter

See	Fig. 1.3.
Thickening	 of	 the	 dorsal	 and	 ventral	 aspects	 of	 the	

neural	 tube	produces	 the	alar	 and	basal plates,	 respec-

tively.	 Together,	 these	 plates	 represent	 the	 future	 gray	
matter	of	the	spinal	cord.	These	dorsal	and	ventral	bulges	
are	 separated	by	 a	 longitudinal	 groove,	 the	 sulcus limi-

tans,	that	develops	along	the	sides	of	the	central	cavity.

The	alar	plate	 forms	 the	dorsal	gray	columns,	which	
contain	sensory	afferent	neurons.	In	cross	section,	these	
columns	 are	 referred	 to	 as	 the	 dorsal	 horns.	 The	 basal	
plate	 contains	 somatic	 and	 autonomic	 motor	 neurons	
that	constitute	 the	ventral	and	 lateral gray columns,	 re-

spectively.	In	cross	section,	these	columns	are	known	as	
the	ventral	and	lateral	horns.

Fig. 1.3 Spinal gray matter.
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Ventral and Dorsal Roots

See	Fig. 1.4.
Sensory	neurons	in	the	dorsal root ganglia	are	derived	

from	 the	 neural	 crest.	 These	 pseudounipolar neurons	
project	both	central	and	peripheral	branches	(axons).

The	central	branches	of	the	dorsal	root	ganglia	enter	
the	spinal	cord	through	the	dorsal sensory roots.	They	ei-
ther	 synapse	 in	 the	 dorsal	 gray	 column	 (spinothalamic	
tract)	or	ascend	in	the	dorsal	white	column	to	terminate	
in	the	dorsal	column	nuclei	(dorsal	column–medial	lem-

niscus	tract).	Neurons	in	the	dorsal	gray	column	and	the	
dorsal	column	nuclei	are	derived	from	the	alar	plate.

The	peripheral	branches	of	the	dorsal	root	ganglia	en-

ter	the	spinal nerves,	course	peripherally,	and	terminate	
as	sensory	endings	in	somatic	or	visceral	structures.

Motor	neurons	in	the	ventral	gray	columns	are	derived	
from	the	basal	plate.	They	project	axons	peripherally	into	
the	ventral motor roots.

Somatic	 motor	 neurons	 in	 the	 ventral	 motor	 roots	
join	peripheral	branches	of	the	dorsal	root	ganglia	in	the	
region	of	the	intervertebral	foramina	to	form	the	spinal	
nerves.	Sympathetic	motor	neurons	in	the	ventral	motor	
roots	also	join	the	spinal	nerves	but	exit	soon	after	in	the	
white communicating ramus	 to	 reach	 the	 paravertebral	
and	prevertebral ganglia.

Fig. 1.4 Ventral and dorsal roots.
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Ascent of the Conus Medullaris

See	Fig. 1.5.
During	 the	 early	 stages	 of	 development,	 the	 rate	 of	

growth	of	the	spinal	cord	keeps	pace	with	that	of	the	ver-

tebral	column;	thus,	the	spinal	nerves	pass	through	the	
intervertebral	foramina	at	their	respective	level	of	origin	
in	the	spinal	cord.

After	 the	 third	 month	 of	 embryonic	 development,	
however,	the	rate	of	growth	of	the	vertebral	column	ex-

ceeds	that	of	the	spinal	cord	so	that	the	end	of	the	spinal	
cord	assumes	an	increasingly	higher	position	in	relation	
to	the	vertebral	column.	 In	the	adult,	 the	caudal	end	of	
the	spinal	cord,	called	the	conus medullaris,	is	positioned	
at	the	level	of	the	first	lumbar	vertebra.	The	conus	medul-

laris	is	attached	to	the	periosteum	of	the	coccygeal	ver-

tebrae	by	a	long	thread	of	pia	mater	known	as	the	filum 
terminale.	 Because	 of	 the	 differential	 rate	 of	 growth	 of	
the	 spinal	 column	and	spinal	 cord,	 the	 spinal	 cord	seg-

ment	 does	 not	 correlate	 with	 the	 respective vertebral	
column	levels.	In	the	cervical	spine,	each	vertebral	level	
corresponds	to	the	level	of	the	succeeding	cord	segment	
(i.e.,	 the	sixth	cervical	spine	corresponds	to	 the	 level	of	
the	seventh	spinal	cord	segment).	In	the	upper	thoracic	
spine,	 the	difference	 is	 two	segments,	and	 in	 the	 lower	
thoracic	and	upper	lumber	spine,	the	difference	is	three	
segments.

Because	 all	 spinal	 nerves	 pass	 through	 their	 corre-

sponding	intervertebral	foramina,	the	lumbar	and	sacral	
roots	 are	 considerably	 stretched.	 These	 lengthy	 fibers	
constitute	the	cauda	equina	(L.	horse’s	tail).

Fig. 1.5 Ascent of the conus medullaris.
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The Brain Vesicles

See	Fig. 1.6.
During	the	fourth	week	of	gestation,	the	rostral	neu-

ral	 tube	 takes	 the	 form	of	 three	primary brain vesicles:	
the	 forebrain	 or	 prosencephalon,	 the	 midbrain	 or	mes-

encephalon,	 and	 the	 hindbrain	 or	 rhombencephalon.	
During	the	fifth	week,	the	forebrain	divides	into	the	tel- 

encephalon	and	diencephalon,	the	midbrain	becomes	the	
mesencephalon,	and	the	hindbrain	divides	into	the	met- 

encephalon	and	the	myelencephalon,	resulting	in	the	for-

mation	of	five	secondary brain vesicles.

Fig. 1.6 Brain vesicles.
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The Brain Flexures

See	Fig. 1.7.
As	the	primary	brain	vesicles	develop,	the	brain	flexes,	

or	bends,	to	form	the	cephalic flexure	in	the	midbrain	re-

gion,	and	the	cervical flexure	at	the	junction	of	the	hind-

brain	and	the	spinal	cord.	A	compensatory	pontine flexure	
later	forms	between	the	cephalic	and	cervical	flexures.

Fig. 1.7 Brain flexures.
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The Rhombencephalon (Hindbrain) 

The	cervical	flexure	marks	the	junction	between	the	spi-
nal	cord	and	the	hindbrain.	The	hindbrain	is	divided	by	
the	pontine	flexure	into	the	myelencephalon	(the	future	
medulla)	 and	 the	metencephalon	 (the	 future	 pons	 and	
cerebellum).

The	central	cavity	of	the	hindbrain	becomes	the	fourth	
ventricle,	 the	dorsal	 surface	of	which	 is	bounded	by	an	
ependymal	 roof	 plate.	 The	 roof	 plate	 is	 formed	 as	 the	
fourth	ventricle	expands,	spreading	its	lateral	walls	open	
like	the	pages	of	a	book.

As	a	result	of	this	change,	the	roof	plate	of	the	fourth	
ventricle,	 which	 is	 covered	 by	 vascular	 pia	 mater,	 is	
stretched	 and	 greatly	 thinned.	 Together,	 the	 roof	 plate	
and	the	vascular	pia	mater	constitute	the	tela	choroidea.	
Invagination	of	the	tela	choroidea	 into	the	cavity	of	the	
fourth	 ventricle	 forms	 the	 choroid	 plexus,	which	 is	 re-

sponsible	 for	 the	 secretion	 of	 cerebrospinal	 fluid	 (CSF).	
Similar	plexuses	develop	in	the	third	and	lateral	ventri-
cles.

CSF	flows	out	of	the	fourth	ventricle	through	two	lat-
eral	apertures	(the	foramina	of	Luschka)	and	one	median	
aperture	(the	 foramen	of	Magendie)	 that	are	 formed	as	
local	resorptions	of	the	roof	of	the	fourth	ventricle.

Another	 change	 produced	 by	 the	 spread	 of	 the	 lat-
eral	walls	 of	 the	 fourth	 ventricle	 is	 that	 the	 alar	 plates	
assume	a	 lateral	position	in	relation	to	the	basal	plates.	
This	 explains	why	 sensory	 neurons	 (derivatives	 of	 the	
alar	 plates)	 lie	 lateral	 to	motor	 neurons	 (derivatives	 of	
the	basal	plates)	in	the	pons	and	medulla,	in	contrast	to	
their	dorsal-ventral	relation	in	the	spinal	cord.

The Myelencephalon

See	Fig. 1.8.
The	myelencephalon	 develops	 into	 the	medulla	 ob-

longata.	Many	of	the	structural	similarities	between	the	
medulla	and	the	spinal	cord,	with	which	it	is	continuous,	
disappear	during	development	as	the	fourth	ventricle	ex-

pands	(see	earlier	discussion).
Neuroblasts	of	the	alar	plate	develop	into	sensory	nu-

clei;	 neuroblasts	 of	 the	 basal	 plate	 develop	 into	motor	
nuclei.	 Some	neuroblasts	of	 the	alar	plate	migrate	ven-

trally	to	form	isolated	areas	of	gray	matter,	including	the	
inferior olivary nuclei,	which	are	associated	with	the	cer-

ebellum,	 and	 the	 gracile	 and	 cuneate nuclei,	which	 are	
associated	 with	 the	 dorsal	 column–medial	 lemniscus	
tracts.	On	the	ventralmost	aspect	of	the	caudal	medulla	
are	the	medullary pyramids,	which	contain	the	cortico-
spinal	tracts.

本书版权归Thieme所有



Alar
plate

Basal
plate

Basal
plate
(motor
nuclei)

Inferior
olivary
nucleus

Alar
plate
(sensory
nuclei)

Fourth
ventricle

Inferior
olivary
nucleus

Pyramid

Sensory 
nuclei

Motor 
nuclei

Caudal medulla      

Pyramid

Rostral medulla   

Gracile
nucleus

Cuneate
nucleus

Mantle
layer

Marginal
layer

Central
canal

1 Neuroembryology 11

Fig. 1.8 The myelencephalon.
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The Metencephalon

See	Fig. 1.9.
The	 dorsal	 part	 of	 the	metencephalon	 develops	 into	

the	 cerebellum,	 and	 the	 ventral	 part	 develops	 into	 the	
pons.

The	cerebellum	is	formed	from	the	fusion	of	dorsolat-	
eral	 thickenings	 of	 the	 metencephalon	 that	 overgrow	
the	 roof	 of	 the	 fourth	 ventricle.	 These	 thickenings,	 or	
rhombic lips,	 fuse	 in	 the	 midline	 to	 form	 the	 cerebel-
lar	vermis,	which	 is	flanked	on	either	 side	by	enlarging	
cerebellar	 hemispheres.	 Peripherally	 migrating	 neuro-	

blasts	contribute	to	the	cerebellar	cortex,	whereas	those	
situated	centrally	differentiate	into	the	deep	intracerebel-

lar nuclei.
Development	of	 the	pons	occurs	ventral	 to	 the	cere-

bellum	in	the	ventral	aspect	of	the	metencephalon.	The	
pontine nuclei,	whose	axons	project	to	contralateral	cere-

bellar	cortices,	come	to	lie	in	the	ventral	pons;	the	dorsal	
pons	contains	the	cranial nerve	nuclei.	As	in	the	myelen-

cephalon,	motor cranial nerve nuclei	are	derived	from	the	
basal plate;	sensory cranial nerve nuclei	are	derived	from	
the	alar plate.

Fig. 1.9 The metencephalon.
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The Mesencephalon

See	Fig. 1.10.
Of	all	 the	parts	of	 the	brain,	except	the	caudal	hind-

brain,	the	midbrain	undergoes	the	least	dramatic	change	
during	development.	The	central	cavity	of	the	midbrain	
forms	 the	 cerebral aqueduct of Sylvius, which	 connects	
the	more	expansive	third	and	fourth	ventricles.

Neuroblasts	from	the	alar	plates	migrate	into	the	roof,	
or	 tectum,	of	 the	midbrain	 to	 form	the	 inferior colliculi,	
which	are	concerned	with	audition,	and	the	superior col-

liculi,	 which	 are	 concerned	with	 visual	 reflexes.	 These	

collections	of	cells	produce	four	bulges	on	the	dorsal	sur-

face	of	the	midbrain,	known	as	the	quadrigeminal	plate.	
The	central gray	surrounding	the	aqueduct	is	also	derived	
from	neuroblasts	of	the	alar	plates.

Neuroblasts	from	the	basal	plates	give	rise	to	several	
groups	 of	 neurons	 in	 the	 tegmentum	 of	 the	 midbrain,	
comprising	the	oculomotor	(III)	and	trochlear (IV)	cranial	
nerve	nuclei,	the	reticular	nuclei, the	red nuclei,	and	the	
substantia nigra.

Two	 cerebral peduncles	 in	 the	 ventral	midbrain	 con-

tain	cortical	fibers	descending	to	the	brainstem	and	spi-
nal	cord.

Fig. 1.10 The mesencephalon.
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The Prosencephalon (Forebrain)

Early	 in	 development,	 a	 lateral	 outgrowth	 called	 the	
	optic	 vesicle	 appears	 on	 each	 side	 of	 the	 forebrain.	
These	 vesicles,	 which	 give	 origin	 to	 the	 retinas	 and	
	optic	nerves,	divide	the	forebrain	into	rostral	and	caudal	
parts,	 referred	to	as	the	telencephalon	and	diencepha-

lon,	 respectively.	 (The	 optic	 vesicles	 themselves	 are	 of	
diencephalic	origin.)

The Diencephalon

See	Fig. 1.11.
The	 central	 cavity	 of	 the	 diencephalon	 becomes	 the	

third ventricle.	 As	 the	 third	 ventricle	 extends	 into	 the	
medial	portion	of	the	telencephalon,	it	is	flanked	by	two	
larger	lateral ventricles.

Three	swellings	develop	in	the	lateral	walls	of	the	third	
ventricle	 that	 give	 rise	 to	 the	 epithalamus,	 the	 paired	
thalami,	and	the	hypothalamus.	The	thalami	are	situated	
between	the	dorsally	 located	epithalamus	and	the	ven-

trally	located	hypothalamus.	They	are	separated	from	the	
epithalamus	by	the	epithalamic	sulcus,	and	from	the	hy-

pothalamus	by	the	hypothalamic	sulcus.
The	epithalamus	gives	origin	to	the	habenular	nuclei	

and	the	pineal	gland.
The	thalami,	which	expand	greatly	in	the	lateral	walls	

of	the	third	ventricle,	reduce	the	ventricle	to	a	thin	slit.	
In	many	brains,	the	thalami	meet	and	fuse	in	the	midline	

to	 form	a	gray	matter	structure	called	 the	massa	 inter-

media.
The	 hypothalamus	 contains	 several	 cell	 groups	 re-

lated	to	autonomic	and	endocrine	functions,	and	a	paired	
group	of	neurons	called	the	mammillary bodies	that	are	
visible	as	rounded	swellings	on	the	diencephalon’s	ven-

tral	surface.
More	 rostrally,	 two	 other	 swellings	 appear	 on	 the	

	ventral	surface	of	the	diencephalon.	These	are	the	optic 

chiasm,	in	which	the	fibers	from	the	medial	halves	of	the	
retinas	 cross	 the	midline,	 and	 the	 infundibulum,	which	
is	 the	 stem	of	 the	 pituitary	 gland.	 The	 retinas	 and	 the	
pituitary	gland	are	both	derived	 from	a	combination	of	
surface	and	neural	ectoderm,	 the	 latter	of	which	 is	de-

rived	from	a	downward	evagination	of	the	diencephalon.

The Telencephalon

The	telencephalon	is	subject	to	the	most	extensive	devel-
opmental	changes	in	the	nervous	system.	It	gives	rise	to	
the	cerebral	hemispheres,	the	cerebral	commissures,	the	
corpus	striatum,	and	the	internal	capsule.

Early	 in	 development,	 the	 telencephalon	 consists	 of	
a	 median	 portion	 and	 two	 lateral	 diverticula,	 the	 tel-	
encephalic	 vesicles	 that	 will	 develop	 into	 the	 cerebral	
hemispheres.	As	mentioned	earlier,	 the	median	portion	
of	the	telencephalon	is	filled	by	the	rostral	extension	of	
the	 third	ventricle.	 Filling	 the	 telencephalic	vesicles	are	
the	lateral	ventricles,	which	communicate	with	the	third	
ventricle	through	the	interventricular	foramina	(Monro).

Fig. 1.11 The diencephalon.
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Cerebral Hemispheres

See	Fig. 1.12.
During	the	fifth	gestational	week,	the	developing	cere-

bral	hemispheres	expand	in	several	directions,	overgrow-

ing	 the	diencephalon,	 the	midbrain,	 and	 the	hindbrain.	
Embryonic	mesenchyme	 that	 is	 trapped	 in	 the	 longitu-

dinal	fissure	between	the	two	hemispheres	gives	rise	to	
the	falx	cerebri.

The	multiple	 directions	 through	which	 the	 cerebral	
hemispheres	 expand	 account	 for	 its	 mature,	 C-shaped	
configuration.	 Thus	 the	 frontal lobe	 is	 formed	 from	an-

terior	growth	of	the	hemispheres;	the	parietal lobe	from	
lateral-superior	 growth;	 and	 the	occipital	 and	 temporal 

lobes	from	posterior-inferior	growth.	The	slowly	growing	
insula	or	insular cortex overlying	the	outer	surface	of	the	
corpus	striatum	is	overgrown	by	the	frontal,	parietal,	and	
temporal	lobes	and	thus	comes	to	lie	deep	in	the	lateral	
cerebral	sulcus	(sylvian	fissure).

A	 complex	 pattern	 of	 sulci	 and	 gyri	 develops	 in	 the	
external	 surface	 of	 the	 cerebral	 hemispheres,	 creating	
an	 increase	 in	 brain	 surface	 without	 a	 proportionate	
increase	 in	 the	whole	 brain	 volume.	 Internally,	 the	 de-

velopment	of	the	lateral	ventricles	roughly	parallels	the	
development	of	the	hemispheres.	The	anterior	horn	thus	
develops	in	the	frontal	lobe,	the	posterior	horn	forms	into	
the	occipital	 lobe,	 and	 the	 inferior	horn	projects	 to	 the	
temporal	lobe.

The	C-shaped	pattern	of	growth	assumed	by	the	cer-

ebral	hemisphere	and	the	lateral	ventricle	produces	par-

allel	 C-shaped	 structures,	 including	 the	 fornix	 and	 the	
caudate	nucleus	(see	later	discussion).

Fig. 1.12 Cerebral hemispheres.
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Cerebral Commissures

See	Fig. 1.13.
These	 are	 groups	 of	 fibers	 that	 interconnect	 corre-

sponding	regions	of	the	two	cerebral	hemispheres.	This	
function	 is	originally	 served	by	 the	cephalic	end	of	 the	
neural	tube,	the	lamina terminalis,	which	later	forms	the	
anterior	wall	of	the	third	ventricle.	Three	major	commis-

sures	develop	within	(or	from)	the	lamina	terminalis.
The	 anterior commissure	 is	 the	 first	 commissure	 to	

form.	It	connects	the	olfactory	bulbs	and	temporal	lobes	
of	both	sides.	Forming	a	C-shaped	arch	that	overlies	the	
thalamus,	the	fornix,	which	develops	next,	consists	of	lon-

gitudinally	oriented	fibers	 that	project	 from	the	hippo-	

campus	to	the	mammillary	bodies	of	the	hypothalamus.	
Commissural	fibers	of	the	fornix	connect	the	hippocam-

pal	 formations	 of	 both	 sides,	 forming	 the	 hippocampal 

commissure.	 Finally,	 the	 corpus callosum,	 the	 largest	 of	
the	cerebral	commissures,	takes	the	form	of	an	arch	over	
the	 third	 ventricle.	 It	 connects	 the	 neocortices	 of	 both	
sides.

What	is	 left	of	the	lamina	terminalis	after	the	devel-
opment	 of	 these	 commissures	 is	 a	 thin	wall	 called	 the	
septum pellucidum,	which	separates	the	anterior	horns	of	
the	lateral	ventricles.	The	corpus	callosum	and	the	fornix	
bound	 the	 anterior	 horns	 of	 the	 lateral	 ventricles	 from	
above	and	below,	respectively.

Fig. 1.13 Cerebral commissures (Continued on p. 17).
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Fig. 1.13 Cerebral commissures (Continued)

本书版权归Thieme所有



Exception to rostral-
caudal rule:  rostrum 
and anterior genu 
develop last

Formation  of 
commissural
plate (7 weeks)

Groove in commissural 
plate becomes filled
with cellular material

Glial bridge formed
as cellular material
attracts and guides
axons across the
midline to form 
cerebral commissures

Development of the corpus callosum

Rostrum

G

enu
Body

Splenium

Rostral-caudal sequence of development

I Development and Developmental Disorders18

Corpus Callosum

See	Fig. 1.14.
Because	 of	 its	 clinical	 importance,	 the	 development	

of	the	corpus	callosum	is	worthy	of	a	more	detailed	dis-

cussion.	 Anatomically,	 the	 corpus	 callosum	 is	 divided	
into	four	sections:	the	rostrum,	genu,	body,	and	splenium.	
Development	 of	 the	 corpus	 callosum	 begins	 at	 about	
the	 seventh	week	 of	 gestation,	when	 the	 dorsal	 aspect	
of	the	lamina	terminalis	thickens	into	what	is	known	as	
the	commissural	plate.	Once	 formed,	a	groove	develops	
in	the	commissural	plate,	which	becomes	filled	with	cel-
lular	material.	This	cellular	material	forms	a	glial	bridge	
superiorly	across	the	groove,	the	cellular	components	of	
which	 express	 surface	molecules	 and	 secrete	 chemical	
messengers	that	attract	and	help	guide	axons	across	the	
midline	to	form	the	three	cerebral	commissures.

Development	of	the	entire	corpus	callosum,	however,	
does	not	occur	simultaneously;	rather,	it	follows	a	rostral	
to	caudal	sequence.	This	means	that	arrest	of	the	corpus	
callosum	development	prior	to	its	completion	results	in	
a	normally	formed	anterior	portion	but	an	absent	or	only	
partially	 formed	 posterior	 portion.	 Exceptions	 to	 this		
rostral-caudal	sequence	of	development	include	the	ros-

tralmost	 portions	 of	 the	 corpus	 callosum—the	 rostrum	
and	the	anterior	part	of	the	genu.	Violations	of	the	“front	
to	back”	rule	may	also	occur	as	a	result	of	secondary	de-

structive	processes	that	damage	the	corpus	callosum	af-
ter	it	has	already	fully	formed.	These	processes	may	lead	
to	an	absent	or	 small	genu	or	body	and	an	 intact	 sple-

nium	and	rostrum.

Fig. 1.14 Corpus callosum.
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Corpus Striatum and Internal Capsule

See	Figs. 1.15 and 1.16.
The	putamen,	the	globus	pallidus, and	the	caudate nu-

cleus	 collectively	 constitute	 the	 corpus striatum,	 which	
represents	the	main	component	of	the	basal	ganglia.	These	
structures	develop	within	 the	 thick	floor	of	 the	 cerebral	
hemispheres,	which	undergo	less	lateral	growth	than	the	
thin	cortical	walls.	As	a	result,	the	striatum	remains	close	
to	the	midline	of	the	brain,	just	lateral	to	the	diencephalon	
(thalamus)	because	of	posterior	expansion.

The	 topographic	 anatomy	 of	 the	 corpus	 striatum	
is	 as	 follows.	 The	 lentiform nucleus	 (globus	 pallidus	 +	

putamen)	lies	ventrolateral	to	the	caudate,	separated	by	
the	anterior	limb	of	the	internal capsule,	which	contains	fi-	
bers	headed	to	and	from	the	cortex.	The	posterior	limb	of	
the	internal	capsule	separates	the	lentiform	nucleus	from	
the	thalamus.

Functionally	and	histologically,	the	putamen	is	similar	
to	the	caudate	nucleus,	and	collectively	they	are	known	
as	the	striatum.	The	striatum	receives	all	of	the	afferent	
input	to	the	basal	ganglia.	The	globus	pallidus,	which	is	
functionally	and	histologically	distinct	from	the	striatum,	
gives	rise	to	the	major	efferents	from	the	basal	ganglia.

Fig. 1.15 Corpus striatum and internal capsule.  

The putamen, caudate nucleus, and globus pallidus constitute the 

corpus striatum. The thalamus is medial. The lentiform nucleus 

(globus pallidus + putamen) lies ventromedial to the caudate 

 nucleus, separated by the internal capsule.
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As	mentioned,	the	peculiar	C-shaped	development	of	
the	cerebral	hemispheres	accounts	for	the	configuration	
of	the	lateral	ventricles.	This	is	also	true	for	the	C-shaped	
caudate	nucleus,	whose	head	and	body	form	the	floor	of	
the	 anterior	horn	 and	body	of	 the	 lateral	 ventricle	 and	
whose	tail	forms	the	roof	of	the	inferior	horn.

Two	 smaller	 fiber	 tracts	 in	 this	 area	 are	 worthy	 of	
mention.	The	external capsule	 contains	 cortical	projec-

tion	fibers	 that	 pass	 lateral	 in	 relation	 to	 the	 lentiform	
nucleus.	The	extreme	capsule	separates	another	nucleus,	
the	calustrum,	from	the	insular	cortex.

Fig. 1.16 (a, b) C-shaped development of the caudate nucleus
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Clinical features

Rostrum and
splenium of
corpus callosum
are absent

Hypogenesis of the corpus due to developmental arrest typically produces an 
intact genu and body with an absent splenium and rostrom

Other patterns of hypogenesis suggest a secondary destructive process, rather
than a developmental arrest

Callosal anomalies are frequently associated with other brain anomalies, such 
as dandy-walker malformation, disorders of neuronal migration and 
organization, and encephaloceles

Symptoms, which  most commonly include mental retardation, are usually the
result of other brain anomalies
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Congenital Malformations

See	Table 1.3.

Anomalies of the Corpus Callosum

See	Fig. 1.17.
As	 mentioned,	 the	 corpus	 callosum	 develops	 in	 a	

rostral	 to	 caudal	 sequence,	with	 the	 exception	 of	 the	
rostrum	and	the	anterior	portion	of	the	genu,	which	de-

velop	 last.	Normally,	 the	corpus	develops	between	 the	
eighth	 and	 twentieth	weeks	 of	 gestation,	 at	 the	 same	
time	as	the	rest	of	the	cerebrum	and	cerebellum.	Devel-
opmental	arrest	of	 the	corpus	may	result	 in	 its	partial	
or	 complete	 absence.	 Because	 of	 the	normal	 sequence	
of	its	development,	partial	absence	of	the	corpus	almost	
always	presents	 as	 an	 intact	 genu,	 a	 partially	 or	 com-

pletely	formed	body,	and	a	small	or	absent	splenium	and	
rostrum.	Deviation	from	this	scheme,	such	as	a	small	or	

absent	 genu	 or	 body	 but	 an	 intact	 splenium	 and	 ros-

trum,	are	evidence	of	a	secondary	destructive	process,	
rather	than	a	developmental	arrest.	An	exception	is	the	
callosal	anomaly	associated	with	holoprosencephaly,	in	
which	 the	 corpus	 demonstrates	 an	 intact	 splenium	 in	
the	absence	of	a	genu	or	body.

Because	the	corpus	develops	at	the	same	time	as	the	
cerebrum	 and	 cerebellum,	 callosal	 anomalies	 are	 often	
associated	with	other	brain	anomalies,	such	as	the	Dan-

dy-Walker	malformation,	disorders	of	neuronal	migration	
and	organization,	and	encephaloceles.	Isolated	anomalies	
of	the	corpus	callosum	are	usually	asymptomatic.	Symp-

toms,	when	present,	are	often	related	to	associated	brain	
anomalies.	The	most	common	associated	symptoms	are	
seizures	and	mental	retardation.	Callosal	anomalies	con-

tribute	to	several	syndrome	complexes,	such	as	Aicardi’s	
syndrome,	which	is	an	X-linked	disorder	comprising	in-

fantile	 spasms,	 callosal	 agenesis	 or	 hypogenesis,	 chori-
oretinopathy,	and	an	abnormal	electroencephalogram.

Fig. 1.17 Anomalies of the corpus 

callosum.
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Table 1.3 Congenital Malformations of the Central Nervous System

Anomalous  
Developmental Process

Congenital  
Malformation

 
Structural Defect

 
Clinical Manifestations

Neural tube closure Anencephaly Cranium and cerebral  

hemispheres absent

Stillborn

Cranium bifidum Cranial defect with herniation 

of meninges (meningocele); 

meninges and brain 

(meningoencephalocele); 

meninges, brain, and ventricles 

(meningohydroencephalocele)

Varies from no functional 

impairment to severe motor and 

mental impairment with seizures

Spina bifida occulta Vertebral arch defect Usually asymptomatic

Spina bifida cystica Vertebral arch defect with 

herniation of meninges 

(meningocele) or 

meninges and spinal cord 

(meningomyelocele)

Varies depending on level, from 

saddle anesthesia to complete 

motor/sensory loss in the lower 

extremities and bladder/rectal 

incontinence

Differentiation and growth of 

cerebral hemisphere

Agenesis of corpus 

callosum

Absence of corpus callosum May be asymptomatic, 

mental retardation, seizures, 

disconnection syndrome

Microcephaly Low brain weight and size Mental retardation

Lissencephaly Absence of cortical gyri Mental retardation and hypotonia 

or spasticity

Polymicrogyria Overabundant, undersized 

cortical gyri

Mental retardation and hypotonia 

or spasticity

Development of cerebrospinal 

fluid circulation

Hydrocephalus Enlargement of ventricles with 

increased intracranial pressure

Poor feeding, vomiting, paralysis 

of upward gaze, spasticity, mental 

retardation, decreased visual 

acuity
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Clinical features

Inter-
hemispheric
lipoma

Represent an abnormal differentiation of the undifferentiated mesenchyme 
that surrounds the developing brain

This anamolous development results in the formation and deposition of fat 
in a subarachnoid space

The most common locations: interhemispheric tissue, quadrigeminal plate 
cistern, inter-peduncular cistern, cerebellopontine angle cistern, and 
sylvian cistern

Classic radiographic appearance of curvilinear 
calcification at margins of interhemispheric lipoma

Hypogenesis
of corpus
callosum
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Intracranial Lipomas

See	Fig. 1.18.
In	 normal	 development,	 an	 undifferentiated	 mesen-

chyme	 that	 surrounds	 the	developing	brain	gives	 rise	 to	
the	 leptomeninges	and	 the	 subarachnoid	 space.	 For	 rea-

sons	that	are	not	well	understood,	abnormal	differentia-

tion	of	this	undifferentiated	mesenchyme	may	lead	to	the	
formation	and	deposition	of	fat	in	the	subarachnoid	space.	
Because	of	their	location	in	the	subarachnoid	space,	such	
lipomas	typically	contain	blood	vessels	and	cranial	nerves,	
creating	an	obstacle	to	their	surgical	removal.	In	decreas-

ing	 order	 of	 frequency,	 intracranial	 lipomas	 are	 found	
in	 the	deep	 interhemispheric	fissure,	 the	quadrigeminal	
plate	 cistern,	 the	 interpeduncular	 cistern,	 the	 cerebello-

pontine	angle	cistern,	and	the	sylvian	cistern.
Interhemispheric	 lipomas,	 also	known	as	 lipomas	of	

the	corpus	callosum,	are	typically	associated	with	hypo-

genesis	or	agenesis	of	the	corpus	callosum.	There	is	fre-

quently	also	evidence	of	punctate	or	curvilinear	midline	
calcifications,	or	the	presence	of	other	anomalies,	such	as	
encephaloceles	and	cutaneous	lipomas.	Rarely	do	intra-	
cranial	lipomas	exert	significant	mass	effect	on	surround-

ing	brain	structures;	thus,	the	need	for	surgical	interven-

tion	is	rare	as	well.

Cephaloceles

A	 cephalocele	 is	 a	 skull-base	 or	 calvarial	 defect	 that	 is	
associated	 with	 herniation	 of	 intracranial	 contents.	 If	
the	herniated	contents	contain	both	meninges	and	brain	
tissue,	 then	 the	malformation	 is	 termed	 a	meningoen-

cephalocele;	if	the	herniated	contents	contain	meninges	
only,	 then	 the	malformation	 is	 termed	 a	meningocele.	
The	 pathogenesis	 of	 cephaloceles	 varies	 depending	 on	
their	 location.	Skull-base	cephaloceles,	which	represent	
defects	of	endochondral	bone,	are	caused	either	by	fail-
ure	of	 induction	of	bone	due	 to	 faulty	neural	 tube	 clo-

sure	or	disunion	of	basilar	ossification	centers.	Calvarial	
cephaloceles,	 which	 represent	 defects	 of	 membranous	
bone,	 are	 caused	 either	 by	 a	 defect	 of	 bone	 induction,	
mass	effect	and	pressure	erosion	of	bone	by	an	expand-

ing	 intracranial	 lesion,	or	 failure	of	neural	 tube	closure.	
Cephaloceles	 are	 also	 classified	 according	 to	 their	 loca-

tion,	 the	most	 common	 of	which	 include	 (1)	 occipital,	
(2)	frontoethmoidal,	(3)	parietal,	and	(4)	nasopharyngeal.

Fig. 1.18 Intracranial lipomas.
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Fig. 1.19 Sagittal T2-weighted fluid-attenuated inversion  

recovery (FLAIR) MRI showing occipital cephalocele. Note the 

herniated brain contents in the hernia sac
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Occipital Cephaloceles

See	Fig. 1.19.
The	occipital	region	is	the	most	common	location	for	

the	development	of	a	cephalocele	and	is	generally	asso-

ciated	with	a	less	favorable	prognosis,	as	compared	with	
other	 locations.	 Herniated	 intracranial	 contents,	 when	
present,	 include	 supratentorial	 and	 infratentorial	 struc-

tures	with	 equal	 frequency.	 Evaluation	 of	 these	 lesions	

should	 determine	whether	 a	 dural	 venous	 	sinus	 is	 in-

cluded	in	the	herniated	sac,	and	which,	if	any,		associated	
brain	 anomalies	 are	 present.	 Commonly	 associated	
brain	 anomalies	 include	 callosal	 anomalies,	 anoma-

lies	 of	 neuronal	 migration,	 Chiari	 malformations,	 and	
	Dandy-Walker	malformations.	Poor	prognostic	indicators	
include	hydrocephalus,	microcephaly,	 and	 the	presence	
of	brain	tissue	in	the	herniated	sac.
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Frontoethmoidal Cephaloceles

See	Figs. 1.20 and 1.21.
The	 underlying	 developmental	 anomaly	 responsible	

for	the	development	of	the	frontoethmoidal	cephalocele	
appears	to	be	a	failure	in	the	normal	regression	of	a	pro-

jection	of	dura	that	extends	from	the	cranial	cavity	to	the	
skin	 through	 a	 persistent	 foramen	 cecum	or	 fonticulus	
frontalis.	Persistence	of	this	projection	of	dura	may	give	
rise	to	a	dermal	sinus	tract,	which	in	turn	may	give	origin	
to	a	dermoid	or	epidermoid	tumor	(see	later	discussion).	

Examination	 reveals	 a	 superficial	 skin-covered	mass	 or	
nasal	dimple	and	frequently	hypertelorism.	Subtypes	of	
frontoethmoidal	cephaloceles	are	identified	by	the	loca-

tion	of	the	bony	defect,	which	may	be	between	the	frontal	
and	nasal	bones	(frontonasal cephalocele);	the	frontal,	na-

sal,	 and	 ethmoidal	 bones	 (frontoethmoidal cephalocele);	
or	the	frontal,	 lacrimal,	and	ethmoidal	bones	extending	
into	the	anteromedial	portion	of	the	orbit	(naso-orbital 
cephalocele,	not	shown	in	figure).

Fig. 1.20 Frontoethmoidal cephaloceles.
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Fig. 1.21 Sagittal T1-weighted MRI with contrast showing 

frontoethmoidal cephalocele.
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Clinical features

Uncommon

Prognosis poor due to associated major brain anomalies

Common location for atretic cephaloceles, which are
          midline masses frequently associated with midline anomalies such as 
          porencephalies, interhemispheric cysts, and callosal agenesis
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Parietal Cephaloceles

See	Fig. 1.22.
Parietal	 cephaloceles	 are	 uncommon.	 Prognosis	 is	

generally	 poor	 as	 a	 result	 of	 their	 common	 association	
with	 major	 brain	 anomalies,	 including	 Dandy-Walker	
malformation,	 callosal	 agenesis,	 Chiari	 II	malformation,	
and	holoprosencephaly.	Because	of	 their	 location,	 there	

Fig. 1.22 Parietal cephalocele.

is	 an	 increased	 incidence	of	 sagittal	 sinus	 involvement,	
which	must	be	specifically	investigated.	The	parietal	re-

gion	 is	also	a	common	location	for	atretic	cephaloceles,	
which	are	small,	hairless,	midline	masses	associated	with	
a	 sharply	 marginated	 calvarial	 defect	 and	 a	 high	 inci-
dence	of	midline	anomalies,	such	as	porencephalies,	in-

terhemispheric	cysts,	and	callosal	agenesis.
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Clinical features
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Uncommon and clinically occult

Typically present at end of first decade of life as nasal stuffiness or 
"mouth breathing"

Associated brain anomalies such as callosal agenesis are common

May produce endocrine or visual dysfunction due to tethering of 
hypothalamus or optic apparatus    
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Nasopharyngeal Cephaloceles

See	Fig. 1.23.
These	 lesions	are	very	uncommon.	Their	clinical	sig-

nificance	lies	in	the	fact	that	they	are	occult.	Whereas	the	
other	cephaloceles	are	evident	at	birth,	these	lesions	usu-

ally	do	not	present	until	the	end	of	the	first	decade	of	life,	
when	 they	are	diagnosed	during	an	evaluation	 for	per-

sistent	 nasal	 stuffiness	 or	 excessive	 “mouth	 breathing.”	
On	examination	they	appear	as	nasopharyngeal	masses	
that	 increase	 in	 size	with	 a	Valsalva	maneuver.	 Associ-
ated	intracranial	anomalies,	such	as	callosal	agenesis,	are	
common.	In	addition,	tethering	of	the	hypothalamus	and	
optic	 chiasm	 as	 they	 extend	 into	 the	 sac	may	 result	 in	
both	endocrine	and	visual	dysfunction.

Fig. 1.23 Nasopharyngeal cephalocele.
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Dermal Sinuses

See	Fig. 1.24.
Dermal	 sinuses	 are	 formed	 during	 the	 third	 to	 fifth	

weeks	 of	 intrauterine	 life	when	 a	 defect	 occurs	 in	 the	
separation	 of	 neuroectoderm	 (the	 embryological	 pre-

cursor	 of	 nervous	 tissue)	 from	 surface	 ectoderm	 (the	
embryological	precursor	of	skin).	The	dermal	sinus	tract	
thus	formed	may	represent	an	abnormal	communication	
between	the	dermis	and	the	intracranial	cavity,	although	
the	tract	may	end	 in	subcutaneous	tissue	or	 in	any	tis-

sue	plane	superficial	to	the	intradural	space.	Because	the	
primitive	 ectoderm	has	 the	 capacity	 to	 form	both	 der-

mal	and	epidermal	tissue,	the	sinus	tract	frequently	con-

tains	elements	of	both.	Thus,	a	dermal	sinus	is	typically	
composed	of	stratified	squamous	epithelium	(epidermal	
component)	 as	well	 as	 hair	 follicles,	 sebaceous	 glands,	
and	sweat	glands	(dermal	component).

The	dermal	sinus	is	a	midline	defect	that	may	be	found	
anywhere	between	the	nasion	and	coccyx,	although	it	is	
not	 commonly	 found	 between	 the	 glabella	 and	 the	 in-

ion.	Associated	dermoid or	epidermoid	cysts	may	form	at	
any	point	along	the	sinus	tract,	but	most	commonly	they	
occur	at	 the	terminus	of	 the	tract.	Clinical	presentation	
varies	 from	 a	 benign	 cutaneous	 cosmetic	 blemish	 to	 a	
serious	intracranial	infection	or	a	tumorlike	process	due	
to	mass	effect	from	a	dermoid	or	epidermoid	cyst.	Com-

monly	associated	cutaneous	stigmata	include	angiomata,	
abnormalities	of	pigmentation,	hypertrichosis,	abnormal	
hair	pattern,	subcutaneous	lipomata,	and	skin	tags.

Fig. 1.24 Dermal sinuses.
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PIA mater
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Arachnoid Cysts

See	 Figs. 1.25 and 1.26.
Arachnoid	cysts	are	CSF-containing	lesions	covered	by	

membranes	that	consist	of	arachnoid	cells	and	collagen	
fibers,	which	are	continuous	with	the	normal	surround-

ing	arachnoid.	The	 formation	of	 an	arachnoid	 cyst	 ap-

pears	to	result	from	an	anomalous	splitting	and	dupli-
cation	of	the	endomeninx,	which	normally	forms	a	loose	
extracellular	 substance	 in	 the	 future	 CSF-filled	 suba-

rachnoid	space.	Approximately	two-thirds	of	arachnoid	
cysts	are	located	in	the	supratentorial	space,	most	com-

monly	the	sylvian	cistern,	and	one-third	are	located	in	
the	infratentorial	space,	the	latter	fairly	evenly	divided	
between	 the	 cerebellopontine	 angle,	 posterior	 to	 the	
vermis,	and	superior	to	the	quadrigeminal	plate.	Other	
supratentorial	locations	include	suprasellar,	interhemi-
spheric,	intraventricular,	and	superficial	to	the	cerebral	
convexities.	 The	 clinical	 manifestations	 of	 arachnoid	
cysts	may	be	variably	attributed	to	mass	effect,	intrac-

ranial	hypertension,	 or	 obstructive	hydrocephalus.	 Pa-

tients	may	 present	with	 headache,	 seizure,	 or	 neuro-

logic	deficit.

Fig. 1.25 Arachnoid cysts.
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Fig. 1.26 Axial T2-weighted MRI showing a large left frontal 

arachnoid cyst (arrow).
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Anomalies of Neuronal Migration and 
Organization

See	Fig. 1.27.
During	 the	 seventh	week	 of	 intrauterine	 life,	 a	 pro-

liferation	of	neurons	occurs	 in	 the	subependymal	walls	
of	the	lateral	ventricles,	 in	an	area	termed	the	germinal 

matrix.	 The	 proliferation	 of	 these	 neurons,	 which	 will	
eventually	give	rise	to	the	cerebral	cortex,	is	followed	by	
a	period	of	 radial	migration,	which	begins	at	about	 the	
eighth	week	 of	 gestation.	 This	migration	 of	 neurons	 is	
facilitated	by	radial	glial	fibers	that	extend	from	the	ven-

tricular	surface	to	the	pia.	These	glia	provide	an	avenue	
for	 neuronal	migration,	which	 follows	 an	 orderly,	 pre-

dictable	 sequence;	 namely,	 those	 neurons	 destined	 for	
the	deepest	cortical	layer	(layer	6)	migrate	early,	followed	

by	neurons	that	will	form	successively	superficial	cortical	
layers.	An	exception	are	the	neurons	that	are	destined	to	
form	the	most	superficial	layer,	the	molecular	layer	(layer	
1),	which	apparently	migrate	first.

Once	the	neurons	arrive	in	the	cerebral	cortex,	a	pe-

riod	of	neuronal	organization	ensues	in	which	the	neu-

rons	 are	 arranged	 into	 a	discrete	 laminar	pattern,	 after	
which	 they	establish	synaptic	contacts	with	other	 local	
and	 remotely	 located	neurons.	Defects	 in	 the	processes	
of	neuronal	migration	or	neuronal	organization	result	in	
a	variety	of	cerebral	anomalies,	which	share	in	common	
that	normally	formed	cortical	neurons	are	residing	in	ab-

normal	locations	or	patterns.	Specific	malformations	that	
fall	into	this	category	include	lissencephaly,	heterotopia,	
polymicrogyria,	and	schizencephaly.

Fig. 1.27 Anomalies of neuronal migration and organization.
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Lissencephaly

See	Fig. 1.28.
In	this	condition,	defective	migration	of	cerebral	neu-

rons	results	in	failure	of	cortical	gyri	to	develop.	Grossly,	
the	 cerebral	 hemispheres	 are	 smooth,	 cortical	 sulci	 are	
absent,	and	cerebral	fissures	are	shallow.	Microscopically,	
the	cortical	cell	layers	are	aberrant.	Affected	children	are	
severely	mentally	retarded.

Fig. 1.28 Axial T2-weighted MRI showing lissencephaly.
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Subependymal Subcortical Band

Clinical features

Defined as ectopic islands of gray matter ("Cortical" neurons that fail to 
reach the cortex)

Represents a defect in radial neuronal migration

Three subtypes comprise subependymal, subcortical and band

Seizure disorder is the clinical feature common to all three subtypes
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Heterotopia

See	Fig. 1.29.
Heterotopias	comprise	collections	of	normal	“cortical”	

neurons	that	fail	to	reach	the	cortex	as	a	result	of	a	de-

fect	in	radial	neuronal	migration.	These	ectopic	islands	of	
gray	matter	may	occur	in	isolation	or	in	association	with	
other	brain	anomalies.	Three	subtypes	of	heterotopia	are	
identified	by	location	and	pattern	of	organization,	each	of	
which	is	associated	with	a	distinctive	clinical	picture	and	
all	of	which	share	in	common	the	presence	of	a	seizure	

disorder.	 Subependymal heterotopia	 typically	 presents	
with	normal	motor	 function,	normal	development,	 and	
the	onset	of	seizures	 in	 the	second	decade	of	 life.	Focal 

subcortical heterotopia,	 depending	 on	 its	 size,	 presents	
with	normal	 to	severely	abnormal	developmental	delay	
and	 motor	 disturbances	 in	 association	 with	 a	 seizure	
disorder.	 Band heterotopia	 (also	 known	 as	 diffuse	 gray	
matter	heterotopia)	is	typically	manifested	by	moderate	
to	severe	developmental	delay	and	medically	intractable	
seizures.

Fig. 1.29 Heterotopia.
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Clinical features

An anomaly of neuronal organization

Represents abnormal distribution of neurons into multiple small GYRI

Posterior end of sylvian  fissure is most common area of involement

Clinically manifested by motor and intellectual dysfunction

Associated with congenital cytomegalovirus

Sylvan
fissure
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Polymicrogyria

See	Fig. 1.30.
Polymicrogyria,	 or	 cortical	dysplasia,	 as	 the	disorder	

is	also	known,	represents	an	anomaly	in	neuronal	organ-

ization.	It	is	defined	by	a	defect	in	the	normal	six-layered	
lamination	of	the	cortex	and	an	abnormal	distribution	of	
neurons	into	multiple	small	gyri.	This	abnormal	cortical	
cellular	organization	may	affect	a	variable	portion	of	the	
cortex	 in	 one	 or	 both	 hemispheres.	 The	most	 common	

area	of	involvement	is	the	posterior	end	of	the	sylvian fis-

sure.	Grossly,	polymicrogyria	may	demonstrate	an	irreg-

ular	and	bumpy	surface	or	may	be	paradoxically	smooth	
as	a	result	of	coalescence	of	microgyri	 in	the	molecular	
(surface)	layer.	Clinically,	the	malformation	is	associated	
with	variably	severe	motor	and	intellectual	dysfunction,	
depending	on	 the	extent	of	cortical	 involvement.	There	
is	a	close	association	between	cortical	dysplasia	and	con-

genital	cytomegalovirus	infection.

Fig. 1.30 Polymicrogyria.
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a b

Fig. 1.31(a, b) Coronal T1-weighted MRI showing closed lip 

(left,  arrow) and open lip schizencephaly (right, arrow).
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Schizencephaly

See	Fig. 1.31.
Schizencephaly	 is	 characterized	 by	 the	 abnormal	

	development	of	a	gray	matter–lined	cleft	within	the	cere-
bral	hemisphere	 that	may	extend	 for	part	of	or	 the	en-

tire	distance	from	the	pial	lining	of	the	cortical	surface	to	
the	ependymal	lining	of	the	lateral	ventricle.	These	clefts	
are	further	classified	as	open	or	closed	lip, depending	on	
whether	they	extend	the	entire	distance	to	the		ventricle	

(open)	or	stop	short	of	the	ventricle	within	the	substance	
of	 the	cerebrum	(closed).	Histologically,	 the	clefts	com-

prise	 cortical	 neurons	 that	 do	 not	 exhibit	 the	 normal	
six-layered	lamination.	They	most	frequently	occur	in	the	
region	of	the	pre-	or	postcentral	gyri	and	may	be	unilat-
eral	or	bilateral.	Bilateral	clefts	are	associated	with	a	sig-

nificantly	worse	prognosis.	Clinically,	 the	malformation	
is	marked	by	seizures,	hemiparesis,	and	variable	develop-

mental	delay,	the	severity	of	which	is	determined	by	the	
location,	extent,	and	number	of	clefts.
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Holoventricle
(continuous with
large dorsal
cyst)

Clinical features

Fused thalami with absent third ventricle

Absent interhemispheric fissure, falx cerebri, and corpus callosum

Holoventricle is continuous with large dorsal cyst

Associated with severe midline facial deformaties and hypotelorism

Absent third
ventricle

Fused
thalami

Most severe form of holoprosencephaly (a failure of differentiation and 
cleavage of prosencephalon)
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Holoprosencephaly

Holoprosencephaly	refers	to	a	group	of	related	disorders	
that	share	in	common	a	failure	of	differentiation	and	cleav-

age	of	the	prosencephalon.	By	day	32	of	normal	develop-

ment,	the	germinal	matrix	begins	to	cleave	into	superior	
and	inferior	portions.	The	germinal	matrix	gives	rise	to	all	
of	the	neurons	of	the	cerebral	hemispheres	and	the	deep	
cerebral	nuclei.	In	time,	the	superior	portion	of	the	ger-

minal	matrix	will	give	rise	to	neurons	that	form	the	tel-	
encephalon	 (the	 caudate,	 putamen,	 and	 cerebral	 hemi-
spheres),	whereas	 the	 inferior	 portion	will	 give	 rise	 to	
neurons	 that	 form	 the	 diencephalon	 (the	 thalamus,		
hypothalamus,	and	globus	pallidus).

Almost	simultaneously,	between	days	32	and	34,	the	
lamina	 terminalis	begins	 to	differentiate	 into	 the	 inter-

hemispheric	 cerebral	 commissures,	 the	 formation	 of	
which	is	associated	with	the	evagination	and	separation	
of	 the	 cerebral	 hemispheres,	which	begin	 on	day	35.	A	
defect	 in	 the	 cleavage	processes	 involving	 the	germinal	
matrix	 and	 the	 lamina	 terminalis	 results	 in	 a	 failure	of	
the	transverse	differentiation	and	cleavage	of	the	prosen-

cephalon	 into	 the	 telencephalon	 and	 the	diencephalon,	
and	a	failure	of	the	lateral	differentiation	and	cleavage	of	
the	prosencephalon	 into	 the	 two	cerebral	hemispheres.	
Three	subtypes	of	holoprosencephaly	are	identified.

Alobar	holoprosencephaly	 (Fig. 1.32)	 is	 the	most	se-

vere	form.	It	is	characterized	by	fused thalami	and	an	ab-

sent third ventricle.	There	is	no	interhemispheric	fissure,	
falx	 cerebri,	 or	 corpus	 callosum.	A	holoventricle	 is	 con-

tiguous	with	a	large	dorsal	cyst,	leaving	only	a	small	rim	
of	brain	anteriorly.	Associated	anomalies	 include	severe	
midline	facial	deformities	and	hypotelorism,	which	in	its	
most	severe	form	is	manifested	by	cyclopia.

Fig. 1.32 Alobar holoprosencephaly.
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Absent
inter-
hemispheric
fissure

Small
third
ventricle

Intact splenium of 
corpus callosum

Genu and body of
corpus callosum
absent

Unique feature

Clinical features

Partial separation of thalami with small third ventricle

Partially formed or absent interhemispheric tissue and falx cerebri

Intact splenium of corpus callosum (small or absent genu and body)

Moderately severe form of holoprosencephaly (a failure of differentiation
and cleavage of prosencephalon)
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formed	or	absent interhemispheric	fissure	and	falx	cere-	
bri.	In	contrast	to	the	usual	hypogenetic	corpus	callosum,	
in	which	genu	and	body	are	normally	developed	but	the	
splenium	 is	 absent	 or	 small,	 holoprosencephaly	 is	 the	
one	exception	that	demonstrates	an	intact	splenium	but	
a	small	or	absent genu	and	body.

Semilobar	 holoprosencephaly	 (Figs. 1.33 and 1.34)	
represents	a	less	severe	malformation	than	alobar	holo-

prosencephaly.	There	is	present	at	least	a	partial	separation	
of	the	thalami,	and	thus	a	small third ventricle	and	a	partially	

Fig. 1.33 Semilobar holoprosencephaly.

Fig. 1.34 Coronal T2-weighted MRI showing semilobar holo-

prosencephaly with absence of the septum pellucidum.
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Normal 
splenium

Clinical features

Rudimentary
frontal horns

Normal third
ventricle

Unformed
anterior
interhemispheric
fissure

Mildest form of holoprosencephaly

Septum pellucidum is absent and frontal lobes are hypoplastic, but 
third ventricle and corpus callosum are intact
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Finally,	lobar	holoprosencephaly	(Fig. 1.35)	represents	
a	still	 less	severe	 form	of	holoprosencephaly.	 It	 is	char-

acterized	by	a	fully	formed third	ventricle	and	an	intact	
corpus	 callosum.	As	 in	 all	 forms	 of	 holoprosencephaly,	
the	 septum	pellucidum	 is	 absent,	 and	 the	 frontal	 lobes	
are	typically	hypoplastic.

Fig. 1.35 Lobar holoprosencephaly.
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Clinical features

Characterized by hypoplasia of optic nerve and 
hypoplasia or absence of septum pellucidum

Associated with visual disturbances and endocrine 
deficiencies

No septum
pellucidum

Small optic
chiasm

Box-like
frontal
horns
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Septo-optic Dysplasia

See	Figs. 1.36 and 1.37.
Septo-optic	dysplasia	is	characterized	by	two	primary	

features:	 (1)	hypoplasia	of	 the	optic	nerves	and	 (2)	hy-

poplasia	or	absence	of	the	septum	pellucidum.	Clinically,	

Fig. 1.36 Septo-optic dysplasia.

the	 malformation	 exhibits	 visual	 disturbances,	 which	
may	 include	nystagmus	or	 loss	of	 visual	 acuity,	 and	an	
endocrine	 deficiency	 that	 usually	 involves	 growth	hor-

mone	and	thyroid-stimulating	hormone.

Fig. 1.37 Coronal T2-weighted MRI showing septo-optic 

dysplasia with a thin optic chiasm (arrow).
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Clinical features

Syringomyelia

Plane of
foramen 
magnum

Downward displacement
of cerebellar tonsils
below plane of foramen
magnum

Defined by a caudal extension of cerebellar tonsils below level of 
foramen magnum

Approximately 50% of cases associated with syringomyelia

May be asymptomatic or associated with headache, neck or arm pain

Symptoms of syringomyelia (cranial nerve palsies, dissociated 
sensory loss, or myelopathy)  may also occur
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Chiari Malformations

Chiari	 described	 three	malformations	 of	 the	 hindbrain,	
which	share	in	common	the	presence	of	hydrocephalus.	
The	Chiari	I	malformation	(Figs. 1.38 and 1.39)	consists	
of	a	caudal	extension	of	the	cerebellar	tonsils	below	the	

Fig. 1.38 Chiari I malformation.

level	of	the	foramen	magnum.	These	malformations	may	
be	 asymptomatic	 or	may	be	 associated	with	 symptoms	
related	to	syringomyelia,	such	as	cranial	nerve	palsies	and	
dissociated	 sensory	 loss.	Headache,	neck,	 and	arm	pain	
may	develop	in	the	adult.
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Fig. 1.39 Sagittal T2-weighted MRI showing Chiari I malforma-

tion and syringomyelia.
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Clinical features

Associated brain anomalies

Partial 
callosal
agenesis

Towering
cerebellum

Beaked tectum

Elongated fourth
ventricle

Inferiorly
displaced vermis

Medullary
kink

Large massa
intermedia

Anterior
creep of
cerebellar
hemisphere
around
brainstem

Defined by inferiorly displaced vermis and multiple associated anomalies

Associated with lacunar skull ("luckenschadel"), myelomeningocele (100%), 
synringomyelia (50-90%), fenestrated falx, small posterior fossa, 
hydrocephalus (90%), and multiple brain anomalies (see list below)

Clinical manifestations are complex and varied (see text)

Inferiorly displaced vermis

Medullary kinking

Beaked tectumInterdigitated gyri

Towering cerebellum 
with anterior creep 
around brainstem

Large massa intermedia

Partial callosal agenesis

Heterotopias

Polymicrogyria
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The	Chiari	II	malformation	(Figs. 1.40 and 1.41)	is	a	com-

plex	malformation	that	is	invariably	associated	with	myelo-	
meningocele	 and	with	multiple	 other	 brain	 anomalies.	
It	has	been	postulated	that	the	hindbrain	findings	of	the	
Chiari	II	malformation	may	be	explained	by	the	develop-

ment	 of	 a	 normal-sized	 cerebellum	but	 an	 abnormally	
small	 posterior	 fossa	 and	 a	 low	 tentorial	 attachment.	
The	clinical	manifestations	of	Chiari	II	malformation	are	
complex	and	varied.	Infants	require	repair	of	the	myelo-	

meningocele	 and	 shunting	 of	 the	 hydrocephalus.	 They	
may	 exhibit	 life-threatening	 bulbar	 symptoms,	 such	 as	
apnea	and	bradycardia,	and	nystagmus	is	a	common	clin-

ical	 finding.	 In	 childhood,	 progressive	 spastic	weakness	
and	appendicular	ataxia	may	develop	gradually,	 adding	
incrementally	 to	 the	 child’s	 disability.	 Teenagers	 may	
present	with	 insidious	 onset	 gait	 difficulty	 and	 truncal	
ataxia,	although	by	adulthood	the	symptoms	tend	to	sta-

bilize.

Fig. 1.40 Chiari II malformation.
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Fig. 1.41 Sagittal T1-weighted MRI showing Chiari II malfor-

mation.
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Fig. 1.42(a–d) Sagittal fluid-attenuated inversion recovery (FLAIR) magnetic resonance imaging (MRI) showing Chiari III  malformation.
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Finally,	the	Chiari	III	malformation	(Fig. 1.42),	an	ex-

tremely	rare	condition,	is	characterized	by	herniation	of	
posterior	fossa	contents	through	an	occipital	skull	defect	
or	a	spina	bifida	defect	at	the	C1–C2	level.	This	malforma-

tion	is	rarely	compatible	with	life.
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Cystic dilatation 
of fourth ventricle
(in communication with 
cisterna magna)

Enlarged
posterior
fossa

Hypogenetic
vermis

Elevated
tentorium

Clinical features

Associated with hydrocephalus in 90% of cases

Associated with  callosal agenesis in one-third of cases

May be associated with developmental delay, enlarged head 
circumference, or signs and symptoms of hydrocephalus

Characterized by: (1) an enlarged posterior fossa, (2) an elevated tentorial 
attachment, (3) hypogenesis or agenesis of the cerebellar vermis, and (4) 
a cystic dilatation of the fourth ventricle
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Dandy-Walker Malformation

See	Fig. 1.43 and 1.44.
The	Dandy-Walker	malformation	 is	 characterized	by	

an	 enlarged	 posterior	 fossa	 with	 an	 elevated	 tentorial	
attachment,	 hypogenesis	 or	 agenesis	 of	 the	 cerebellar	
vermis,	 and	 a	 cystic	 dilatation	 of	 the	 fourth	 ventricle.	
The	 presence	 of	 a	 communication	 between	 the	 fourth	
ventricle	and	the	cisterna magna	differentiates	this	mal-
formation	 from	a	mega	 cisterna	magna,	which	exhibits	
an	enlarged	posterior	fossa	but	an	intact	cerebellar	ver-

mis	 and	 an	 intact	 fourth	 ventricle	 without	 communi-
cation	 between	 the	 latter	 and	 the	 cisterna	magna.	 The	

	Dandy-Walker	variant,	which	also	must	be	considered	in	
the	differential	diagnosis	of	the	Dandy-Walker	malforma-

tion,	 is	defined	by	hypogenesis	of	 the	cerebellar	vermis	
and	 cystic	 dilatation	 of	 the	 fourth	 ventricle	 but	 a	 nor-

mal-sized	posterior	fossa.
Hydrocephalus	 frequently	 accompanies	 the	

	Dandy-Walker	malformation,	 affecting	~90%	of	patients	
at	the	time	of	diagnosis.	The	most	commonly	associated	
brain	 anomaly	 is	 callosal	 agenesis,	which	 affects	 about	
one-third	of	 patients	with	 the	malformation.	 Clinically,	
the	malformation	may	present	with	developmental	de-

lay,	enlarged	head	circumference,	or	signs	and	symptoms	
of	hydrocephalus.

Fig. 1.43 Dandy-Walker malformation.
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Fig. 1.44 Sagittal T1-weighted MRI showing Dandy-Walker 

malformation.
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Clinical features

Focal hypertrophy
of cerebellar
cortex

Characterized by a focal hypertrophy of the cerebellar cortex

May be asymptomatic or produce brain stem or cerebellar 
symptoms due to mass effect

Histologically marked by a thick layer of ganglion cells that 
occupy the granular layer, a thick hypermyelinated marginal 
layer, and a thin purkinje layer
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Lhermitte-Duclos Syndrome

See	Figs. 1.45 and 1.46.
Lhermitte-Duclos	 syndrome,	 also	 known	 as	 diffuse	

hypertrophy	 of	 the	 cerebellar	 cortex	 or	 dysplastic	 cer-

ebellar	 gangliocytoma,	 is	 defined	 by	 a	 focal	 hypertro-

phy	of	 the	cerebellar	 cortex.	Histologically,	 the	affected	

Fig. 1.45 Lhermitte-Duclos syndrome.

cortex	demonstrates	a	thick	 layer	of	abnormal	ganglion	
cells	that	occupy	the	granular	layer,	a	thick	hypermyeli-
nated	marginal	 layer,	and	a	 thin	Purkinje	 layer.	Grossly,	
the	disorder	may	extend	 into	the	vermis	or,	 rarely,	 into	
the	contralateral	hemisphere.	Mass	effect,	if	present,	may	
produce	 cerebellar	 symptoms,	 although	 many	 affected	
individuals	are	asymptomatic.

Fig. 1.46 Sagittal T1-weighted MRI showing Lhermitte-Duclos 

syndrome (arrow).
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The Phakomatoses

The	phakomatoses	represent	a	group	of	congenital	disor-

ders	that	share	in	common	a	defect	in	the	development	of	
ectodermal	structures,	including	the	nervous	structures,	
the	 skin,	 the	 retina,	 and	 the	 globe.	 Four	major	malfor-

mations	are	identified:	neurofibromatosis,	tuberous	scle-

rosis,	 Sturge-Weber	 syndrome,	 and	 von	 Hippel-Lindau	
disease.

Neurofibromatosis

There	 are	 two	 types	 of	 neurofibromatosis,	 type	 1	 and	
type	2,	that	are	distinguished	on	the	basis	of	their	patho-

logical	 and	 clinical	 manifestations.	 Neurofibromatosis	
type	1	(NF1),	known	as	von	Recklinghausen’s	disease,	is	
an	autosomal	dominant	disorder	that	affects	~1	in	3000	
to	5000	people.	Genetic	analysis	has	 linked	 the	disease	
to	 the	 long	 arm	of	 chromosome	17.	Diagnostic	 criteria	
of	NF1	have	been	established	by	a	National	Institutes	of	
Health	 (NIH)	 Consensus	 Development	 Conference.	 The	
major	 intracranial	 lesions	 associated	 with	 the	 disease	
are	optic	gliomas,	other	cerebral	astrocytomas,	sphenoid	
wing	 dysplasia,	 and	 plexiform	 neurofibromas.	 Spinal	
manifestations	 include	 scoliosis,	 nerve	 sheath	 tumors,	
and	lateral	meningoceles.

Neurofibromatosis	type	2	(NF2)	is	an	autosomal	dom-

inant	disorder	 associated	with	 an	 abnormality	 of	 chro-

mosome	 22.	 Its	 most	 distinctive	 feature	 is	 the	 almost	
invariable	 appearance	 of	 bilateral	 acoustic	 schwanno-

mas.	 Other	 intracranial	 tumors,	 particularly	 meningi-
omas,	may	occur	 in	multiple	numbers.	 Spinal	manifes-

tations	 include	multiple	 extramedullary	 schwannomas	
and	meningiomas,	as	well	as	intramedullary	spinal	cord	
ependymomas.	Absent	or	minimal	in	size	or	number	are	
many	of	the	common	features	of	NF1,	including	café au	
lait	spots,	cutaneous	neurofibromas,	optic	gliomas,	skel-
etal	dysplasias,	and	Lisch	nodules.	Diagnostic	criteria	for	
NF2	have	been	established	by	the	NIH	Consensus	Devel-
opment	Conference.

Tuberous Sclerosis

Tuberous	sclerosis,	or	Bourneville’s	disease,	as	the	dis-

order	is	also	known,	is	an	autosomal	dominant	disease	
that	affects	~1	 in	100,000	people.	 It	 is	classically	char-

acterized	 by	 the	 triad	 of	mental	 retardation,	 epilepsy,	
and	 adenoma	 sebaceum,	 although	 the	 triad	 is	 present	
in	 only	 about	 half	 of	 patients	with	 tuberous	 sclerosis.	
The	 disorder	 predominantly	 consists	 of	 hamartoma-

tous	 lesions	 involving	 the	 brain,	 the	 eye,	 and	 the	 vis-

ceral	 	organs.	 Cutaneous	 manifestations,	 which	 are	
also	common,	include	adenoma	sebaceum,	which	is	an	
	angiofibroma	 involving	 the	 face,	 and	ash	 leaf	macules,	
which	 are	 depigmented	 nevi	 that	 tend	 to	 involve	 the	

trunk	 and	 extremities.	 Associated	 brain	 lesions	 com-

prise	 a	 variety	 of	 hamartomatous	 lesions,	 including	
subependymal	hamartomas,	giant	cell	 tumors,	cortical	
“tubers,”	and	white	matter	lesions.	Hamartoma	lesions	
also	 involve	 the	 kidneys	 (angiomyolipoma),	 the	 heart	
(rhabdomyoma),	 the	 lungs	 (lymphangiomyoma),	 and	
the	eye	(retinal	hamartoma).

Subependymal	 hamartomas,	 which	 tend	 to	 reside	
along	the	ventricular	surface	of	the	caudate	nucleus,	are	
the	most	commonly	associated	brain	lesions.	Subependy-

mal	giant	cell	tumors	are	distinguished	from	subependy-

mal	hamartomas	by	their	intense	contrast	enhancement	
on	magnetic	resonance	 imaging	(MRI),	 their	 larger	size,	
their	tendency	to	enlarge,	and	their	propensity	to	occur	
near	the	foramen	of	Monro,	an	obstruction	of	which	may	
result	in	hydrocephalus.	Cortical	tubers	are	characteristic	
hamartomas	made	of	bizarre	giant	cells,	fibrillary	gliosis,	
and	 disordered	myelin	 sheaths	 that	 appear	 as	 smooth,	
slightly	raised	subcortical	nodules.

Sturge-Weber Syndrome

Sturge-Weber	 syndrome	 is	 a	 typically	 nonfamilial	 con-

genital	malformation	 that	 is	characterized	by	angioma-

tosis	 involving	 the	 face,	 the	choroid	of	 the	eye,	and	 the	
leptomeninges.	The	facial	angioma,	a	port	wine–colored	
nevus,	typically	follows	the	distribution	of	the	ophthal-
mic	division	of	 the	 trigeminal	nerve.	 Localized	 atrophy	
and	calcification	of	the	cerebral	cortex	ipsilateral	to	the	
facial	nevus	is	another	common	lesion,	whose	etiology	is	
apparently	 independent	 of	 the	 angiomatous	malforma-

tions	 of	 the	 leptomeninges.	 Clinically,	 affected	 patients	
present	with	seizures,	hemiparesis,	and	a	homonymous	
hemianopsia,	any	one	or	all	of	which	may	be	progressive.	
Mental	retardation	is	another	common	finding.

Von Hippel-Lindau Disease

Von	 Hippel-Lindau	 disease	 is	 an	 autosomal	 dominant	
disorder	that	is	characterized	by	retinal	angiomas,	cere-

bellar	and	spinal	cord	hemangioblastomas,	renal	cell	car-

cinoma,	pheochromocytomas,	angiomas	of	the	liver	and	
kidney,	and	cysts	of	the	pancreas,	kidney,	liver,	and	epi-	
didymis.	The	genetic	basis	of	the	disease	has	been	local-
ized	to	chromosome	3.	Sufficient	criteria	to	establish	the	
diagnosis	require	one	of	several	combinations	of	lesions:	
either	more	 than	one	hemangioblastoma	of	 the	central	
nervous	system	(CNS),	or	one	hemangioblastoma	with	a	
visceral	manifestation	of	 the	disease,	or	one	manifesta-

tion	of	the	disease and	a	known	family	history.	Affected	
patients	most	commonly	present	with	decreasing	visual	
acuity	 or	 pain	 in	 the	 eye,	 often	 followed	 by	 cerebellar	
symptoms	 or	 symptoms	 associated	with	 increasing	 in-

tracranial	pressure.
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Spinal Dysraphism

Spinal	dysraphism	comprises	a	group	of	congenital	mal-
formations	 that	 share	 in	 common	 a	 developmental	 de-

fect	in	neurulation	(neural	tube	closure).	It	is	an	umbrella	
term	 that	 encompasses	 all	 forms	 of	 spina	 bifida,	 both	
open	and	closed,	which	demonstrate,	at	 the	 least,	bony	
spinal	defects,	including	splaying	of	the	pedicles	and	lam-

inae.	 These	malformations	 range	 from	closed	 spinal	 le-

sions,	with	or	without	cutaneous	manifestations,	to	open	
spinal	lesions	in	which	the	neural	elements	are	dorsally	
exposed	to	the	environment.

Spina Bifida Occulta

Spina	bifida	occulta	is	a	radiological	diagnosis,	which	is	
without	 external	 signs	 of	 a	 developmental	 anomaly.	 It	
is	characterized	by	the	absence	of	one	or	more	spinous	
processes	 associated	with	 hypogenesis	 of	 the	 vertebral	
arch,	most	 commonly	 at	 the	 L5	 and	 S1	 levels.	 There	 is	
no	evidence	of	cutaneous	manifestations	or	of	central	or	
peripheral	nervous	system	involvement.	The	incidence	in	
the	general	population	is	~20	to	30%.

Meningocele

Meningocele	is	an	uncommon	lesion	that	is	marked	by	a	
cystic,	skin-	or	membrane-covered,	midline	dorsal	mass.	
The	mass	consists	of	a	meningeal	sac	containing	only	CSF	
that	is	in	continuity	with	the	CSF	of	the	spinal	canal.	No	
neural	elements	are	contained	within	the	lesion,	and	hy-

drocephalus	is	a	rare	complication.
The	etiology	of	the	meningocele	is	unclear.	However,	

the	malformation	appears	to	represent	a	postneurulation	
defect	that	develops	after	the	normal	disjunction	of	the	
neuroectoderm	from	the	cutaneous	ectoderm	and	after	
the	normal	closure	of	the	neural	tube.	It	is	thought	that	
the	meningocele	results	instead	from	a	defect	in	the	de-

velopment	of	the	overlying	mesenchymal	tissues	and	the	
cutaneous	ectoderm.	This	distinguishes	the	meningocele	
from	the	myelomeningocele,	which	represents	a	true	de-

fect	in	neurulation.

Myelomeningocele

See	Fig. 1.47.
Myelomeningocele	 is	a	much	more	common	malfor-

mation	 than	meningocele.	 It	 is	 apparently	 caused	 by	 a	
defect	 in	disjunction,	which	 is	 the	process	whereby	the	
neuroectoderm	and	cutaneous	ectoderm	normally	sepa-

rate	during	neurulation.	It	has	been	postulated	that	this	
defect	is	caused	by	a	lack	of	expression	of	complex	carbo-

hydrate	molecules	on	the	surface	of	the	neuroectoderm	
cells.	As	a	result,	there	is	a	localized	failure	of	fusion	of	the	
neural	folds,	which	remain	in	continuity	with	the	cutane-

ous	ectoderm	at	the	surface	of	the	skin	(nondisjunction).
The	 dorsally	 exposed	 neural	 tissue,	which	 is	 known	

as	 the	 neural placode,	 is	 made	 up	 of	 cells	 that	 would	
normally	form	the	ependymal	lining	of	the	neural	tube.	
Because	the	placode	remains	dorsal	and	attached	to	the	
skin,	 the	mesenchymal	 elements	 are	 unable	 to	migrate	
medially	and	fuse.	This	leads	to	the	development	of	sev-

eral	vertebral	anomalies,	including	absence	of	the	spinous	
processes	and	laminae,	reduction	in	the	anteroposterior	
size	of	the	vertebral	bodies,	increased	interpedicular	dis-

tance,	and	large	laterally	extending	transverse	processes.	
These	anomalies,	in	turn,	lead	to	kyphoscoliotic	deform-

ities	in	approximately	one-third	of	patients	with	myelo-	
meningocele.

The	neurologic	sequelae	of	myelomeningocele	include	
sensory	and	motor	changes	below	the	level	of	the	lesion	
with	 or	without	 fecal	 and	 urinary	 incontinence.	 Other	
malformations	or	sequelae	that	may	produce	early	or	de-

layed	 neurologic	 deterioration	 are	 Chiari	malformation	
(which	 is	 present	 in	 100%	 of	 patients),	 hydrocephalus,	
and	tethered	spinal	cord.	The	diagnosis	of	myelomenin-

gocele	is	always	evident	at	birth	and	is	usually	repaired	
within	48	hours	(Table 1.4).

本书版权归Thieme所有



Skin

Neural
placode

Clinical features

Represents a defect in disjunction (separation of 
neuroectoderm and cutaneous ectoderm)

Neural placode remains dorsal and is laterally 
attached to skin

Associated with vertebral anomalies such as absence of 
spinous processes and laminae and reduction in a-p size of 
vertebral bodies

Neurologic sequelae include sensory and motor changes 
and sphincter dysfunction
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Fig. 1.47 Myelomeningocele.

Table 1.4 Neurologic Syndromes of Myelomeningoceles

Lesion Level Spinal-Related Disability

Above L3 Complete paraplegia and dermatomal para-anesthesia

Bladder/rectal incontinence

Nonambulatory

L4 and below Same as for above L3 except preservation of  

hip flexors, hip abductors, knee extensors

Ambulatory with aids, bracing, orthopedic  

surgery

S1 and below Same as for L4 and below except preservation of feet dorsiflexors and partial preservation of hip 

extensors and knee flexors

Ambulatory with minimal aids

S3 and below Normal lower extremity motor function

Saddle anesthesia

Variable bladder/rectal incontinence
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Clinical features

Represents a premature separation of neuro-ectoderm from cutaneous 
ectoderm (premature disjunction)

Most commonly occurs in the thoracic region

In the adult, may present with signs and symptoms of spinal cord 
compressio
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Spinal Lipomas

Spinal	lipomas	are	skin-covered	dorsal	masses	of	fat	and	
connective	 tissue	 that	 are	 in	 continuity	 with	 the	 lep-

tomeninges	or	spinal	cord.	These	lesions	occur	as	a	result	
of	premature	disjunction,	which	refers	to	the	premature	
(not	incomplete)	separation	of	neuroectoderm	from	cu-

taneous	ectoderm	during	the	process	of	neurulation.	As	
a	 result	 of	 premature	 disjunction,	 there	 is	 a	migration	
of	mesenchymal	tissue	into	the	ependymal-lined	central	
canal	of	the	neural	tube,	which	has	not	yet	closed,	and	to	
which	 the	mesenchymal	 tissue	does	not	normally	have	
access.	 This	mesenchymal	 tissue,	which	 during	 normal	
development	has	contact	with	the	surface	of	the	neural	
tube	and	differentiates	into	meningeal	tissue,	bone,	and	
paraspinal	muscles,	is	apparently	induced	by	its	contact	
with	the	central canal	of	the	neural	tube	to	differentiate	
into	fat	(Fig. 1.48).

Fig. 1.48 Intradural lipoma.
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Clinical features

Represents a disorder of the caudal cell mass (disorder 
of secondary neurulation)

Often asymptomatic

May present as tethered spinal cord syndrome

Sagittal view Axial view
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Three	 categories	 of	 spinal	 lipomas	 are	 identified:	
(1)	 intradural	 lipomas	 (4%),	 (2)	 lipomyelomeningo-	
celes	(84%),	and	(3)	fibrolipomas	of	the	filum	terminale	
(12%).	Intradural	lipomas,	which	most	commonly	occur	
in	the	thoracic	region,	 typically	present	with	signs	and	
symptoms	 of	 spinal	 cord	 compression	 in	 the	 adult.	 Fi-
brolipomas	of	the	filum	terminale	(Figs. 1.49 and 1.50)	
appear	 to	 represent	 an	 etiologically	 separate	 group	 of	
disorders	 that	 take	 origin	 from	 an	 abnormality	 of	 the	
caudal	 cell	 mass	 (disorder	 of	 secondary	 neurulation).	
They	 are	 often	 asymptomatic	 but	 may	 present	 with	
symptoms	of	a	tethered	spinal	cord.

Fig. 1.49 Fibrolipoma of the filum terminale.
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Fig. 1.50 Sagittal T1-weighted MRI showing fibrolipoma of the 

filum terminale (arrow).
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Clinical features

Lipoma

Similar to a myelomeningocele, except that: (1) it is skin covered, and (2) it 
contains a lipoma that is  attached to the dorsal surface of the placode

Most common location is lumbosacral region

Frequently associated with a tethered spinal cord which may result in progressive 
sensory loss, lower extremity weakness, bladder dysfunction, and leg pain

Often associated with orthopedic foot deformities, sacral anomalies, and 
segmentation anomalies
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Finally,	 lipomyelomeningoceles	(Fig. 1.51)	present	as	
soft,	 subcutaneous,	 skin-covered	 lumbosacral	 masses.	
They	are	the	most	common	form	of	spinal	lipomas.	These	
lesions	extend	between	the	dorsal	surface	of	the	neural	
placode	and	the	subcutaneous	fat	through	a	bony	spina	
bifida.	At	the	level	of	the	lipoma,	the	dura	is	deficient	in	
the	dorsal	midline,	allowing	its	free	medial	edges	to	at-
tach	to	the	neural	placode.	This	places	the	neural	placode	
in	an	extradural	space,	where	it	attaches	to the	lipoma,	
which	 is	 continuous	with	 the	 subcutaneous	 tissue.	The	
junction	between	the	neural	placode	and	the	lipoma	may	
occur	within,	partly	within,	or	outside	(dorsal	to)	the	spi-
nal	canal.

As	the	neural	placode	herniates	dorsally	through	the	
bony	 spina	 bifida,	 it	 typically	 rotates.	 This	 projects	 the	

dorsal	 surface	 of	 the	 neural	 placode	 laterally	 or	 dorso-

laterally,	rather	than	straight	dorsally.	At	the	same	time,	
the	nerve	roots	on	each	side	assume	asymmetric	lengths,	
such	that	the	nerve	roots	arising	on	the	superficial	side	of	
the	rotated	spinal	cord	grow	longer	than	those	that	arise	
on	the	deep	side	of	the	rotated	spinal	cord.	The	clinical	
significance	of	 this	asymmetry	 is	 that	 the	shorter	 roots	
may	be	so	short	as	to	tether	the	spinal	cord	inferiorly.	In	
summary,	 the	 anatomy	of	 the	 lipomyelomeningocele	 is	
similar	to	that	of	the	myelomeningocele	except	that	the	
former	is	skin	covered	and	is	marked	by	a	lipoma	that	is	
attached	to	the	dorsal	surface	of	the	placode.	The	lesions	
most	commonly	occur	in	the	lumbosacral	region,	where	
they	typically	act	to	tether	the	spinal	cord.

Clinically,	those	lesions	that	exhibit	a	soft	lumbosacral	
mass	are	usually	brought	to	medical	attention	early,	often	
before	the	age	of	6	months.	The	majority	of	children	who	
do	not	undergo	early	repair	develop	progressive	neuro-

logic	symptoms,	such	as	sensory	loss,	weakness,	bladder	
dysfunction,	 and	 leg	 pain.	 Orthopedic foot	 deformities	
are	 also	 common.	 Sacral	 anomalies	 and	 segmentation	
anomalies	are	present	in	nearly	50%	of	patients.

Fig. 1.51 Lipomyelomeningocele.
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Diastematomyelia is a split cord mal-formation in which a 
septum separates the two halves of the spinal cord for one or 
more segments

Commonly associated with cutaneous manifestations, 
orthopaedic foot problems and neurologic symptoms, the latter 
usually related to a tethered spinal cord

The hemicords reunite distally to reconstitute a single cord 
structure
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Split Cord Malformations

See	Figs. 1.52 and 1.53.
Split	cord	malformation	comprises	several	anomalies	

of	the	spinal	cord	that	share	in	common	an	abnormal	di-
vision	of	the	cord	and,	at	least	according	to	one	theory,	an	
embryopathy	 that	originates	 in	a	disorder	of	notochord	
formation.

In	normal	development,	 the	 formation	of	 the	noto-

chord	proceeds	 as	 follows.	During	 the	 second	week	of	
gestation,	 the	 embryo	 consists	 of	 a	 two-layered	 disk	
containing	 primitive	 ectoderm	 dorsally	 and	 primitive	
endoderm	ventrally.	During	the	third	week	of	gestation,	
a	local	proliferation	of	cells	occurs	in	the	dorsal	midline,	
forming	 a	 thickening	 that	 is	 known	 as	Hensen’s	 node.	
Subsequent	migration	of	these	proliferating	cells	results	
in	separation	of	the	ectoderm	from	the	endoderm	and	
eventual	formation	of	the	notochord.	According	to	this	
theory,	 failure	of	 the	ectoderm	 to	 completely	 separate	
from	the	endoderm	forces	 the	notochord	 to	split	or	 to	
deviate	 around	 the	 adhesion	 between	 the	 two	 layers.	
This	theory	attempts	to	account	for	both	the	various	spi-

nal	anomalies	associated	with	split	 cord	malformation		
and	 the	 commonly	 associated	 intestinal	 duplications	
and	diverticula.

Anatomically,	a	split	cord	is	defined	by	a	fissure	that	
separates	 the	 two	 halves	 of	 the	 spinal	 cord	 for	 one	 or	
more	 segments.	 It	 is	 typically	 accompanied	 by	 a	 bony	
spicule	or	fibrocartilaginous	septum that	arises	from	the	
dorsal	 surface	 of	 the	 vertebral	 body.	 The	hemicords	 re-	
unite	distally	to	reconstitute	a	single	cord	structure.	Each	
hemicord	contains	its	own	set	of	ventral	and	dorsal	roots,	
which	may	not	be	equal	in	number.	An	arachnoid-dural	
sleeve	may	envelop	the	two	hemicords	individually	or	as	
a	whole,	which	in	the	latter	case	predicts	the	absence	of	
a	bony	septum.

Clinically,	a	split	cord	may	present	at	any	age.	It	is	as-

sociated	 with	 cutaneous	 manifestations,	 such	 as	 nevi,	
hypertrichosis,	 lipomas,	 dimples,	 and	hemangiomas,	 in	
more	than	50%	of	affected	patients.	Orthopedic	foot	prob-

lems,	predominantly	club	foot,	occur	at	about	the	same	
rate.	Neurologic	symptoms,	when	present,	are	usually	the	
result	of	a	tethered	cord.

Fig. 1.52 Diastematomyelia.
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Fig. 1.53 Computed tomography (CT) (a) and axial T1-weighed MRI 

(b) showing diastematomyelia  with an osseous septum (arrows).
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Clinical features

Refers to a group of malformations that are marked by partial or complete 
absence of lumbar and/or sacral vertebrae and associated neural elements

Associated vertebral anomalies include hemi-vertebrae, wedge-shaped 
vertebrae, fused vertebrae, sacralization of lumbar vertebrae, 
spina bifida, etc.

Incidence of associated myelomeningocele is 50%

Motor deficits correspond to level of lesion; sensation may be spared due to 
preservation of neural crest cells (precursors of dorsal root ganglion)

Fusion of most 
caudal three
vertebrae

Distal spinal
cord absent
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Caudal Agenesis

See	Fig. 1.54.
Caudal	agenesis	includes	a	group	of	caudal	malforma-

tions	that	demonstrate	partial	or	complete	absence	of	ei-
ther	or	both	lumbar	and	sacral	vertebrae,	combined	with	
the	 absence	 of	 corresponding	 segments	 of	 the	 caudal	
neural	 tube.	 Commonly	 associated	 vertebral	 anomalies	
include	 hemivertebrae,	wedge-shaped	 vertebrae,	 fused	
vertebrae,	sacralization	of	lumbar	vertebrae,	spina	bifida,	
midline	bony	septa,	and	abnormal	rib	articulations.

The	distal	 spinal	cord	 is	absent,	and	 the	 terminus	of	
the	remaining	cord	ends	in	a	dysplastic	glial	nodule.	Al-
though	motor	deficits	correspond	to	the	 level	of	 the	 le-

sion,	sensory	deficits	may	be	conspicuously	absent,	per-

haps	because	the	neural	crest	cells	are	relatively	spared.	
(The	 neural	 crest	 cells	 are	 the	 precursors	 of	 the	 dorsal	
root	ganglia.)	Affected	patients	have	myelomeningoceles	
in	~50%	of	cases.

Associated	 nonneurologic	 anomalies	 are	 common	 in	
caudal	agenesis.	They	include	limb	malformations,	such	
as	 flattened	 buttocks,	 gluteal	 atrophy,	 and	 equinovarus	
deformities,	 and	 visceral	malformations,	 such	 as	 trach-

eoesophageal	 fistulas,	 Meckel’s	 diverticulum,	 cloacal	
exstrophy,	 omphalocele,	 intestinal	 malrotations,	 renal	
agenesis,	horseshoe	kidney,	ureteral	and	bladder	dupli-
cations,	and	anomalies	of	the	external	genitalia.

Several	 theories	 have	 been	 proposed	 to	 explain	 the	
cause	 of	 caudal	 agenesis	 and	 its	 associated	malforma-

tions,	 but	 no	 consensus	 about	 its	 embryogenesis	 has	
been	reached.

Fig. 1.54 Caudal agenesis.
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2

This chapter discusses the functional anatomy and clin-

ical correlation of the peripheral nerves of the upper 

and lower extremities. The discussion is limited to those 

nerves that are susceptible to “entrapment” neuropathies 

in which the involved nerve is lesioned by extrinsic com-

pression. For each nerve described, there is a discussion 

of its origin, course, and motor and sensory innervation, 

as well as the clinical syndrome or syndromes with which 

the nerve is most closely associated.

A	 significant	 number	 of	 these	 syndromes	 may	 be	
amenable to surgical treatment. Therefore, accurate and 

timely clinical diagnosis is imperative. Important nerves 

not covered in this chapter, because they are not associ-

ated with common entrapment syndromes, are noted at 

the beginning of the two major sections.

Upper Extremity

The nerves of the upper extremity discussed in the fol-

lowing sections include the radial, the median, and the 

ulnar nerves. Omitted from the discussion are (1) the ax-

illary nerve, which supplies the deltoid muscle and the 

skin overlying the muscle, and (2) the musculocutane-

ous nerve, which supplies the biceps and the brachialis 

muscles and the skin overlying the radial aspect of the 

forearm.

 Peripheral Nerves

Radial Nerve

Anatomy

See Fig. 2.1.

The radial nerve receives contributions from the C5–

C8 spinal nerves. These contributions pass through the 

upper, middle, and lower trunks and posterior cord of the 

brachial plexus. The radial nerve supplies the extensor 

muscles of the arm and forearm as well as the skin cov-

ering them.

Radial Nerve in the Upper Arm

As it winds around the humerus, or just proximal to this 

section, the radial nerve supplies the triceps muscle. After 

its course in the spiral groove, it then supplies the brachi-

oradialis and the extensor carpi radialis longus and brevis 

muscles.	The	nerve	then	bifurcates	into	a	superficial	(sen-

sory) branch and a deep (motor) branch.

Radial Nerve in the Forearm

The superficial branch passes distally into the hand, 

where it supplies the skin of the radial aspect of the dor-

sum	of	the	hand	and	the	dorsum	of	the	first	four	fingers.	
The sensory autonomous zone of the radial nerve is the 

skin	over	the	first	interosseous	space.

Learning Objectives

•	 Describe the origin and course of the major peripheral nerves.

•	 Describe the major peripheral nerve entrapment syndromes.

•	 Compare radial nerve and posterior interosseous nerve entrapment syndromes.

•	 Compare median nerve entrapment at the forearm (i.e., pronator teres syndrome and anterior  

interosseous nerve syndrome) with entrapment at the wrist (i.e., carpal tunnel syndrome).

•	 Compare ulnar nerve entrapment at the elbow (i.e., cubital tunnel syndrome) with entrapment  

at the wrist (i.e., Guyon’s canal syndrome).

•	 Identify	the	significance	of	Benediction	attitude,	abnormal	pinch	attitude,	claw	hand,	and	Froment’s	sign.
•	 Describe	the	architecture	of	peripheral	nerves	and	their	fibers.
•	 Classify peripheral nerve injuries and their implications for nerve recovery.

•	 Define	the	role	of	surgery	in	peripheral	nerve	injury.
•	 Describe the importance of axonal degeneration and regeneration.
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Fig. 2.1 Radial nerve anatomy.

The deep branch of the radial nerve passes deep 

through	 the	 fibrous	 arch	 of	 the	 supinator	 muscle	 (the	
arcade of Frohse) to enter the posterior compartment of 

the forearm. The nerve continues in this compartment as 

the purely motor posterior interosseous nerve, which in-

nervates	the	remaining	wrist	and	finger	extensors.	These	
include the following: (1) supinator, a forearm supinator; 

(2) extensor digitorum, an extensor of the second through 

the	 fifth	 metacarpophalangeal	 joints;	 (3)	 extensor dig-

iti minimi,	 an	 extensor	 of	 the	 fifth	 metacarpophalan-

geal joint; (4) extensor carpi ulnaris, an ulnar extensor 

of the wrist; (5) abductor pollicis longus, an abductor of 

the carpometacarpal joint of the thumb; (6) extensor pol-

licis longus, an extensor of the interphalangeal joint of 

the thumb; (7) extensor pollicis brevis, an extensor of the 

metacarpophalangeal joint of the thumb; and (10) exten-

sor indicis,	an	extensor	of	the	second	finger.
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Clinical Syndromes

Two of the most common clinical syndromes of the radial 

nerve are radial nerve palsy and the posterior interosse-

ous nerve syndrome.

Radial Nerve Palsy

See Fig. 2.2.

This syndrome may be caused by a humeral fracture 

or a lesion due to prolonged pressure on the nerve. The 

term radial nerve palsy refers to the latter mechanism of 

injury, also known as Saturday night palsy because it is 

classically associated with a drunkard who falls asleep 

with his arm hyperabducted across a park bench. The site 

of compression in either case is in the region of the spiral 

groove. The syndrome consists of a wrist drop, inability 

to	extend	the	fingers,	weakness	of	the	supinator	muscle,	
and sensory loss involving the radial nerve–innervated 

areas of the forearm and hand. Wrist drop is the most 

impressive and typical sign. Weakness of supination is 

only partial because supination may be accomplished 

with either biceps or supinator. Note that the triceps is 

preserved in these lesions because the branches of the 

radial nerve that innervate the triceps originate proximal 

to the spiral groove.

Fig. 2.2 Radial nerve palsy. Functions or responses marked with an “X” are impaired or absent.
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Posterior Interosseous Nerve Syndrome

See Fig. 2.3.

The posterior interosseous nerve (PIN) syndrome is 

the most common syndrome caused by compression at 

the arcade of Frohse. As the PIN passes under the arcade 

of Frohse,	 a	 fibrous	 arch	 at	 the	 origin	 of	 the	 supinator	
muscle, the nerve may be pathologically constricted. The 

cardinal features of this syndrome are an inability to ex-

tend	 the	 fingers	 at	 the	metacarpophalangeal	 joint,	 the	

absence	of	wrist	drop,	and	normal	sensation.	Because	the	
finger	extensors	at	the	interphalangeal	joint	are	median	
and ulnar innervated, the patient is able to extend the 

fingers	at	this	joint.	Branches	to	the	supinator	muscle	are	
given	 off	 proximal	 to	 the	 nerve	 entering	 the	 arcade	 of	
Frohse, causing the supinator muscle to be spared. Al-

though no wrist drop is present because the extensor 

carpi radialis is preserved, the extensor carpi ulnaris is a 

PIN-innervated muscle, and thus any attempt to extend 

the	wrist	results	in	a	radial	deviation	of	the	hand.	Because	
the PIN is a pure motor nerve, sensation in this syndrome 

is entirely normal.
Fig. 2.3 Posterior interosseous nerve syndrome. Functions or 

responses marked with an “X” are impaired or absent.
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Median Nerve

Anatomy

See Fig. 2.4.

The median nerve receives contributions from the C6 

to T1 spinal nerves. These pass through the upper, mid-

dle, and lower trunks and the lateral and medial cords of 

the brachial plexus. There are no median nerve branches 

that originate proximal to the elbow.

Median Nerve at the Elbow

At the elbow, the median nerve lies behind the bicipital 

aponeurosis	 (lacertus	fibrosus),	providing	supply	 to	 the	
following muscles: (1) pronator teres, a forearm pronator; 

(2) flexor carpi radialis,	a	radial	wrist	flexor;	(3)	palmaris 

longus,	a	wrist	flexor;	and	(4)	flexor digitorum superficia-

lis,	 a	 flexor	 at	 the	 interphalangeal	 joint	 for	 the	 second,	
third,	fourth,	and	fifth	fingers.

Median Nerve in the Forearm

From	beneath	the	lacertus	fibrosus,	the	nerve	then	passes	
into the forearm between the two heads of the medi-

an-innervated pronator teres muscle. As it passes deep 

to	the	pronator	teres	muscle,	the	median	nerve	gives	off	
the anterior interosseous nerve. The anterior interosseous 

nerve is a purely motor branch, which supplies the (1) 

flexor pollicis longus, (2) pronator quadratus,	and	(3)	flexor 
digitorum profundus I and II.

Median Nerve in the Hand

The	median	nerve	then	continues	deep	to	the	flexor	reti-
naculum through the so-called carpal tunnel to innervate 

the LOAF muscles of the hand. These include the (1) lum-

bricals I and II, (2) opponens pollicis,	(3)	abductor pollicis 

brevis, and (4) flexor pollicis brevis.

Sensory branches also originate from the median 

nerve as it emerges from the carpal tunnel. These palmar 

digital nerves supply the skin of the palmar aspect of the 

thumb,	second,	third,	and	half	of	the	fourth	fingers;	the	
radial aspect of the palm; and the dorsal aspect of the dis-

tal and middle phalanges of the second, third, and half of 

the	fourth	fingers.
A palmar cutaneous branch originates from the me-

dian nerve just proximal to the carpal tunnel, where 

it	 crosses	 the	wrist	 to	enter	 the	hand	superficial	 to	 the	
flexor	retinaculum.	It	supplies	the	skin	over	the	median	
eminence and the proximal palm on the radial aspect of 

the hand.
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Fig. 2.4 Median nerve anatomy.

本书版权归Thieme所有



II Regional Anatomy and Related Syndromes66

Clinical Syndromes

Three major entrapment syndromes involving the me-

dian nerve and its branches are described: (1) the prona-

tor teres syndrome, (2) the anterior interosseous nerve 

syndrome,	and	(3)	the	carpal	tunnel	syndrome.

Pronator Teres Syndrome

See Fig. 2.5.

The pronator teres syndrome results from entrapment 

of the median nerve as it passes between the two heads 

of	the	pronator	teres	muscle	and	under	the	fibrous	arch	of	
the	 flexor	 digitorum	 superficialis.	 Compression	may	 be	
caused	by	(1)	a	thickened	lacertus	fibrosus	(an	aponeu-

rosis that overlies the median nerve just proximal to the 

passage of the nerve between the two heads of the pro-

nator teres), (2) a hypertrophied pronator teres muscle, 

or	(3)	a	tight	fibrous	band	of	the	flexor	digitorum	super-

ficialis.
The syndrome is characterized by pain in the forearm. 

In addition, weakness in the hand grip and numbness 

and	 tingling	 in	 the	 index	finger	and	 thumb	are	 charac-

teristically present. The symptoms are similar to those 

of carpal tunnel syndrome (see p. 70), but nocturnal ex-

acerbation of pain is conspicuously absent. In advanced 

cases, the hand assumes a “benediction attitude” due to 

impairment	of	flexion	in	the	radial	three	digits.	Findings	
on muscle testing will vary depending on the degree of 

compression, but often there is no measurable weakness 

in the median nerve–innervated muscles.
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Fig. 2.5 Pronator teres syndrome. Functions or responses marked with an “X” are impaired or absent.
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Abnormal pinch attitude

II Regional Anatomy and Related Syndromes68

Anterior Interosseous Nerve Syndrome

See Figs. 2.6 and 2.7.

The anterior interosseous nerve syndrome is most 

commonly due to a constricting band causing an entrap-

ment neuropathy near the origin of the nerve. Clinically, 

it is characterized by weakness in two muscles: (1) the 

flexor	digitorum	profundus	I	and	II	and	(2)	the	flexor	pol-
licis longus. Its most singular feature, due to weakness 

in these muscles, is an abnormal “pinch attitude” of the 

hand. This attitude is characterized by an extension or 

hyperextension of the terminal phalanges of the thumb 

and	 index	finger	when	 the	 thumb	and	 index	finger	are	
opposed. Weakness in the pronator quadratus muscle is 

usually	 clinically	 insignificant	 because	 of	 simultaneous	
contraction of the more powerful pronator teres muscle 

during pronation motion of the forearm. Sensation in the 

anterior interosseous nerve syndrome is entirely normal.

Fig. 2.6 Abnormal pinch attitude.
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Fig. 2.7 Anterior interosseous nerve syndrome. Functions or responses marked with an “X” are impaired or absent.
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Carpal Tunnel Syndrome

See Fig. 2.8.

Carpal tunnel syndrome is caused by compression of 

the median nerve as it passes through the carpal tunnel. 

The carpal tunnel is formed by the transverse carpal liga-

ment,	or	flexor	retinaculum,	which	stretches	transversely	
across the concavity of the carpal bones.

Clinically, the syndrome is characterized by both sen-

sory and motor symptoms of the hand.

The most common presenting symptom of the syn-

drome is pain and paresthesias in the wrist and hand, 

which classically worsen at night, awakening the pa-

tient from sleep. These “positive” sensory symptoms are 

typically associated with “negative” symptoms, involv-

ing sensory loss in the distribution of the palmar digital 

branches of the median nerve (i.e., the radial palm, the 

palmar	aspect	of	the	first	three	and	a	half	fingers,	and	the	
dorsal aspect of the terminal phalanges of the second, 

third,	and	half	of	the	fourth	fingers).	Sensory	loss	is	eas-

iest to discern along the volar tips of the index and mid-

dle	fingers,	which	are	the	autonomous	areas	for	median	
nerve distribution.

Although pain is most frequently limited to the hand, it 

may involve the forearm, the elbow, or the shoulder, and 

thus	 this	 syndrome	must	 be	 considered	 in	 the	differen-

tial diagnosis of any obscure arm pain. Two historical clues 

that favor carpal tunnel syndrome are radiation of arm 

pain from distal to proximal and a tendency for the patient 

to rub or shake the hand to alleviate the pain because pain 

of more proximal origin such as the cervical spine or the 

thoracic outlet is usually exacerbated by motion.

Motor involvement, which usually occurs late in the 

course of the disease process, comprises weakness and 

atrophy in the four LOAF muscles of the hand: (1) the 

lumbricals,	 (2)	 the	 opponens	 pollicis,	 (3)	 the	 abductor	
pollicis	brevis,	and	(4)	the	flexor	pollicis	brevis.	Examina-

tion may thus reveal weakness in the abduction, opposi-

tion,	and	flexion	of	the	thumb.	It	should	be	emphasized,	
however, that patients with carpal tunnel syndrome 

most commonly present with sensory complaints, and 

only rarely do they present with the complaint of weak-

ness or muscle atrophy.

Paradoxically, those patients with pain may demon-

strate no weakness, whereas a smaller group of patients 

may demonstrate weakness but do not complain of pain. 

In testing for weakness, the abductor pollicis brevis is the 

easiest of the thenar muscles to test in a reliable way.

Finally, Phalen’s test may be used to corroborate the 

diagnosis. It is done by asking the patient to forcibly dor-

siflex	the	affected	hand	for	60	seconds.	A	positive	test	will	
reproduce the patient’s symptoms, although a false-pos-

itive test will occur in normal individuals if this position 

is maintained for too long.
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Fig. 2.8 Carpal tunnel syndrome. Functions or responses marked with an “X” are impaired or absent.
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Ulnar Nerve

Anatomy

See Fig. 2.9.

The ulnar nerve receives contributions from C7, C8, 

and T1 spinal nerves that are carried in the medial cord 

of	 the	brachial	plexus.	No	branches	are	given	off	as	 the	
nerve courses distally in the arm.

Ulnar Nerve at the Elbow

At the elbow, the ulnar nerve enters a groove between 

the medial humeral epicondyle and the olecranon pro- 

cess. This groove is covered by an aponeurosis, form-

ing	 an	osseofibrous	 canal	 (the	 cubital tunnel),	 the	floor	
of which is formed by the medial ligament of the elbow 

joint. Two motor branches of the ulnar nerve take origin 

just distal to the elbow joint. These are (1) the flexor carpi 
ulnaris and (2) the flexor digitorum profundus III and IV.

Ulnar Nerve in the Forearm

After supplying these two muscles, the nerve then passes 

between	the	two	heads	of	the	flexor	carpi	ulnaris	to	take	
its	 place	 superficial	 to	 the	 flexor	 digitorum	profundus.	
Two	sensory	branches	are	given	off	as	the	nerve	courses	
distally in the forearm. These are (1) the palmar cutane-

ous branch, which supplies the skin over the hypothenar 

eminence; and (2) the dorsal cutaneous branch, which 

supplies the dorsal ulnar aspect of the hand, and the dor-

sal	aspect	of	the	fifth	finger	and	half	of	the	fourth	finger.

Ulnar Nerve in the Hand

The ulnar nerve then passes into the hand through Guy-

on’s canal, which is formed by the volar carpal ligament 

(roof),	the	transverse	carpal	ligament	(floor),	the	pisiform	
bone (medial wall), and the hook of the hamate bone (lat-

eral	wall).	Proximal	in	the	canal	the	ulnar	nerve	gives	off	
the superficial sensory branch. This sensory branch sup-

plies the skin of the distal part of the ulnar aspect of the 

palm	and	the	palmar	aspect	of	 the	fifth	and	half	of	 the	
fourth	finger.	The	ulnar	nerve	then	continues	in	the	canal	
as the deep motor branch, which supplies the following 

muscles: (1) the abductor digiti minimi, (2) the opponens 

digiti minimi,	(3)	the	flexor digiti minimi, (4) the lumbri-

cals III and IV, (5) the interosseous muscles, (6) the adduc-

tor pollicis, and (7) the flexor pollicis brevis.
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Fig. 2.9 Ulnar nerve anatomy.
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Clinical Syndromes

The two major clinical syndromes involving the ulnar 

nerve are (1) the cubital tunnel syndrome and (2) Guyon’s 

canal syndrome. Note the diagnostic importance of the 

dorsal cutaneous nerve, which is included as part of the 

cubital tunnel syndrome but is spared in Guyon’s canal 

syndrome.

Cubital Tunnel Syndrome

See Fig. 2.10.

The cubital tunnel syndrome is frequently caused by 

compression of the ulnar nerve within the cubital tun-

nel. Most commonly it is due to constriction of the nerve 

by the overlying aponeurosis. The cardinal features of 

cubital tunnel syndrome are (1) numbness and tingling 

of the ulnar aspect of the hand; (2) weakness variously 

described as impairment of hand grip, clumsiness, or dif-

ficulty	 buttoning	 shirts;	 and	 (3)	 atrophy,	most	marked	
in	 the	 hypothenar	 eminence	 and	 the	 first	 interosseous	
space (most noticeable on the dorsal aspect of the hand). 

Sensory loss is most easily observed in the distal two 

phalanges	of	 the	 little	finger,	which	 is	 the	 autonomous	
zone of the ulnar nerve.

Two additional signs of ulnar neuropathy are (1) a 

claw hand deformity and (2) Froment’s sign. A claw hand 

deformity results from the simultaneous hyperexten-

sion	at	the	metacarpophalangeal	joints	and	flexion	at	the	
interphalangeal joints. Hyperextension at the metacar-

pophalangeal joints is due to weakness in the interossei 

muscles, which results in unopposed action of the ex-

tensor digitorum muscles. Flexion at the interphalangeal 

joints	 is	 due	 to	 the	 passive	 tethering	 pull	 of	 the	 flexor	
digitorum muscle, which occurs when the metacar-

pophalangeal joints are in hyperextension.

Froment’s sign is due to weakness in the adductor pol-

licis	muscle.	It	may	be	detected	by	asking	an	affected	in-

dividual to grasp a piece of paper between the thumb and 

index	finger	while	the	examiner	attempts	to	pull	the	pa-

per away. The patient may attempt to compensate for the 

inability to adduct the thumb by extending the proximal 

and	flexing	the	distal	thumb	phalanges	(Froment’s	sign).
Although	branches	to	the	flexor	carpi	ulnaris	and	flexor	

digitorum profundus muscles originate within the cubital 

tunnel, these muscles are rarely involved in cubital tun-

nel syndrome, probably because they are situated deeply 

within the nerve and are therefore spared the compressive 

effects	of	the	more	superficially	located	fibers.
In contrast to carpal tunnel syndrome in which pain 

is a prominent symptom, cubital tunnel syndrome is less 

frequently associated with pain. Likewise, weakness and 

atrophy, which tend to occur late in the course of carpal 

tunnel syndrome, typically occur early in cubital tunnel 

syndrome.
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Fig. 2.10 Cubital tunnel syndrome. Functions or responses marked with an “X” are impaired or absent.
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Guyon’s Canal Syndrome

See Fig. 2.11.

There are multiple causes of Guyon’s canal syndrome, 

including trauma and extrinsic compression. The syn-

drome	 has	 been	 classified	 into	 three	 different	 types,	
based on the site of compression.

In the type 1 syndrome, the site of compression is just 

proximal to or within Guyon’s canal (Fig. 2.11A). Almost 

all of the motor and sensory branches of the hand are af-

fected.	Motor	sparing	includes	the	flexor	carpi	ulnaris	and	
the	flexor	digitorum	muscles.	However,	these	muscles	are	
also spared in the cubital tunnel syndrome (see earlier 

discussion). Therefore, they provide no diagnostic utility. 

Sensory sparing includes the dorsal aspect of the hand be-

cause the dorsal cutaneous branch originates in the distal 

forearm. The preservation of this branch helps distinguish 

this syndrome from cubital tunnel syndrome.

Fig. 2.11 (a) Guyon’s canal syndrome (type 1). Functions or responses marked with an “X” are impaired or absent.
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In the type 2 syndrome, the site of compression is at 

the proximal part of the terminal motor branch within 

Guyon’s	canal,	distal	to	the	takeoff	of	the	superficial	ter-

minal cutaneous branch. In this pure motor syndrome, 

sensation is preserved, as is the innervation of many of 

the hypothenar muscles because of their more proximal 

origin. The interossei and adductor pollicis muscles are 

most	frequently	affected	(Fig. 2.11B).

Fig. 2.11 (b) Guyon’s canal syndrome (type 2). Functions or responses marked with an “X” are impaired or absent.
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In	the	type	3	syndrome,	the	rarest	of	the	three,	the	site	
of compression is at the distal end of Guyon’s canal. The 

terminal motor branch is preserved in this syndrome, 

and the syndrome is thus purely sensory (Fig. 2.11C).
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Fig. 2.11 (c) Guyon’s canal syndrome (type 3). Functions or responses marked with an “X” are impaired or absent.
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Lower Extremity

The major nerves of the thigh are the femoral nerve (ven-

trally) and the sciatic nerve (dorsally). The leg and foot 

are mainly supplied by the terminal branches of the sci-

atic nerve, the peroneal nerve (ventrally), and the tibial 

nerve (dorsally). Other important nerves of the lower 

extremity discussed in this chapter include two purely 

sensory nerves, the lateral femoral cutaneous nerve and 

the saphenous nerve. Important nerves that are not dis-

cussed include the superior and inferior gluteal nerves 

(which supply the gluteal muscles), the femoral nerve 

(which supplies the quadriceps femoris muscles), and the 

obturator nerve (which supplies the adductor muscles).

Lateral Femoral Cutaneous Nerve

The lateral femoral cutaneous nerve, a direct branch of 

the lumbar plexus, provides sensory innervation to the 

skin of the ventrolateral aspect of the thigh.

Anatomy

See Fig. 2.12.

The lateral femoral cutaneous nerve is a purely sen-

sory nerve derived from the second and third lumbar 

nerves of the lumbar plexus. It emerges from the lateral 

aspect of the psoas muscle to run obliquely forward and 

inferiorly across the iliacus muscle. After passing across 

the iliac fossa just medial to the anterior superior iliac 

spine, the nerve enters the thigh beneath the inguinal lig-

ament. It then pierces the fascia lata of the lateral thigh, 

where it terminates.

The distribution of the sensory supply of the lateral 

femoral cutaneous nerve comprises the skin of the ven- 

trolateral aspect of the thigh.

Fig. 2.12 Lateral femoral cutaneous nerve anatomy.
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Syndrome of the Lateral Femoral Cutaneous Nerve 
of the Thigh

See Fig. 2.13.

The syndrome of the lateral femoral cutaneous nerve 

of the thigh, or meralgia paresthetica, as the syndrome 

is also known, is caused by compression of this nerve in 

the inguinal region, usually as a result of a fascial band. 

Clinically, the syndrome is characterized by paresthesias 

involving the ventrolateral aspect of the thigh. These are 

variously described as a disagreeable numbness or as a 

sensation of burning, stinging, tingling, or “pins and nee-

dles.” The syndrome is most common among obese indi-

viduals whose abdominal girth may produce excessive 

traction or strain on the inguinal ligament. There are no 

associated motor signs or symptoms.

Fig. 2.13 Syndrome of the lateral femoral cutaneous nerve  

(meralgia paresthetica).
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Femoral Nerve

The femoral nerve, a direct derivative of lumbar nerve 

roots	L2,	L3,	and	L4,	supplies	the	iliacus and psoas mus-

cles within the pelvis. In the thigh, the femoral nerve 

supplies the pectineus and sartorius muscles (anterior di-

vision) as well as the quadriceps muscle (posterior divi-

sion). Femoral nerve provides cutaneous sensation from 

the anteromedial thigh (anterior division) and the medial 

side of the leg, from the knee to the medial malleolus 

(posterior division).

Anatomy

The femoral nerve is formed from the second, third, and 

fourth lumbar roots. Within the pelvis the femoral nerve 

passes lateral to the psoas muscles, supplying the iliacus 

and psoas muscles along the way.  It then passes into the 

thigh below (or behind) the inguinal ligament, running 

lateral to the femoral artery. Upon entering the thigh, 

in the upper part of the femoral triangle, the nerve di-

vides into anterior and posterior divisions. The muscu-

lar branches of the anterior division supply the pectineus 

and sartorius muscles and cutaneous branches innervate 

the skin of the anteromedial thigh. The posterior division 

gives	off	a	cutaneous	branch,	the	saphenous nerve, which 

runs through most of the adductor canal to be distrib-

uted to the medial leg and foot. Muscular branches of the 

posterior division innervate the quadriceps muscles (the 

rectus femoris muscle and three vasti muscles: the vastus 

medialis, the vastus intermedius, and the vastus lateralis).

Femoral Neuropathy

The most common cause of femoral neuropathy is diabe-

tes. Iatrogenic injury may complicate pelvic surgery, usu-

ally due to retraction injury. Less commonly, compressive 

neuropathies may occur in the presence of a pelvic tumor 

or hematoma.  

Saphenous Nerve

The saphenous nerve, a branch of the femoral nerve, pro-

vides sensory innervation to the ventromedial aspect of 

the knee, leg, and foot.

Anatomy

See Fig. 2.14.

The saphenous nerve is a purely sensory branch of the 

femoral nerve. It originates just below the inguinal liga-

ment, enters the adductor canal (Hunter’s canal), crosses 

Fig. 2.14 Saphenous nerve anatomy.

the femoral artery from lateral to medial, and exits the 

canal by piercing its roof. The nerve then courses distally, 

dividing into two terminal branches: (1) an infrapatellar 

branch, which supplies the ventromedial aspect of the 

knee, and (2) the descending branch, which supplies the 

ventromedial aspect of the leg and ankle.
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Saphenous Nerve Entrapment Syndrome

See Fig. 2.15.

The site of compression of the saphenous nerve occurs 

at its point of exit from the adductor canal. One of the 

cardinal features of the syndrome is intense pain along 

the medial aspect of the knee. Typically, there is also 

numbness along the medial aspect of the knee or leg or 

both. No motor signs or symptoms are present.

Fig. 2.15 Saphenous nerve entrapment syndrome.
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Sciatic Nerve

The sciatic nerve, a direct branch of the lumbosacral 

plexus, is the largest peripheral nerve in the body. Via 

its terminal branches, the common peroneal and tibial 

nerves, the sciatic nerve supplies the hamstring muscles 

and all of the muscles below the knee. It also provides 

sensory innervation to the skin of the dorsolateral leg 

and foot.

Anatomy

See Fig. 2.16.

The sciatic nerve is a mixed nerve derived from the 

fourth	and	fifth	lumbar	and	the	first,	second,	and	third	sa- 

cral spinal segments. The nerve leaves the pelvis through 

the greater sciatic foramen beneath the tendinous origin 

of the piriformis muscle. It courses laterally and down-

ward, deep to the gluteus maximus muscle, to inner-

vate the semitendinous, semimembranous, biceps femoris, 

and adductor magnus muscles. The nerve then proceeds 

downward in the dorsal thigh to reach the popliteal fossa, 

where it divides into its two terminal branches, the tibial 

nerve and the common peroneal nerve, which supply all 

the muscles of the leg and foot.

Fig. 2.16 Sciatic nerve anatomy.
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Piriformis Syndrome

See Fig. 2.17.

The site of compression in the piriformis syndrome is 

the proximal segment of the sciatic nerve that passes un-

derneath the piriformis muscle. The cardinal features of the 

piriformis syndrome are (1) weakness in any or all of the 

knee	flexors,	ankle	flexors	or	extensors,	and	foot	intrinsics;	
and (2) sensory loss that may involve all of the foot. The 

clinical picture may be confused by a lumbosacral radicu-

lopathy related to degenerative spine disease.

Fig. 2.17 Piriformis syndrome.
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Peroneal Nerve

The peroneal nerve is a terminal branch of the sciatic 

nerve. It provides motor innervation to the muscles of the 

anterior	 compartment	 of	 the	 leg	 and	 foot	 (dorsiflexors	
and foot evertors) and sensory innervation to the skin of 

the lower lateral leg and the dorsum of the foot.

Anatomy

See Fig. 2.18.

The common peroneal nerve (L4, L5, S1, S2) is one of 

two terminal branches of the sciatic nerve that takes or-

igin in the popliteal fossa. The nerve courses laterally in 

the	popliteal	 fossa,	winding	around	the	neck	of	the	fib-

ula	and	dividing	 into	 the	 superficial	and	deep	peroneal	
nerves.

The superficial peroneal nerve provides motor innerva-

tion to the peroneus longus and brevis muscles (evertors 

of the foot) and sensory innervation to the lower lateral 

leg	and	the	dorsum	of	the	foot	(except	for	the	first	dorsal	
web space).

The deep peroneal nerve descends deep in the anterior 

compartment of the leg and provides motor innervation 

to	the	following	four	dorsiflexors	of	the	foot	and	toes:	(1)	
the tibialis anterior,	a	dorsiflexor	and	evertor	of	the	foot;	
(2) the extensor hallucis longus, an extensor of the great 

toe	and	dorsiflexor	of	the	foot;	(3)	the	extensor digitorum 

longus,	an	extensor	of	the	four	lateral	toes	and	dorsiflexor	
of the foot; and (4) the extensor digitorum brevis, an ex-

tensor of the great toe and the three medial toes.

Just proximal to the ankle, the nerve becomes super-

ficial	 and	divides	 into	medial	 and	 lateral	 branches.	 The	
lateral (motor) branch innervates the extensor digitorum 

brevis, and the medial (sensory) branch supplies the skin 

over	the	first	dorsal	web	space.

Fig. 2.18 Peroneal nerve anatomy.
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Peroneal Nerve Syndrome

See Fig. 2.19.

The most frequent site of compression of the peroneal 

nerve	 is	 at	 the	 fibular	 head.	 In	 this	 location	 the	 nerve	
is	 superficial	 and	 thus	 susceptible	 to	 injury.	Most	 com-

monly this is due to prolonged extrinsic pressure such 

as may occur to a patient in the lateral decubitus posi-

tion who is improperly padded during surgery. The most 

frequently	affected	nerve	is	the	deep	peroneal	nerve,	al-
though this same mechanism may involve the common 

or	superficial	peroneal	nerves.

The clinical presentation of the peroneal nerve syn-

drome	is	dependent	on	the	particular	nerve	affected:	(1)	
Common peroneal nerve involvement results in weakness 

of	 foot	aversion	and	of	 toe	and	 foot	dorsiflexion.	 In	ad-

dition, there is sensory loss involving the dorsum of the 

foot and toes and the lateral aspect of the lower leg. (2) 

Deep peroneal nerve involvement results in weakness of 

foot	and	toe	dorsiflexion	as	well	as	sensory	 loss	 involv-

ing	the	first	dorsal	web	space	of	the	foot.	(3)	Superficial 
peroneal nerve involvement results in weakness of foot 

aversion as well as sensory loss in the distribution of the 

lateral aspect of the leg and the dorsum of the foot and 

toes	(except	for	the	first	dorsal	web	space).
Fig. 2.19 Common peroneal nerve syndrome. Functions or  

responses marked with an “X” are impaired or absent.
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Tibial Nerve

The tibial nerve is a terminal branch of the sciatic nerve. 

It provides motor innervation to the muscles of the pos-

terior	 compartment	of	 the	 leg	 and	 foot	 (plantar	flexors	
and foot invertors) and sensory innervation to the skin of 

the heel and sole.

Anatomy

See Fig. 2.20.

The tibial nerve, one of the two terminal branches of 

the	 sciatic	nerve,	 carries	fibers	derived	 from	the	 fourth	
and	fifth	 lumbar	 and	 the	first,	 second,	 and	 third	 sacral	
nerve roots. It continues the line of the sciatic nerve 

through the popliteal fossa, coursing distally in the dorsal 

aspect	of	the	leg.	In	the	distal	popliteal	fossa	it	gives	off	a	
branch, the medial sural cutaneous nerve, which supplies 

the skin on the calf. This branch joins the lateral sural cu-

taneous nerve (a branch of the common peroneal) at the 

level of the Achilles tendon, and together they form the 

sural nerve. The sural nerve supplies the skin on the lat-

eral heel and the lateral aspect of the foot and small toe.

Also in the popliteal fossa, the tibial nerve gives 

off	 branches	 to	 the	 gastrocnemius and then the soleus 

 muscles—both	 plantar	 flexors	 of	 the	 foot.	 The	 nerve	
courses distally in a plane between the gastrocnemius 

and soleus muscles dorsally and the tibialis posterior ven-

trally. This segment of the nerve in the upper third of the 

leg provides motor innervation to three muscles: (1) the 

tibialis posterior, an invertor of the foot; (2) the flexor 
digitorum longus,	a	plantar	flexor	of	the	toes;	and	(3)	the	
flexor hallucis longus,	a	plantar	flexor	of	the	great	toe.

At the level of the ankle, the tibial nerve passes caudal 

and	dorsal	to	the	medial	malleolus	and	under	the	flexor	
retinaculum (tarsal tunnel). A medial calcaneal branch 

variably originates proximal to, distal to, or within the 

tarsal tunnel. It is a purely sensory branch that supplies 

the skin of the medial heel.

In the distal portion of the tarsal tunnel, the nerve 

gives	off	 two	 terminal	branches:	 (1)	 the	medial plantar 

nerve, which innervates the medial intrinsic muscles of 

the foot and the skin over the medial three and a half 

toes and (2) the lateral plantar nerve, which innervates 

the lateral intrinsic muscles of the foot and the skin over 

the lateral one and a half toes. Note that the anatomy is 

analogous to the median and ulnar nerve innervation of 

the hand.

The	 tarsal	 tunnel,	 like	 the	 carpal	 tunnel,	 is	 a	 fibro- 

osseous	 canal.	 It	 is	 formed	 by	 the	 flexor	 retinaculum	
(roof)	and	the	calcaneus	and	medial	malleolus	(floor).

Fig. 2.20 Tibial nerve anatomy.
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Tarsal Tunnel Syndrome

See Fig. 2.21.

Any	pathological	process,	such	as	trauma	or	inflamma-

tion, that compromises the space available for the neural 

elements in the tarsal tunnel may result in tarsal tunnel 

syndrome. The cardinal symptoms of this syndrome are 

burning pain and paresthesias in the area involved, which 

varies	 depending	 on	 the	 nerve	 or	 nerves	 affected.	 This	
may include any one or a combination of the heel (cal-

caneal nerve), the medial sole (medial plantar nerve), or 

the lateral sole (lateral plantar nerve). In addition, there 

is weakness in the foot intrinsics. Fig. 2.21 Tarsal tunnel syndrome.
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peripheral nerve with both a blood supply and a cover-

ing that protects against compression while allowing for 

 physiologic nerve elongation. The perineurium, which con-

tains	perineural	cells	and	collagen	fibers,	provides	a	phys-

iologic	milieu	of	the	conducting	elements	and	an		effective	
blood–nerve	barrier.	Perineural	fibroblasts		initiate	a	con-

nective tissue reaction in response to  peripheral nerve 

trauma, which may lead to unwelcomed post-traumatic 

neuroma	 formation.	 Endoneurium	 contains	 fibroblasts	
whose processes extend within the  fascicle between nerve 

fibers	and	Schwann	cells.	The	longitudinally	oriented	col-
lagen	fibers	 of	 the	 endoneurium,	 along	with	 closely	 ap-

posed Schwann cells, form the tube through which regen-

erating	nerve		fibers	pass	after	nerve	injury.
See Fig. 2.22.

Anatomy of Nerve Fibers

Nerve	fibers	are	axons	that	are	surrounded	by	Schwann	
cells.	Large	fibers	are	myelinated, that is, surrounded by a 

myelin	sheath,	whereas	smaller	fibers	are	unmyelinated 

and are embedded within Schwann cell walls. Those 

parts of a myelinated axon that are not covered by myelin 

are known as the nodes of Ranvier.  

By	 winding	 around	 a	 select	 group	 of	 axons	 several	
times during development the Schwann cell lays down 

a lipid–protein mixture referred to as a myelin sheath. 

About one-third of axons are myelinated. This sheath is 

not continuous, every 1 to 2 mm along the length of a 

Peripheral Nerves

Nerve Architecture

See Fig. 2.22.

Most peripheral nerves are mixed, that is, they contain 

some combination of motor, sensory, nociceptive (pain), 

and	autonomic	fibers.		Autonomic	fibers	serve	sudomo-

tor, vasoreactive, and piloerection functions. Most of 

the substance of a peripheral nerve is connective tissue. 

Architecturally, peripheral nerves contain many nerve 

fibers	mixed	with	Schwann	cells	and	are	organized	into	
groups of nerve fascicles, which are in turn bound to-

gether by connective tissue to form individual peripheral 

nerves.	 The	number	of	 nerve	fibers	 contained	within	 a	
single peripheral nerve varies depending on the thick-

ness of the nerve: small nerves may contain only dozens 

of	fibers	and	large	nerves	may	contain	tens	of	thousands.		
Each	peripheral	nerve	contains	three	types	of	connec-

tive tissue: the epineurium, which surrounds the periph-

eral	nerve	 and	 forms	 the	filling	material	 that	 separates	
the nerve’s fascicles within the nerve itself; the perineu-

rium, which surrounds each of the individual fascicles; 

and the endoneurium, which surrounds each myelinated 

fiber	and	groups	of	unmyelinated	fibers	contained	within	
a fascicle.

The outer sheath, the epineurium, is well vascularized, 

containing	both	collagen	and	elastic	fibers	that	provide	the	

Unmyelinated
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Axons
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Epineurium
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nucleus
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Fig. 2.22 This figure illustrates the architecture of the peripheral nerve. It demonstrates the relationship of the peripheral nerve 

axon and adjacent structures, including the peripheral nerve’s blood supply, its Schwann cell, its myelin sheath, its node of Ranvier, 

and its three connective tissue layers (from inside out): the endoneurium, the perineurium, and the epineurium.
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Neurapraxia (“Nerve Dysfunctional”)

Neurapraxia comprises a nerve injury that interrupts 

action potential conduction across an injury site with-

out causing permanent injury. The axon is preserved. No 

axonal degeneration occurs. Full and rapid recovery is 

expected. Pathological changes are both mild and revers-

ible. Recovery is typically accomplished within days to a 

few months.

Interestingly, various nerve modalities exhibit a spec-

trum of susceptibility to injury. Thus, motor nerves are 

most susceptible, while pain and autonomic nerves 

are least; proprioception, light touch, and tempera-

ture  modalities respond to injury with an intermediate 

 susceptibility.

Axonotmesis (“Axon Cut”)

Unlike neurapraxia, axonotmesis involves loss of axonal 

continuity. Although the outer sheath of the axon is pre-

served, the axon is ruptured and undergoes degenera-

tion distally. Preservation of the outer sheath provides a 

matrix that guides axonal regeneration. The presence of 

degeneration separates this nerve injury type from neu-

rapraxia; preservation of the outer sheath separates it 

from neurotmesis. Recovery in this injury type varies, de-

pending on the degree of injury. Thus, Sunderland further 

categorizes this group into those with an intact endoneu-

rium (Sunderland type II) and those without (Sunderland 

type III). Sunderland type IV denotes an injury involving 

disruption of both the endoneurium and perineurium 

(i.e., all the contents of the epineurium). Not surprisingly, 

the potential for recovery in axonotmesis varies with the 

extent of axonal and connective tissue injury.

Neurotmesis (“Nerve Cut”)

In neurotmesis, there is complete loss of axonal continu-

ity. The cut ends of the nerve either remain separated, 

or they may reconnect through a bridge of scar tissue 

consisting	of	fibroblasts,	Schwann	cells,	and	regenerating	
axons. In any event, recovery is negligible. Hope for any 

functional recovery requires surgery.

nerve	fiber	is	a	node	of	Ranvier—a	noninsulated	portion	
of	the	fiber.	Unmyelinated	axons	lack	a	myelin	sheath,	but	
they are not exposed: a Schwann cell can envelop several 

unmyelinated axons.

These anatomic distinctions between myelinated and 

unmyelinated axons carry physiological implications: 

the velocity of action potentials conducted by myelinated 

axons is considerably faster than those of unmyelinated 

ones.	What	is	more,	myelinated	fibers	(which	are	classi-
fied	as	A	fibers)	are	larger	(3	to	13	μm)	than	unmyelinated	
fibers	(which	are	classified	as	C	fibers, and which are typ-

ically	less	than	or	equal	to	1	μm).		
When axons die, their myelin dies with them. 

Associated Schwann cells survive, however, and may 

increase in number. If the axon regenerates, the Schwann 

cell reinvests the axon, laying down more myelin, if 

necessary.

Classifications of Nerve Injury

The	most	widely	used	classification	of	peripheral	nerve	
injury is that described by Seddon. He elegantly de-

scribed three injury types, with three inelegant names: 

neurapraxia, axonotmesis, and neurotmesis.	As	 reflected	
in	Table	2.1	Sunderland	expanded	the	Seddon’s	classifi-

cation	into	five	categories:	type	I	(equivalent	to	Seddon’s	
Neurapraxia), types II–IV (equivalent to Seddon’s Axonot-

mesis), and type V (equivalent to Seddon’s Neurotmesis).

Note that categorizing nerve injuries is not an aca-

demic exercise—these categories convey important prog-

nostic information, as we shall see.

Table 2.1  Classification of Nerve Injury

Seddon Sunderland

Neuropraxia I

Axonotmesis II

-------- III

-------- IV

Neurotmesis V

本书版权归Thieme所有
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Nerve Degeneration and Regeneration

In deciding whether a nerve injury requires surgical 

repair, it is helpful to determine whether the injury in-

volves loss of axonal continuity, and is thus degenerative 

(axonotmesis and neurotmesis), or whether the injury 

is limited to a conduction block, and is thus nondeneg-

erative (neurapraxia). These processes demand further 

explanation.

Nerve Degeneration

Nerve degeneration occurs in axonotmesis and neurot-

mesis injuries, but not in neurapraxia.  

Axonotmesis

In axonotmesis, degeneration occurs distal to the injury 

site, while the proximal segment exhibits few histologic or 

pathologic changes. Distal segment degeneration is called 

Wallerian degeneration, or anterograde degeneration, the 

principal histologic change of which is a breakdown of both 

axons and myelin, leaving only ghost-like endoneurial 

sleeves. Schwann cells, and later macrophages, consume 

the axonal and myelin debris. The complete process 

unfolds over a period of weeks, ultimately reducing nerve 

fibers	to	a	mass	of	Schwann	cells	and	endoneurial	sheaths.
When the endoneurium is disrupted (Sunderland 

type III) Wallerian degeneration proceeds (as described 

above),	with	this	difference:	intrafascicular	injury	impairs	
axonal regeneration. That is, damage to the endoneurium 

causes	 shrinkage,	 fibrosis,	 and	 ultimately	 obliteration	
of the endoneurial tubes, limiting axonal regeneration. 

What is more, Wallerian degeneration is now accompa-

nied by an additional pathologic process: degeneration of 

the proximal segment in a retrograde direction.

Neurotmesis

In neurotmesis, injury to the epineurium is a game-

changer.	Along	with	the	gradual	shrinkage,	fibrosis,	and	
obliteration of the endoneurial tubes (with its negative 

implication for the prospects of regenerating axons), as 

seen in axonotmesis, this injury causes reactive changes 

in	 the	 epineurial	 sleeve,	 inducing	 further	 fibrosis	 and	
proximal stump scar formation. What is more, depend-

ing on the severity of injury, and its proximity to the 

neuronal	 cell	 body,	 changes	 in	 the	 proximal	 fiber	 and	
the neuronal cell body may (in the worst case) lead to 

cell body death and Wallerian degeneration of the entire 

proximal segment.

Nerve Regeneration

In neurotmesis and axonotmesis functional recovery 

is the rule whether through reversal of the conduction 

block (neurotmesis), which occurs early, or through 

axonal regeneration (axonotmesis), which occurs late. 

Disruption of the endoneurial tubes complicates  

regeneration, leading to wayward regenerating axons 

that may wander into surrounding connective tissue  

or into an endoneurial tube that is headed for an  

unintended target organ. Not surprisingly, the extent of 

neurologic recovery will be determined by the severity 

of injury. The process of regeneration may be consid-

ered	 separately	 in	five	potentially	 affected	 zones:	 the	
cell body, the proximal segment, the injury site, the 

distal segment, and the target organ.

Cell Body

Degenerative changes in the cell body may include mi-

gration of the nucleus to the periphery of the cell and the 

breakdown and dispersal of Nissl granules in a process 

named chromatolysis. This process depresses cell body 

protein synthesis. Regeneration of the cell body reverses 

this process, reinstating protein synthesis, which in turn 

facilitates axonal regeneration.

Proximal Segment

The severity of injury and the proximity of the injury 

site to the neuronal cell body determine the severity of 

 (retrograde) degeneration of the proximal segment. This, 

in turn, determines the delay in axonal regeneration since 

the delay associated with more proximal and more severe 

injuries	allows	for	more	advanced	fibrosis	and	shrinkage	
of the endonurial tubes, which further impedes axonal 

regeneration.

Injury Site

Severe injuries may leave a gap at the injury site that 

allows	 the	 regenerating	 axon	 to	 meander	 off	 course.	
Further, the severity of injury determines the extent of 

scar tissue at the injury site, which presents another bar-

rier for successful axonal regeneration across the site, 

and may misdirect axon sprouts into functionally un-

related	 endoneurial	 tubes.	 Both	 obstacles—the	 gap	 and	
unwanted scar tissue—may be mitigated by appropriate 

surgical repair. Nevertheless, even surgical repair cannot 

ensure proper fascicle orientation and thus regenerating 

axons may wander into inappropriate endoneurial tubes, 

or never reach an endoneurial tube.

Distal Segment

If an axon does eventually enter an endoneurial tube it 

may reach its target organ. The rate of distal regeneration 

will depend in part on whether or not there is disrup-

tion of the endoneurial tube. Prolonged denervation of an 

end organ may cause degenerative changes in the target 

organ itself, which in turn impedes functional reconnec-

tion between nerve and target organ. Thus, the barriers 
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After 1 year, possibly many years, denervated sen-

sory receptors may survive and lead to functional recov-

eries. Indeed, so long as endoneurial tubes are spared 

(neurapraxia and axonotmesis), axons may reinnervate 

sensory receptors in their original formation producing 

complete functional restoration of the normal sensory 

pattern, even after 6 to 12 months of denervation.

On the other hand, more severe injuries managed by 

surgical repair cannot restore completely normal sensa-

tion. Factors responsible for such incomplete recoveries 

include failure of the regenerating axon to reach the skin, 

axonal reinnervation of the wrong receptor type, and de-

generation of sensory receptors.

The rate of axonal growth sets the rate of functional 

recovery, which occurs at about 1 mm per day, or 1 inch 

per month, although the range of reported rates of regen-

eration varies between 0.5 and 9.0 mm.

Recovery after neurapraxia occurs over a period of 

days to weeks. In cases of axonotmesis, when axonal 

 degeneration occurs—and thus axonal regeneration is 

necessary—recovery is instead measured in months.

to functional recovery caused by prolonged denervation 

occur at the level of the injury site (as described above) 

and the target organ. 

Target Organs

Denervation of a target organ has consequences. The his-

tologic changes induced by muscle denervation include 

atrophy	of	fibers,	which	are	separated	by	an	increasingly	
dense connective tissue. After 2 months or so of muscle 

denervation	 atrophy	 involves	 about	 70%	 of	muscle	 fib-

ers.	About	6	to	12	months	after	muscle	denervation,	fiber	
drop out is observed. After a year, motor endplates de-

generate.

Moderate to severe nerve injuries lead to incomplete 

motor recovery due to factors involving both the regen-

erating nerve and the target organ. For instance, inter-

muscular	 fibrosis	 limits	 the	 efficiency	 of	 a	 denervated	
muscle. Physical therapy can facilitate motor recovery by 

preserving muscles to receive regenerating axons.  
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Cervical Plexus

The cervical plexus is composed of a collection of sen-

sory and motor branches derived from the C1–C4 spinal 

nerves. It comprises a series of anastomotic loops that are 

located behind the sternocleidomastoid muscle, where 

they are closely related to the spinal accessory and hypo-

glossal	nerves.	The	plexus	may	be	divided	into	superficial	
sensory branches and deep motor branches as follows.

Superficial Sensory Branches

See Fig. 3.1.

The	superficial	sensory	branches	of	the	cervical	plexus	
comprise the following nerves. (Note that the C1 seg-

ment, which does not possess a dorsal root, provides no 

sensory branches.)

Greater Occipital Nerve (C2)

The greater occipital nerve is derived from the C2 spinal 

root. It supplies the skin of the posterior scalp.

 Plexuses

Lesser Occipital Nerve (C2)

The lesser occipital nerve is derived from the C2 spinal 

root. It supplies the skin overlying the mastoid process, 

extending just above and below the mastoid process, to 

include part of the lateral head and part of the lateral 

neck.

Great Auricular Nerve (C2–C3)

The great auricular nerve is derived from the C2–C3 spi-

nal roots. It supplies the skin overlying the external ear, 

the parotid gland, and the angle of the mandible.

Transverse Cervical Nerve (C2–C3)

The transverse cervical nerve is derived from the C2–C3 

spinal roots. It supplies the skin overlying the anterior 

and lateral aspects of the neck from the body of the man-

dible to the sternum.

Supraclavicular Nerves (C3–C4)

The supraclavicular nerves are derived from the C3–C4 

spinal roots. They supply the skin just above and below 

the clavicle.

Learning Objectives

•	 Identify the nerve roots that give rise to the cervical and brachial plexi.

•	 Name	the	target	areas	for	the	nerves	originating	from	the	superficial	sensory	and	deep	motor	 
branches of the cervical plexus.

•	 Identify	the	five	named	components	of	the	brachial	plexus.
•	 Identify the nerve roots that contribute to the upper, middle, and lower trunks, and the lateral,  

posterior, and medial cords (of the brachial plexus).

•	 Determine which nerve roots, trunks, and cords of the brachial plexus contribute to the radial,  

median, and ulnar nerves.

•	 Know	the	nerves	originating	directly	off	the	nerve	roots	and	trunks	of	the	brachial	plexus,	and	 
identify their target structures.

•	 Know the nerves originating from the lateral, posterior, and medial cords of the brachial plexus.

•	 Compare	and	contrast	the	neurologic	deficits	produced	by	lesions	of	the	upper	brachial	plexus	 
(Erb-Duchenne type), the lower brachial plexus (Dejerine-Klumpke type), and the lateral, medial, and  

posterior cords (of the brachial plexus).

•	 Distinguish between the two types of thoracic outlet syndrome, and characterize their clinical presentations.

•	 Describe the clinical presentations of Parsonage-Turner syndrome and apical lung tumor syndrome.

•	 Explain the anatomy of the lumbosacral plexus.
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Fig. 3.1 Superficial sensory branches of cervical plexus.
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Deep Motor Branches

The deep motor branches of the cervical plexus comprise 

the following branches and nerves.

Branches to the Accessory Nerve

See Fig. 3.2.

The branches to the accessory nerve travel with the ac-

cessory nerve proper (cranial nerve XI) to supply the ster-

nocleidomastoid (C2–C3) and trapezius (C3–C4) muscles.

Ansa Cervicalis (Ansa Hypoglossi)

The ansa cervicalis (also known as the ansa hypoglossi) 

comprises a loop formed by a superior (C1–C2) and infe-

rior root (C2–C3).	The	superior	root	fibers	run	for	a	short	
distance with the hypoglossal nerve. The ansa cervicalis 

supplies	the	infrahyoid	muscles	(flexors	of	the	head),	in-

cluding the sternohyoid, omohyoid, sternothyroid, thy-

rothyroid, and geniohyoid muscles.

Branches to Adjacent Neck Muscles

Small muscular branches of the cervical plexus innervate 

adjacent	muscles	of	the	neck,	which	are	flexors	and	rota-

tors of the neck and head. These muscles include the lon-

gus muscles anteriorly, the middle scalene more laterally, 

and the levator scapulae posteriorly.

Phrenic Nerve (C3–C5)

The phrenic nerve, which innervates the diaphragm, is 

derived	 from	fibers	 of	 the	 C3–C5	 spinal	 roots	 that	 join	
either low in the neck or in the thorax.
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Fig. 3.2 Deep motor branches of cervical plexus.
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Lesions of the Cervical Plexus

See Fig. 3.3.

Injuries of the cervical plexus produce a variety of 

clinical	deficits,	depending	on	the	location	of	the	lesion.	
Interruption	of	the	superficial	sensory	branches	may	re-

sult in partial numbness of the head or neck. Interruption 

of the deep motor branches may result in weakness of 

forward	or	lateral	neck	flexion	(infrahyoid	and	scalenes),	
rotation of the head (sternocleidomastoid), elevation of 

the shoulder (trapezius), or rotation of the scapula (le-

vator scapulae). Typical causes of cervical plexus lesions 

include penetrating wounds, surgical injury (e.g., carotid 

endarterectomy), and various mass lesions.

Injuries to the phrenic nerve most commonly occur 

distal to the cervical plexus in or around the mediasti-

num. Unilateral lesions result in paralysis of the dia-

phragm	on	the	affected	side.	Frequently	this	is	tolerated	
while the patient is at rest but may result in dyspnea on 

exertion. On the other hand, bilateral lesions are usually 

associated with severe ventilatory compromise at rest, 

unless the phrenic nerve receives an anastomotic branch 

from the subclavian nerve. Typical causes of phrenic 

nerve lesions include penetrating injury, surgical injury, 

and intrathoracic masses.

Fig. 3.3 Lesions of cervical plexus. Functions or responses marked 

with an “X” are impaired or absent.
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Brachial Plexus

See Fig. 3.4.

The brachial plexus comprises an intermingling of 

fibers	derived	from	the	ventral	rami	of	the	C5–T1	spinal	
nerves. In proximal to distal order, the brachial plexus 

may	 be	 divided	 into	 five	 components:	 (1)	 roots,	 (2)	
trunks,	(3)	divisions,	(4)	cords,	and	(5)	branches.

In	 the	 posterior	 triangle	 of	 the	 neck,	 the	 C5	 and	 C6	
spinal roots join to form the upper trunk, the C7 spinal 

root continues as the middle trunk, and the C8 and T1 

spinal roots join to form the lower trunk. The posttriangle 

is	defined	anteriorly	by	the	sternocleiodomastoid	muscle,	
posteriorly by the trapezius, and inferiorly by the middle 

third of the clavicle. More distally in the neck, in the su-

praclavicular fossa, each of the three trunks gives rise to 

an anterior and a posterior division. Behind the axillary 

artery, the three posterior divisions are united to form 

the posterior cord. The anterior divisions of the upper and 

middle trunk unite to form the lateral cord. And the an-

terior division of the lower trunk continues as the medial 

cord. The cords of the plexus leave the posterior triangle 

of the neck and enter the axilla through the outlet be-

tween	 the	first	 rib	 and	 the	 clavicle	 (thoracic	 outlet).	 In	
the axilla, the cords give rise to the terminal branches 

of	 the	 plexus,	 the	 peripheral	 nerves.	 Along	 its	 ~15	 cm	
course, the major components of the plexus give rise to 

many other important branches (peripheral nerves).

Fig. 3.4 Brachial plexus.
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Branches from the Roots

See Fig. 3.5.

Dorsal Scapular Nerve

The dorsal scapular nerve	arises	from	C5.	It	supplies	the	
levator scapulae and the rhomboid muscles.

Long Thoracic Nerve

The long thoracic nerve	arises	from	C5–C7.	It	supplies	the	
serratus anterior muscle.

Fig. 3.5 Branches from the roots of brachial plexus.
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Branches from the Trunks

See Fig. 3.6.

Nerve to the Subclavius

The nerve to the subclavius arises from the upper trunk 

of the brachial plexus. It supplies the subclavius muscle. 

Of clinical importance, this nerve may contain accessory 

nerve	fibers	 that	 join	the	phrenic	nerve	 in	 the	superior	
mediastinum.

Suprascapular Nerve

The suprascapular nerve arises from the upper trunk of 

the brachial plexus. It supplies the supraspinatus and in-

fraspinatus muscles.

Fig. 3.6 Branches from the trunks of brachial plexus.
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Branches from the Divisions

There are no branches that arise from the divisions of the 

brachial plexus.

Branches from the Cords

Lateral Cord 

See Fig. 3.7.

There are three branches that arise from the lateral 

cord, namely, the lateral pectoral nerve, the musculocuta-

neous nerve, and the lateral root of the median nerve.

1. The lateral pectoral nerve supplies the pectoralis 

major muscle.

2. The musculocutaneous nerve supplies the  

corachobrachialis muscle in the axilla and the biceps 

and brachialis muscles in the upper arm. In the forearm 

the musculocutaneous nerve gives rise to a sensory 

branch, the lateral cutaneous nerve of the forearm.

3. The lateral root of the median nerve is a direct 

continuation of the lateral cord of the brachial plexus. 

It is joined by the medial root to form the median nerve 

trunk.	No	branches	of	the	median	nerve	are	given	off	in	
the axilla.

Fig. 3.7 Branches from lateral cord of brachial plexus.
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Medial Cord

See Fig. 3.8.

There	 are	 five	 branches	 of	 the	medial	 cord,	 namely,	
the medial pectoral nerve, the medial brachial cutaneous 

nerve, the medial antebrachial cutaneous nerve, the ulnar 

nerve, and the medial root of the median nerve.

1. The medial pectoral nerve supplies the pectoralis 

major and minor muscles.

2. The medial brachial cutaneous nerve supplies the 

skin on the medial aspect of the arm.

3. The medial antebrachial cutaneous nerve supplies 

the skin on the medial aspect of the forearm.

4.	 The	ulnar	nerve	gives	off	no	major	branches	in	the	
axilla or the upper arm. In the forearm and hand it gives 

off	both	sensory	and	muscular	branches.	Both	the	motor	
and sensory branches of the ulnar nerve are described in 

Chapter 2.

5.	 The	medial	root	of	the	median	nerve	is	joined	by	the	
lateral root to form the median nerve trunk. No branches 

of	the	median	nerve	are	given	off	in	the	axilla.

Fig. 3.8 Branches from medial cord of brachial plexus.
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Posterior Cord

See Fig. 3.9.

There are three branches of the posterior cord that  

are	 given	off	before	 its	 two	 terminal	 branches,	 namely,	
the upper subscapular nerve, the thoracodorsal nerve, and 

the lower subscapular nerve. The terminal branches of the 

posterior cord are the axillary nerve and the radial nerve.

1. The upper subscapular nerve supplies the upper 

part of the subscapularis muscle.

2. The thoracodorsal nerve supplies the latissimus 

dorsi muscle.

3. The lower subscapular nerve supplies the lower 

part of the subscapularis muscle.

4. The axillary nerve is one of the terminal branches 

of the posterior cord. It supplies the deltoid muscle and 

the skin overlying the muscle.

5.	 The	 radial	 nerve	 is	 the	 direct	 continuation	 of	 the	
posterior cord of the brachial plexus. It is the largest 

branch of the brachial plexus and lies behind the axillary 

artery. In the axilla, the radial nerve gives branches to the 

triceps muscle and supplies the skin on the middle of the 

back of the arm. Both the motor and sensory branches of 

the radial nerve are described in Chapter 2.
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Fig. 3.9 Branches from posterior cord of brachial plexus.
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Lesions of the Brachial Plexus

Partial lesions of the brachial plexus are far more com-

mon than complete lesions. The two most commonly 

described partial lesions are traumatic lesions involving 

the upper and lower trunks. These are known as the Erb-

Duchenne type and the Dejerine-Klumpke type, respec-

tively. Other traumatic lesions of the brachial plexus may 

involve the entire plexus or may be isolated to the lateral, 

medial, or posterior cords. Several nontraumatic lesions 

have also been described. These include the thoracic out-

let syndrome, the apical lung tumor syndrome, radiation 

brachial plexopathy, and neuralgic amyotrophy.

Lesions of the Upper Brachial Plexus  
(Erb-Duchenne Type)

See Fig. 3.10.

Lesions of the upper brachial plexus typically com-

prise	traction	injuries	of	the	C5	and	C6	nerve	roots.	They	
are	frequently	associated	with	excessive	lateral	displace-

ment of the head to the opposite side or downward dis-

placement of the ipsilateral shoulder, such as may occur 

during	a	difficult	delivery	or	a	fall	or	blow	on	the	shoul-
der.	Isolated	lesions	of	the	upper	plexus	primarily	affect	
function of the shoulder and the elbow. The cardinal fea-

tures	of	this	syndrome	are	as	follows:
1. Impairment of shoulder abduction (due to deltoid 

and supraspinatus involvement)

2.	 Impairment	of	elbow	flexion	(due	to	biceps,	brachi-
oradialis, and brachialis involvement)

3. Impairment of external rotation of the arm (due to 

infraspinatus involvement)

4. Impairment of forearm supination (due to biceps 

involvement)

5.	 Sensory	loss	limited	to	skin	over	deltoid	muscle
6.	 Depressed	or	absent	biceps	and	brachioradialis	re-

flexes
The posture of the extremity in upper plexus injuries 

is	characteristic:	the	upper	arm	is	internally	rotated	and	
adducted; the forearm is extended and pronated. The 

palm in this position faces out and backward, presenting 

the limb in the so-called policeman’s tip or waiter’s tip 

posture.
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Fig. 3.10 Upper brachial plexus syndrome.
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Lesions of the Lower Brachial Plexus  
(Dejerine-Klumpke Type)

See Fig. 3.11.

Lesions of the lower brachial plexus typically com-

prise traction injuries involving the C8 and T1 roots. They 

are	 frequently	 associated	 with	 excessive	 abduction	 of	
the arm, such as may occur to a motorcyclist who falls 

on his side with his arm outstretched. Isolated lesions of 

the	 lower	brachial	plexus	primarily	affect	the	functions	
subserved by the ulnar nerve. The cardinal feature of the 

syndrome is a claw hand deformity associated with sen-

sory loss in the ulnar distribution of the hand and fore-

arm. The claw hand deformity results as follows.

The	fingers	are	extended	at	the	metacarpophalangeal	
joints (due to unopposed action of the radial innervated 

extensor	 digitorum	 muscles)	 and	 flexed	 at	 the	 inter-

phalangeal joints (due to unopposed action of the pri-

marily	median	 innervated	flexor	digitorum	superficialis	
and profundus muscles). The lumbricals and interossei 

muscles, which are primarily ulnar innervated, normally 

provide	 flexion	 at	 the	metacarpophalangeal	 joints	 and	
extension at the interphalangeal joints.

An ipsilateral Horner syndrome may also be evident 

due	to	the	presence	of	sympathetic	fibers	destined	for	the	
superior	cervical	ganglion	in	the	first	thoracic	root.	The	
deep	tendon	reflexes	of	the	triceps,	biceps,	and	brachio-

radialis muscles are all intact.

Fig. 3.11 Lower brachial plexus syndrome.
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Complete Brachial Plexus Lesions

Complete brachial plexus lesions are unusual. Typically, 

they are associated with high-speed vehicular accidents. 

Clinically, they result in a completely paralyzed, asensate, 

areflexic	limb.

Lesions of the Lateral Cord

See Fig. 3.12.

Lesions	of	the	lateral	cord	primarily	affect	the	mus-

culocutaneous nerve and the lateral head of the median 

nerve. Musculocutaneous nerve palsy results in impair-

ment	 of	 elbow	flexion	 and	 forearm	 supination	 due	 to	
paresis of the biceps, brachialis, and coracobrachialis 

muscles.

Median	nerve	palsy	produces:
1. Impairment of forearm pronation (due to involve-

ment of the pronator teres)

2.	 Impairment	of	radial	wrist	flexion	(due	to	involve-

ment	of	the	flexor	carpi	radialis)
3.	 Impairment	of	wrist	flexion	(due	to	impairment	of	

the palmaris longus)

4.	 Impairment	 of	 proximal	 interphalangeal	 flexion	
(due	to	impairment	of	the	flexor	digitorum	superficialis)

5.	 Impairment	of	flexion	of	the	distal	phalanx	of	the	
thumb	(due	to	impairment	of	the	flexor	pollicis	longus)

6.	 Impairment	of	flexion	of	the	distal	phalanges	of	the	
second	and	third	digits	(due	to	involvement	of	the	flexor	
digitorum profundus I and II)

7. Impairment of forearm pronation (due to involve-

ment	of	the	pronator	quadratus)
In	addition	to	these	motor	deficits,	sensory	loss	may	

occur on the lateral aspect of the forearm (due to involve-

ment of the lateral cutaneous nerve of the forearm, a 

branch of the musculocutaneous nerve). The biceps re-

flex	is	absent	or	depressed.

Fig. 3.12 Lateral cord lesion.
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Lesions of the Medial Cord

See Fig. 3.13.

Lesions	of	 the	medial	cord	primarily	affect	 the	ulnar	
nerve and the medial head of the median nerve.

Ulnar	nerve	palsy	produces:
1.	 Impairment	of	ulnar	wrist	flexion	(due	to	involve-

ment	of	the	flexor	carpi	ulnaris)
2.	 Impairment	of	flexion	of	the	distal	phalanges	of	the	

fourth	and	fifth	digits	 (due	 to	 impairment	of	 the	flexor	
digitorum profundus III and IV)

3.	 Impairment	 of	 finger	 abduction	 (due	 to	 involve-

ment of the interossei)

Median	nerve	palsy	produces:
1. Impairment of abduction of the thumb (due to in-

volvement of the abductor pollicis brevis)

2. Impairment of opposition of the thumb (due to in-

volvement of the opponens pollicis)

3.	 Impairment	of	flexion	of	 the	proximal	phalanx	of	
the	thumb	(due	to	involvement	of	the	superficial	head	of	
the	flexor	pollicis	brevis)

In	addition	to	these	motor	deficits,	sensory	loss	may	
occur on the medial aspect of the arm and forearm (due 

to involvement of the medial cutaneous nerve, a branch 

of	the	medial	cord).	The	deep	tendon	reflexes	of	the	arm	
remain intact.

Fig. 3.13 Medial cord lesion.
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Lesions of the Posterior Cord

See Fig. 3.14.

Lesions	of	the	posterior	cord	primarily	affect	the	sub-

scapular, thoracodorsal, axillary, and radial nerves. Sub-

scapular nerve palsy results in impairment of internal 

rotation of the humerus (due to involvement of the teres 

major and subscapularis muscles). Thoracodorsal nerve 

palsy results in impairment of adduction of the elevated 

arm (due to involvement of the latissimus dorsi muscle). 

Axillary nerve palsy results in impairment of arm abduc-

tion (due to involvement of the deltoid muscle).

Radial	nerve	palsy	produces:
1. Impairment of elbow extension (due to involve-

ment of the triceps)

2. Impairment of wrist extension (due to involvement 

of the extensor carpi radialis and ulnaris)

3. Impairment of forearm supination (due to involve-

ment of the supinator)

4.	 Impairment	 of	 finger	 extension	 (due	 to	 involve-

ment of the extensor digitorum)

The distribution of sensory loss includes the entire ex-

tensor surface of the arm and forearm as well as the dor-

sum	of	the	hand	and	first	four	fingers.	The	triceps	reflex	
is absent or depressed.

Fig. 3.14 Posterior cord lesion.
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Thoracic Outlet Syndrome

See Fig. 3.15.

The thoracic outlet syndrome may involve compres-

sion of the subclavian artery or vein (vascular thoracic 

outlet syndrome) or the medial cord or lateral trunk of the 

brachial plexus (neurogenic thoracic outlet syndrome). 

In all three forms there is prominent shoulder and arm 

pain. The compression is usually due to several anatomic 

anomalies in the region. The most common abnormality 

is an incomplete cervical rib, with a fascial band extend-

ing	from	the	tip	to	the	first	rib.	Other	anomalies	include	
an elongated C7 transverse process, a complete cervical 

rib, and anomalous insertions of the anterior and medial 

scalene muscles.

The clinical syndrome is characterized predominantly 

by shoulder and arm pain. There may be slight wasting 

and weakness of the hypothenar, interosseous, adductor 

pollicis,	and	deep	flexor	muscles	of	 the	 fourth	and	fifth	
fingers.	Reflexes	are	usually	preserved.	In	advanced	cases,	
flexor	muscles	of	the	forearm	may	be	affected.	A	majority	
of patients complain of numbness and tingling along the 

medial aspect of the forearm and hand.

Fig. 3.15 Thoracic outlet syndrome.
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Apical Lung Tumor Syndrome

See Fig. 3.16.

The apical lung tumor syndrome is cause by a Pan-

coast’s	 tumor.	 The	 tumor	 is	 usually	 squamous	 cell	 car-

cinoma in the superior sulcus of the lung. As the tumor 

enlarges, it may compress or envelope the lower brachial 

plexus, leading to symptoms similar to the thoracic outlet 

syndrome (see earlier discussion). Because the posterior 

cord may be involved, there may also be weakness of the 

triceps along with the characteristic weakness and atro-

phy of the muscles of the hand. Of note, the neurologic 

signs and symptoms may occur long before the tumor 

becomes	identified.

Fig. 3.16 Apical lung tumor syndrome.
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Radiation Plexopathy

See Fig. 3.17.

This syndrome is most commonly caused by irradia-

tion of the axilla for carcinoma of the breast, especially 

when	the	radiation	dose	exceeds	6,000	rads.	Pathologi-
cally, there is a delayed but progressive loss of myelin in 

the brachial plexus, with obliteration of the vasculature 

and	marked	fibrosis.
The clinical picture is one of delayed-onset intrin-

sic hand weakness, associated with distal paresthesias 

and sensory loss. Atrophy, if present, may be masked by 

lymphedema. Pain is an inconstant feature. However, se-

vere pain as a presenting symptom may point to malig-

nant	infiltration	of	the	plexus,	which	is	an	important,	and	
often	difficult,	differential	distinction.	The	typical	latency	
for the development of symptoms after irradiation is ap-

proximately 1 year, although the latent period has report-

edly	varied	between	0	and	34	years.

The natural history of this plexopathy is also variable, 

with some reports of the process plateauing for varying 

periods. All too often, however, an inexorable downhill 

course	 leads	ultimately	 to	a	floppy,	anesthetic,	 swollen,	
and often painful appendage.

Fig. 3.17 Radiation plexopathy.
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Fig. 3.19 Coronal T1-weighted MRI showing signal hyperintensity indicating edema (arrow) in the right supraspinatus muscle sug-

gestive of an underlying neurogenic cause such as Parsonage-Turner syndrome (other affected muscles not shown).
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Neuralgic Amyotrophy

See Fig. 3.18 and Fig. 3.19.

This idiopathic disorder, which is also known as Par-

sonage-Turner syndrome, is characterized clinically by 

the abrupt onset of shoulder girdle or scapular pain, fol-

lowed by prominent weakness and atrophy of the upper 

arm muscles, especially those about the shoulder girdle. 

Movement or activity of the shoulder muscles tends to 

aggravate	the	pain,	which	is	usually	quite	severe.	The	on-

set of neuralgic amyotrophy is often heralded by some 

antecedent illness or event, such as an infectious process 

or the administration of a vaccine.

Pain generally persists for a period of hours to ap-

proximately 2 weeks, then abates. Weakness and atrophy 

usually appear about the time the pain diminishes and 

may progress over a period of a week or longer. Unlike 

the pain, the period of weakness and atrophy may be 

prolonged (even as long as a year or more) and will ul-

timately determine prognosis. The pattern of weakness 

and	atrophy	in	individual	cases	is	quite	variable	and	often	
patchy. In rare cases, the symptoms are bilateral.

Fig. 3.18 Neuralgic amyotrophy (Parsonage-Turner syndrome).
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Lumbosacral Plexus

The lumbosacral plexus provides innervation to the pel-

vic girdle and the lower limb. The plexus is composed 

of an intermingling of the ventral rami between the T12 

and	the	S4	spinal	nerves.	For	the	purpose	of	description,	
the following discussion divides the plexus into separate 

lumbar and sacral components.

Anatomy of the Lumbar Plexus

See Figs. 3.20 to 3.23.

The lumbar plexus comprises a union of the ventral 

rami of the L1–L4 spinal nerves, with a small contribution 

from T12. It is located within the psoas muscle, anterior 

to the transverse processes of the lumbar vertebrae. The 

upper part of the plexus, T12–L2, produces three nerves 

with sensory branches (the iliohypogastric, ilioinguinal, 

and genitofemoral nerves), each of which supplies sensa-

tion to the skin around the pelvic girdle. The lower part of 

the plexus, L2–L4, produces two mixed nerves (the fem-

oral and obturator nerves), which innervate the muscles 

of the anterior thigh and the skin over the anterior and 

medial aspects of the thigh and the medial aspect of the 

lower leg, and one sensory nerve (the lateral femoral cu-

taneous nerve), which supplies sensation to the skin over 

the lateral thigh.

After leaving the psoas muscle, the upper nerves of 

the lumbar plexus each run parallel to the lower inter-

costal nerves, where they help supply the transverse and 

oblique	abdominal	muscles.	As	they	continue	along	their	
course, the nerves provide the following sensory supply.

Fig. 3.20 Lumbar plexus.
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Iliohypogastric Nerve (T12–L2)

See Fig. 3.21.

The iliohypogastric nerve divides into two cutaneous 

branches, an anterior and a lateral. The anterior branch 

supplies the skin over the anterior abdominal wall above 

the pubis, whereas the lateral branch supplies the skin 

over the outer buttock and hip.

Ilioinguinal Nerve (L1)

See Fig. 3.21.

The ilioinguinal nerve supplies the skin of the medial 

thigh below the inguinal ligament, as well as the skin of 

the symphysis pubis and the external genitalia.

Genitofemoral Nerve (L1–L2)

See Fig. 3.21.

The genitofemoral nerve is divided into two branches, 

a genital branch, which supplies the skin of the scrotum, 

and a femoral branch, which supplies the skin over the 

femoral triangle. This nerve also supplies motor innerva-

tion to the cremaster muscle.

The lower part of the lumbar plexus is derived from 

L2–L4. It contains the following motor and sensory 

nerves.

Fig. 3.21 Upper lumbar plexus.
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Femoral Nerve (L2–L4)

See Fig. 3.22.

The femoral nerve is a mixed motor/sensory nerve 

that arises within the psoas muscle. The nerve runs in the 

groove between the psoas and iliacus muscles (extensors 

of the hip), which it supplies with muscular branches. It 

then descends behind the inguinal ligament to enter the 

femoral triangle of the thigh, where it divides into ante-

rior and posterior divisions.

The anterior division supplies a muscular branch to 

the sartorius muscle (external rotator of the thigh) and a 

sensory branch to the skin of the anterior and medial as-

pects of the thigh (anterior cutaneous nerve of the thigh).

The posterior division supplies a muscular branch to 

the quadriceps femoris muscle (extensor of the leg) and a 

sensory branch to the skin over the medial aspect of the 

leg and foot (saphenous nerve).

To summarize its functions, the femoral nerve is re-

sponsible for (1) extension at the hip, (2) external rota-

tion of the thigh, (3) extension of the leg, and (4) sensa-

tion of the anteromedial thigh and medial leg and foot.

Fig. 3.22 Lower lumbar plexus.
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Obturator Nerve (L2–L4)

See Fig. 3.23.

The obturator nerve is a mixed motor/sensory nerve 

that arises within the psoas muscle, passes through the 

obturator canal, and descends into the medial thigh. Its 

major contribution is its motor innervation of the adduc-

tor muscles of the thigh, although it also supplies the skin 

over part of the medial aspect of the thigh.

Lateral Femoral Cutaneous Nerve (L2–L3)

See Fig. 3.23.

The lateral femoral cutaneous nerve is a purely sen-

sory nerve that arises within the psoas muscle, passes be-

hind the inguinal ligament, and descends into the thigh. 

It supplies the skin of the anterior thigh and the upper 

half of the lateral aspect of the thigh.

Fig. 3.23 Lower lumbar plexus.
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Anatomy of the Sacral Plexus

See Fig. 3.24.

The	sacral	plexus	comprises	an	intermingling	of	fibers	
from the L4–S4 spinal nerves. Unlike the lumbar plexus, 

which is formed in the abdomen, the sacral plexus is 

formed	in	the	pelvis.	Four	nerves	or	groups	of	nerves	are	
produced	 by	 this	 plexus:	 (1)	 the	 purely	 motor	 gluteal	
nerves, (2) the purely sensory posterior femoral cutane-

ous nerve, (3) the mixed motor/sensory pudendal nerve, 

and (4) the mixed motor/sensory sciatic nerve. The func-

tional anatomy of these nerves or groups of nerves is as 

follows.

Fig. 3.24 Sacral plexus.
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Gluteal Nerves (L4–S2)

See Fig. 3.25.

The superior and inferior gluteal nerves are purely 

motor nerves that leave the pelvis via the greater sciatic 

notch to supply the muscles of the buttocks. The superior 

gluteal nerve (L4–S1) passes above the piriformis muscle 

to supply the gluteus medius, gluteus minimus, and tensor 

fasciae latae muscles, which are abductors and internal 

rotators of the thigh. The inferior gluteal nerve	 (L5–S2)	
passes below the piriformis muscle to supply the gluteus 

maximus muscle, which is the major extensor of the hip.

Fig. 3.25 Sacral plexus.
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Posterior Femoral Cutaneous Nerve (S1–S3)

See Fig. 3.26.

This purely sensory nerve leaves the pelvis to enter 

the buttock via the greater sciatic notch. It supplies the 

skin of the posterior thigh and popliteal fossa.

Pudendal Nerve (S2–S4)

See Fig. 3.26.

This mixed nerve leaves the pelvis to enter the perineum 

via the greater sciatic notch. It supplies motor branches 

to the perineal muscles and external anal sphincter, and 

sensory branches to the skin of the perineum, penis (or 

clitoris), scrotum (or labia majus), and anus.

Sciatic Nerve (L4–S3)

See Fig. 3.26.

The sciatic nerve and its terminal branches, the com-

mon peroneal and tibial nerves, are described in Chap- 

ter	2.	Together	these	nerves	provide	flexion	of	the	leg,	all	
the movements of the foot, and sensation to the skin of 

the posterior thigh and the skin of the dorsolateral leg 

and foot.

Fig. 3.26 Sacral plexus.
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Lesions of the Lumbosacral Plexus

See Fig. 3.27.

Lesions of the lumbosacral plexus are unusual, par-

ticularly	 as	 a	 consequence	 of	 trauma.	More	 commonly	
the cause is a neoplastic process, postradiation plexo-

pathy, or surgical injury. Because the lumbar plexus is 

located in the abdomen, and the sacral plexus is located 

in the pelvis, lesions of the lumbosacral plexus may be 

isolated to one or the other of these, as follows.

Fig. 3.27 Lumbosacral plexus.
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Lesions of the Lumbar Plexus

See Fig. 3.28.

Lesions of the lumbar plexus are also usually incom-

plete. However, for the purpose of this discussion, a com-

plete lesion is described.

Motor signs are limited to the muscles supplied by the 

femoral and obturator nerves. As a result of femoral nerve 

(L2–L4) involvement, signs of weakness are present in hip 

flexion	(iliopsoas),	leg	extension	(quadriceps),	and	thigh	
rotation (sartorius). As a result of obturator nerve (L2–L4) 

involvement, thigh adduction (adductor muscles) is also 

impaired.

Sensory loss may include all or part of the following 

areas:
1. The inguinal region and the genitalia (iliohypogas-

tric, ilioinguinal, and genitofemoral nerves)

2. The lateral thigh (lateral femoral cutaneous nerve)

3. The anterior and medial thigh (femoral and obtu-

rator nerves)

4. The medial leg and foot (saphenous nerve, a branch 

of the femoral nerve)

Finally,	the	patellar	reflex	(femoral	nerve)	and	the	cre-

masteric	 reflex	 (genitofemoral	nerve)	may	be	absent	or	
depressed.

Fig. 3.28 Neurologic tests for lumbar plexus lesion.
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Lesions of the Sacral Plexus

See Fig. 3.29.

Lesions of the sacral plexus are usually incomplete. A 

complete lesion may be characterized as follows.

The	motor	 signs	 of	 a	 sacral	 plexus	 lesion	 reflect	 the	
involvement of the muscles supplied by the gluteal 

nerves and the sciatic nerve and its branches. Thus, the 

syndrome is characterized by weakness in the following 

muscles:	 (1)	 the	 abductors	 and	 internal	 rotators	 of	 the	
thigh (superior gluteal nerve), (2) the hip extensors (infe-

rior gluteal nerve),	(3)	the	knee	flexors	(sciatic nerve), and 

(4) all of the muscles of the leg and foot (sciatic nerve and 

its branches).

The sensory signs of a sacral plexus lesion include sen-

sory loss of the posterior thigh and most of the leg and 

foot (except for their medial aspects).

The	Achilles	reflex	(S1)	may	be	absent	or	depressed	as	
a result of sciatic nerve involvement.

Bowel	and	bladder	control	is	frequently	compromised	
as a result of pudendal nerve involvement.

Fig. 3.29 Neurologic tests for sacral plexus lesion.
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Learning Objectives

•	 Describe	the	anatomic	architecture	of	the	spinal	nerve	roots	and	spinal	nerves.
•	 Understand	that	sensory,	not	motor,	findings	characterize	C2–C4	nerve	root	lesions.
•	 Identify	the	motor,	sensory,	and	reflex	contributions	of	the	cervical	and	lumbar	nerve	roots.
•	 Name	the	major	deep	tendon	reflexes,	and	identify	which	nerve	roots	contribute	to	each	reflex.
•	 Distinguish	between	the	various	clinical	presentations	of	C3–C8	radiculopathies.
•	 For	each	cervical	and	lumbar	disk	herniation,	identify	the	nerve	root	at	risk	of	being	impinged,	and	understand	why.	
•	 Name	and	describe	the	various	medical	and	surgical	conditions	that	affect	cervical	and	lumbar	nerve	roots,	and	

understand	the	local	anatomic	factors	that	lead	to	“surgical”	nerve	root	impingement.
•	 Know	the	electrodiagnostic	findings	associated	with	cervical	nerve	root	avulsion,	and	understand	their	anatomic	basis.
•	 Explain	why	electrodiagnostic	studies	(particularly	nerve	conduction	velocity	studies)	are	typically	normal	despite	

clinical	evidence	of	radiculopathy.

4

A	ventral	and	dorsal	nerve	roots	exit	 the	spinal	cord	at	
each	 segmental	 level,	 carrying	motor	 and	 sensory	 fib-

ers,	respectively.	The	nerve	roots	in	each	pair	unite	and	
combine	with	 autonomic	fibers	 to	 form	a	 spinal	nerve,	
which	exits	 the	vertebral	column	through	 the	 interver-

tebral	 foramen	to	give	rise	to	nerve	plexuses	and	periph-

eral	 nerves.	 There	 are	 8	 cervical	 nerves,	 12	 thoracic	
nerves,	5	lumbar	nerves,	5	sacral	nerves,	and	1	coccygeal	
nerve.	The	most	clinically	significant	spinal	nerves	are	
the	 C5–T1	 segments,	which	 together	 form	 the	brachial	
plexus,	 providing	 innervation	 to	 the	upper	 extremities,	
and	 the	 T12–S4	 segments,	 which	 together	 form	 the	
lumbosacral	plexus,	providing	 innervation	 to	 the	 lower	
extremities.	 	A	group	of	muscles	that	is	innervated	by	a	
single	 spinal	 nerve	 is	 termed	 a	myotome,	 and	 the	 area	
of	 skin	 that	 receives	 sensory	 innervation	 from	 a	 single	
spinal	nerve	is	termed	a	dermatome.	This	strict	organiza-

tion	of	clinically	relevant	motor	and	sensory	innervation	
patterns	provides	an	excellent	opportunity	for	neurologic		
diagnosis.	After	a	brief	discussion	of	the	anatomy	of	the	
nerve	 root	 and	 spinal	 nerve,	 this	 chapter	 presents	 the	
motor,	sensory,	and	reflex	examination	of	lesions	affect-
ing	the	nerve	roots	and	spinal	nerves.

Anatomy of the Nerve Roots and 
Spinal Nerves

At	 each	 segmental	 level,	 a	 dorsal	 nerve	 root	 is	 formed	
that	 contains	 afferent	 sensory	fibers.	 The	 cell	 bodies	of	
these	fibers,	which	enter	the	spinal	cord	through	the	dor-

solateral	 sulcus,	 are	 located	 in	 an	 adjacent	 dorsal	 root	
ganglion.	 Likewise,	 ventral	 efferent	 fibers,	which	 origi-
nate	in	the	cell	bodies	of	the	ventral	gray	horn,	exit	the	

 Nerve Roots and Spinal Nerves

spinal	cord	in	a	ventral	nerve	root.	The	dorsal	and	ventral	
nerve	roots	unite	to	form	a	spinal	nerve,	which	exits	the	
vertebral	column	through	its	corresponding	intervertebral	
foramen.

After	 emerging	 from	 the	 foramen,	 the	 spinal	 nerve	
divides	 into	 dorsal	 and	 ventral	 rami.	 The	 small	 dorsal	
ramus	turns	back	to	supply	the	skin	of	the	dorsal	aspect	
of	 the	 trunk	and	 the	 longitudinal	muscles	of	 the	axial	
skeleton.	The	larger	ventral	ramus	supplies	sensory	and	
motor	 innervation	 to	 the	 limbs,	 the	nonaxial	 skeleton,	
and	 the	 skin	 of	 the	 lateral	 and	 ventral	 aspects	 of	 the	
neck	and	trunk.	The	ventral	ramus	also	communicates	
with	the	sympathetic	chain	via	the	white	and	gray	rami	
communicantes.

Principles of Nerve Root and Spinal 
Nerve Localization

The	unique	character	of	the	nerve	roots	and	spinal	nerves	
lies	in	their	segmental	pattern	of	organization.	This	dis-

tinguishes	lesions	involving	these	structures	from	lesions	
involving	the	peripheral	nerves	and	nerve	plexuses.	The	
diagnosis	of	lesions	of	the	nerve	roots	and	spinal	nerves	
thus	 rests	 on	 an	 orderly	 evaluation	 of	 pertinent	 my-

otomes	and	dermatomes	(i.e.,	a	directed	motor,	sensory,	
and	reflex	examination).	Every	muscle	that	is	innervated	
by	a	single	spinal	nerve	or	group	of	spinal	nerves	need	
not	be	examined,	or	even	learned.	Rather,	it	is	important	
to	develop	a	directed	examination	that	identifies	a	lesion	
as	segmental	in	character	and	that	correctly	localizes	the	
segmental	level.	The	balance	of	this	chapter	provides	the	
anatomic	basis	and	the	examination	methods	needed	to	
accomplish	this.
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Fig. 4.1 C2–C4 dermatomes.

Anatomy and Examination of Spinal 
Nerve and Nerve Root Lesions

C1 to C4 Lesions

See	Fig. 4.1.
Lesions	 involving	 the	 C1	 to	 C4	 nerve	 roots	 are	 es-

pecially	difficult	 to	 evaluate.	 These	nerve	 roots	 supply	

innervation	 to	 the	 muscles	 and	 skin	 of	 the	 neck	 and	
the	head.	Significantly,	they	also	contribute	to	the	dia-

phragm	(C3–C5).	Because	of	the	difficulty	in	examining	
the	head	and	neck	muscles,	the	best	method	of	evaluat-
ing	this	group	of	nerve	roots	is	to	examine	their	sensory	
	distribution.
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C5 Lesions

See	Fig. 4.2.

Motor

The	most	readily	tested	muscles	that	derive	from	the	C5	
nerve	root	are	 the	deltoid	and	biceps	muscles.	The	del-
toid	muscle	receives	pure	C5	supply	and	is	innervated	by	
the	axillary	nerve.	The	biceps	muscle	is	supplied	by	both	
C5	 and	C6	 and	 is	 innervated	 by	 the	musculocutaneous	
nerve.	The	most	important	action	of	the	deltoid	muscle	
is	 shoulder	 abduction,	which	 it	 shares	with	 the	 supra-	
spinatus	muscle	(C5,	C6;	suprascapular	nerve).	The	most	
important	action	of	 the	biceps	muscle	 is	elbow	flexion,	
which	 it	shares	with	the	brachialis	muscle	(C5;	muscu-

locutaneous	nerve).	Therefore,	to	test	the	motor	integrity	
of	 the	 C5	 nerve	 root,	 examine	 shoulder	 abduction	 and	
elbow	flexion.

Sensory

The	C5	nerve	root	supplies	the	lateral	aspect	of	the	arm	
(axillary	nerve).	The	purest	portion	of	its	sensory	inner-

vation	is	a	patch	of	skin	on	the	lateral	aspect	of	the	deltoid	
muscle.

Reflexes

The	biceps reflex	is	primarily	dependent	on	the	integrity	
of	C5,	although	it	is	also	partly	supplied	by	C6.	Because	it	
receives	supply	from	two	segmental	levels,	compare	the	
biceps	reflex	on	each	side;	an	asymmetry	may	be	indica-

tive	of	a	C5	root	lesion.	

Fig. 4.2 Neurologic tests for C5 lesion.
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C6 Lesions

See	Fig. 4.3.

Motor

The	wrist	extensor	group	and	the	biceps	muscle	both	re-

ceive	their	major	supply	from	the	C6	nerve	root,	via	the	
radial	nerve	and	musculocutaneous	nerve,	 respectively.	
However,	 the	wrist	extensor	group	 is	also	partly	 inner-

vated	by	the	C7	root	(ulnar	nerve),	and	the	biceps	muscle	
is	also	partly	innervated	by	the	C5	root	(musculocutane-

ous	nerve).
Weakness	in	wrist	extension	due	to	isolated	C6	com-

promise	results	in	ulnar	deviation	during	wrist	extension.
As	 mentioned,	 the	 biceps	 muscle	 receives	 motor	

innervation	 from	both	 the	 C5	 and	 C6	 nerve	 roots.	 The	
recommended	 test	 of	 biceps	muscle	 function	 is	 elbow	

flexion.	Unilateral	weakness	of	elbow	flexion	may	be	in-

dicative	of	injury	to	the	C6	nerve	root.

Sensory

The	 C6	 dermatome	 comprises	 the	 lateral	 forearm,	 the	
thumb,	 the	 index	 finger,	 and	 one	 half	 of	 the	 middle		
finger.

Reflexes

The	deep	tendon	reflexes	of	the	upper	extremity	that	re-

ceive	 supply	 from	C6	 include	 the	biceps	 reflex	 (C5–C6)	
and	the	brachioradialis	reflex	(C6).	Because	the	brachio-

radialis reflex	receives	pure	C6	innervation,	it	is	the	best	
reflex	to	use	to	test	the	C6	nerve	root.

Fig. 4.3 Neurologic tests for C6 lesion.
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C7 Lesions

See	Fig. 4.4.

Motor

The	triceps	muscle	(radial	nerve),	wrist	flexors	(median	
and	 ulnar	 nerves),	 and	 finger	 extensors	 (radial	 nerve)	
are	all	predominantly	innervated	by	C7.	To	examine	the	
integrity	 of	 the	 C7	 nerve	 root,	 test	 each	 of	 these	 three	
groups	of	muscles.

Elbow	extension	is	the	best	test	of	the	triceps	muscle.	
A	 C7	 lesion	 results,	 then,	 in	weakness	 of	 elbow	 exten-

sions.	Wrist	flexion	 is	primarily	due	 to	 the	flexor	 carpi	
radialis	 (C7;	median	nerve)	 and,	 to	 a	 lesser	degree,	 the	
flexor	 carpi	 ulnaris	 (C8;	 ulnar	 nerve).	With	 C7	 lesions,	
wrist	flexion	results	in	an	ulnarward	deviation.

Sensory

C7	 supplies	 sensory	 innervation	 to	 the	 middle	 finger.	
However,	 because	 the	 middle	 finger	 may	 also	 receive	
supply	from	C6	or	C8,	sensory	evaluation	of	the	C7	nerve	
root	is	not	reliable.

Reflex

The	triceps reflex	receives	innervation	from	the	C7	compo-

nent	of	the	radial	nerve	and	is	a	reliable	test	of	C7	function.	

Fig. 4.4 Neurologic tests for C7 lesion.
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C8 Lesions

See	Fig. 4.5.

Motor

The	muscles	of	finger	flexion	(median	and	ulnar	nerves)	
are	supplied	by	C8.	To	evaluate	the	motor	innervation	of	
C8,	test	finger	flexion.

Sensory

The	sensory	innervation	supplied	by	C8	includes	the	ring	
and	 little	fingers	 of	 the	hand	 and	 the	distal	 half	 of	 the	
medial	aspect	of	the	forearm.	

Fig. 4.5 Neurologic tests for C8 lesion.
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T1 Lesions

See	Fig. 4.6.

Motor

Finger abduction	 (T1;	ulnar	nerve)	 and	finger adduction	
(C8,	 T1;	 ulnar	 nerve)	 both	 receive	 supply	 from	 the	 C8	
nerve	root.	To	test	finger	adduction,	place	a	piece	of	pa-

per	 between	 two	 of	 the	 patient’s	 extended	fingers	 and	
attempt	to	pull	the	paper	away.	Compare	the	strength	of	
finger	adduction	on	both	sides.

Sensory

The	sensory	innervation	of	T1	includes	the	upper	half	of	
the	medial	forearm	and	the	medial	portion	of	the	arm.	

Fig. 4.6 Neurologic tests for T1 lesion.
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T2–T12 lesions

See	Fig. 4.7.
Lesions	 of	 T2	 to	 T12	 are	 discussed	 together	 in	 this	

section	because	they	are	primarily	evaluated	by	sensory	
testing	(i.e.,	dermatomal	identification).

Motor

Muscles	that	are	innervated	by	the	T2	to	T12	nerve	roots	
comprise	the	intercostals	and	the	rectus	abdominal	mus-

cles.	 The	 intercostal	muscles,	 although	 they	 are	 inner-

vated	segmentally,	are	difficult	 to	examine	 individually.	
Asymmetric	weakness	of	the	rectus	abdominal	muscles	
may	be	identified	by	the	presence	of	Beevor’s sign.	Bee-

vor’s	sign	is	present	when	the	umbilicus	of	the	patient	is	
drawn	up	or	down,	or	to	one	side	or	the	other,	when	the	
patient	is	a	quarter	way	through	a	sit-up.

Sensory

Sensory	examination	is	performed	in	the	usual	manner,	
with	 particular	 attention	 directed	 to	 the	 identification	
of	dermatomal	 involvement.	Useful	reference	points	 in-

clude	the	nipples	(T4),	the	xyphoid	process	(T6),	the	um-

bilicus	 (T10),	and	 the	 inguinal	 ligament	 (T12).	Note	 the	
oblique	angles	assumed	by	the	dermatomes	of	the	trunk.	

Fig. 4.7 Neurologic tests for T2–12 lesion.
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L1–L3 Lesions

See	Fig. 4.8.

Motor

No	 specific	muscles	 receive	 supply	 from	 the	 individual	
segmental	nerve	roots	between	the	L1	and	L3	levels,	but	
important	muscles	 are	 innervated	 by	 a	 combination	 of	
nerve	 roots	 at	 these	 levels.	 These	 include	 the	 iliopsoas	
(L1–L3),	 the	quadriceps	 (L2–L4;	femoral	nerve),	and	the	
adductor muscles	(L2–L4;	obturator	nerve).

Sensory

Sensory	testing	is	especially	important	in	this	region	be-

cause	of	the	lack	of	specificity	in	muscle	testing.	The	L1	
dermatome	comprises	an	oblique	band	just	below	the	in-

guinal	ligament;	the	L3	dermatome	comprises	an	oblique	
band	 just	above	the	knee;	and	the	L2	dermatome	com-

prises	an	oblique	band	located	between	L1	and	L3.	

Fig. 4.8 Neurologic tests for L1–L3 lesion.
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L4 Lesions

See	Fig. 4.9.

Motor

The	tibialis anterior muscle	receives	its	predominant	sup-

ply	 from	 the	 L4	nerve	 root	 (deep	peroneal	nerve).	 This	
muscle	 is	 responsible	 for	 dorsiflexion	 and	 inversion	 of	
the	 foot,	 and	may	be	 tested	 by	 asking	patients	 to	walk	
on	their	heels,	or	by	manually	resisting	dorsiflexion	and	
inversion	of	the	foot.	The	latter	L4	function	may	be	help-

ful	in	distinguishing	an	L4	radiculopathy	from	a	peroneal	
nerve	palsy	because	the	peroneal	nerve	does	not	inner-

vate	 the	 foot	 invertor	 (tibialis posterior muscle;	 tibial	
nerve).

Sensory

The	L4	dermatome	covers	the	medial	side	of	the	leg	be-

low	the	knee.	Its	anterior	boundary	with	the	L5	dermat-
ome	is	marked	by	the	sharp	crest	of	the	tibia.

Reflex

The	patellar reflex	receives	its	predominant	supply	from	
the	L4	nerve	root.	An	L4	injury,	however,	may	not	com-

pletely	eradicate	the	reflex	because	it	receives	a	smaller	
supply	from	L2	and	L3.	

Fig. 4.9 Neurologic tests for L4 lesion.
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L5 Lesions

See	Fig. 4.10.

Motor

The	 L5	 nerve	 root	 innervates	 the	 extensor hallucis lon-

gus	 (L5;	 deep	 peroneal	 nerve),	 the	 extensor digitorum	
(L5;	 deep	 peroneal	 nerve),	 and	 the	 gluteus medius	 (L5;	
superior	 gluteal	 nerve).	 The	 extensor	hallucis	 longus	 is	
responsible	 for	dorsiflexion	of	 the	big	 toe,	 the	extensor	
digitorum	 is	 responsible	 for	 dorsoflexion	 of	 the	 lateral	

four	toes,	and	the	gluteus	medius	 is	responsible	for	ab-

duction	of	 the	hip.	 Testing	of	 the	 latter	muscle	may	be	
especially	important	in	the	differentiation	of	a	peroneal	
nerve	palsy	from	an	L5	nerve	root	injury.

Reflex

There	is	no	deep	tendon	reflex	to	test	the	integrity	of	the	
L5	nerve	root.	

Fig. 4.10 Neurologic tests for L5 lesion.
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S1 Lesions

See	Fig. 4.11.

Motor

The	S1	nerve	root	innervates	the	peroneus longus and	bre-

vis	 (S1;	 superficial	peroneal	nerve),	 the	gastrocnemius–

soleus muscles	(S1,	S2;	tibial	nerve),	and	the	gluteus max-

imus	 (S1;	 inferior	 gluteal	 nerve).	 The	 peronei	 muscles	
are	 evertors	 of	 the	 ankle	 and	 foot,	 the	 gastrocnemius–	
soleus	group	are	 extensors	of	 the	 foot,	 and	 the	gluteus	
maximus	is	an	extensor	of	the	hip.

Sensory

The	S1	dermatome	covers	the	lateral	aspect	and	part	of	
the	plantar	aspect	of	the	foot.

Reflex

The	Achilles reflex	is	innervated	by	S1.	

Fig. 4.11 Neurologic tests for S1 lesion.
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S2–S4 Lesions

See	Fig. 4.12.

Motor

The	muscles	that	are	innervated	by	the	S2–S4	nerve	roots	
comprise	the	intrinsic	muscles	of	the	foot.	These	muscles	
are	not	easily	amenable	to	examination.

Sensory

From	outside	to	in,	the	dermatomes	supplied	by	the	S2–
S4	nerve	roots	comprise	progressively	smaller	concentric	
rings	around	the	anus.

Reflex

The	anal wink reflex	is	supplied	by	the	S2–S4	nerve	roots.	
This	 reflex	consists	of	contraction	of	 the	anal	 sphincter	
muscle	in	response	to	stimulation	of	the	perianal	skin.

Anal Sphincter

The	anal	sphincter	is	supplied	by	the	S2–S4	nerve	roots.	
Rectal	 examination	may	 provide	 information	 regarding	
the	integrity	of	the	tone	of	the	anal	sphincter.	

Fig. 4.12 Neurologic tests for S2–S4 lesion.
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Nerve Root Syndromes

Cervical Disk Disease

See	Fig. 4.13.
Herniated	cervical	disks	may	cause	cervical	radiculop-

athy	by	impinging	upon	the	nerve	root	that	passes	across	
the	disk	space.	Typically,	this	results	in	neck	and	arm	pain	
in	a	radicular	distribution	(i.e.,	pain	that	is	in	the	distri-
bution	of	a	single	nerve	root).	Paresthesias	(i.e.,	a	sense	of	
“tingling”	in	the	distribution	of	a	nerve)	may	accompany	
pain	but	are	usually	more	distal	in	the	extremity.	Weak-

ness	may	also	develop	and,	if	chronic,	may	be	associated	
with	atrophy	and	fasciculations.	Examination	may	reveal	
loss	of	the	stretch	reflex	(e.g.,	biceps	reflex)	in	the	corre-

sponding	myotome.	Almost	invariably	the	symptoms	are	
unilateral.

Typically,	impingement	of	a	cervical	nerve	by	a	herni-
ated	disk	occurs	laterally	in	the	spinal	canal	at	the	level	of	
the	disk	space,	just	proximal	to	where	the	nerve	exits	the	
spinal	canal	through	the	neural	foramen.	The	first	cervi-
cal	nerve	exits	the	spinal	canal	between	the	occiput	and	
C1,	the	second	nerve	exits	between	C1	and	C2,	the	third	
nerve	 exits	 between	 C2	 and	 C3,	 and	 so	 on.	 The	 eighth	
cervical	nerve	exits	between	C7	and	T1.

This	anatomy	dictates	that	a	herniated	C3–C4	disk	im-

pinges	upon	the	C4	nerve,	a	herniated	C4–C5	disk	impinges	
upon	the	C5	nerve,	a	herniated	C5–C6	disk	impinges	upon	
the	C6	nerve,	and	so	on.	The	symptoms	related	to	the	var-

ious	cervical	radiculopathies	are	distinctive.	The	cardinal	
features	of	the	cervical	radiculopathies	are	described	fol-
lowing	here.

C3 Radiculopathy

Because	the	interspace	at	the	C2–C3	level	is	minimally	in-

volved	in	neck	flexion	and	extension,	clinically	significant	
disk	disease	at	the	C2–C3	level	(and	thus	C3	radiculopa-

thy)	is	rare.	When	it	occurs,	the	patient	may	complain	of	
posterior	neck	and	suboccipital	pain,	sometimes	affect-
ing	 the	ear.	There	 is	no	motor	deficit,	 and	numbness	 is	
rarely	noticed	by	the	patient.

C4 Radiculopathy

A	C4	radiculopathy	is	clinically	expressed	as	paraspinous	
pain	extending	from	the	root	of	the	neck	to	the	midshoul-
der	and	posteriorly	 to	 the	 level	of	 the	 scapula.	As	with	
other	 radiculopathies,	 the	 pain	 may	 be	 aggravated	 by	
neck	extension.	Numbness	is	rare,	and	there	is	no	motor	
deficit.	 Although	 the	 C4	 nerve	 root	 innervates	 the	 dia-

phragm,	diaphragmatic	abnormalities	due	to	C4	radicu-

lopathy	are	rare.

C5 Radiculopathy

Pain	in	the	top	of	the	shoulder	to	a	point	midway	on	the	
lateral	aspect	of	the	upper	arm	is	the	cardinal	manifesta-

tion	of	a	C5	radiculopathy.	Local	shoulder	pain	and	numb-

ness	can	be	confused	with	mechanical	or	 inflammatory	
shoulder	 pathology,	 but	 there	 are	 no	 physical	 signs	 to	
corroborate	this,	such	as	pain	with	manual	rotation	of	the	
shoulder.	The	principal	motor	deficit	is	deltoid	weakness,	
which	may	be	disabling.	Loss	of	the	biceps	reflex	occurs	
inconsistently.

C6 Radiculopathy

C6	radiculopathy,	due	to	herniation	of	the	C5–C6	disk,	is	
the	second	most	common	cervical	radiculopathy	follow-

ing	herniation	at	the	C6–C7	level.	Pain	and	paresthesias	
radiate	from	the	neck	through	the	biceps,	the	lateral	fore-

arm,	the	lateral	dorsum	of	the	hand,	and	into	the	thumb	
and	index	finger.	Weakness	may	involve	the	radial	wrist	
extensor	 group	 and	 the	 biceps	muscle.	 Such	weakness	
may	be	detected	on	physical	examination	before	the	pa-

tient	is	aware	that	it	exists.	The	presence	and	pattern	of	
numbness	 are	 variable,	 although	 they	 typically	 involve	
the	 lateral	 forearm	and	 the	first	 and	 second	digits.	 The	
brachioradialis	reflex	(C6)	is	often	reduced	or	absent,	and	
the	biceps	reflex	(C5,	C6)	may	also	be	depressed.

C7 Radiculopathy

Disk	 herniations	 at	 the	 C6–C7	 interspace	 are	 the	most	
common	 in	 the	 cervical	 region,	 and	 thus	C7	 radiculop-

athy	 occurs	 frequently.	 Pain	 and	 paresthesias	 radiate	
across	the	back	of	the	shoulder,	through	the	triceps	and	
the	 posterolateral	 forearm,	 and	 into	 the	middle	 finger.	
The	thumb	and	index	finger,	although	predominantly	C6	
innervated,	 may	 also	 be	 involved.	 Weakness	 primarily	
affects	 the	 triceps	muscle.	 The	wrist	 flexors	 and	finger	
extensor	 groups	may	 also	 be	 involved.	Despite	 its	 size,	
gravity	 can	 take	 over	many	of	 the	 functions	 of	 the	 tri-
ceps	muscle;	 thus,	 the	patient	may	be	unaware	of	mild	
weakness	in	this	muscle.	Careful	manual	examination	of	
the	triceps	 is	 therefore	 important,	 the	more	so	because	
sensory	loss	in	this	dermatome	is	unreliable.	A	reduced	
or	absent	triceps	reflex	is	usually	seen	with	a	C7	radic-

ulopathy.
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C8 Radiculopathy

Pain	is	 less	frequently	associated	with	C8	radiculopathy	
than	 any	 of	 the	 other	 cervical	 radiculopathies.	 When	
present,	 pain	 and	numbness	may	 involve	 the	 little	 and	
ring	fingers,	and	less	often	the	distal	half	of	the	medial	as-

pect	of	the	forearm.	Confusion	of	this	syndrome	with	the	
symptoms	of	 ulnar	neuropathy	 is	 not	 unusual.	As	with	
ulnar	neuropathy,	weakness	due	to	C8	radiculopathy	may	
be	 noticed	 early	 by	 the	 patient.	 Typically,	 this	 involves	
the	intrinsic	muscles	of	the	hand	(finger	flexors),	causing	
loss	of	strength	of	grip	or	other	fine	motor	activities	of	
the	hand.	

Fig. 4.13 Cervical disk disease.
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Cervical Spondylosis

See	Fig. 4.14 and Fig. 4.15.
Cervical	spondylosis	is	a	form	of	osteophytosis	due	to	

degenerative	disk	disease.	It	may	result	in	encroachment	
of	the	cervical	neural	foramen	by	the	degenerative	unci-
nate	 process,	 causing	 compression	 of	 the	 exiting	 nerve	
root.

The	uncinate process is	 a	 ridge	 of	 bone	 that	 extends	
from	the	superior	lateral	aspect	of	each	cervical	vertebra.	
It	serves	to	stabilize	the	spine	and	helps	form	the	inferior	
medial	wall	of	the	neural	foramina.	Compression	of	a	cer-

vical	nerve	root	due	to	enlargement	of	an	uncinate	pro-	
cess	 results	 in	 the	 same	 radicular	 syndromes	 that	have	
been	described	for	cervical	disk	disease.	The	hallmark	of	
these	syndromes	is	neck	and	radicular	arm	pain.	Cervi-
cal	pain	may	be	more	prominent	due	to	the	spondylotic 

process,	a	degenerative	condition	that	tends	to	be	diffuse.	
Like	 cervical	 disk	 disease,	 the	 symptoms	 are	 unilateral	
and	are	aggravated	by	neck	extension,	which	further	nar-

rows	the	lumen	of	the	neural	foramen.
Two	 clinical	 clues	 differentiate	 cervical	 disk	 disease	

from	cervical	spondylosis.	First,	although	bilateral	symp-

toms	are	uncommon	in	spondylosis,	more	than	one	cer-

vical	segment	may	be	affected,	and	thus	the	symptoms	
may	be	more	diffuse	than	those	associated	with	cervical	
disk	disease.	Second,	whereas	cervical	disk	disease	tends	
to	 present	 acutely,	 cervical	 spondylosis	 is	 classically	 a	
chronic	and	episodic	disorder.	As	a	 result,	muscle	atro-

phy	and	fasciculations	are	more	commonly	observed	in	
spondylosis	 than	 in	 disk	 disease.	 As	mentioned	 earlier,	
neck	pain	may	be	more	prominent	in	spondylosis.	

Fig. 4.14 Cervical spondylosis.

Fig. 4.15 Parasagittal computed tomography (CT) scan showing 

compression of nerve root at cervical foramina due to osteo-

phyte (arrow).
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Cardinal features
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Thoracic Disk Disease

See	Fig. 4.16.
Although	 there	 is	no	 typical	 clinical	 syndrome	asso-

ciated	with	thoracic	disk	herniation,	radicular-type	pain	
may	predominate	in	cases	where	the	disk	protrusion	oc-

curs	laterally.	It	typically	causes	cardiac-like	pain	across	
the	chest	wall,	although	the	pain	does	not	cross	midline.	
Because	thoracic	radiculopathy	involves	the	chest	or	ab-

dominal	walls,	 radicular-type	pain	due	 to	 thoracic	disk	
herniation	may	 be	 confused	 for	 cardiac	 or	 gastrointes-

tinal	 disease.	 Frequently,	 thoracic	 disk	 herniations	 are	
centrally	located.	In	those	patients	who	present	with	my-

elopathic	features—for	example,	spastic	weakness	of	the	
lower	extremities—it	is	important	to	determine	whether	
the	lesion	is	cervical	or	thoracic	in	origin.	Obviously,	neck	
pain	and	upper	extremity	involvement	point	to	a	cervical	
lesion,	whereas	 the	 absence	 of	 these	 findings,	 in	 com-

bination	with	 the	presence	of	 a	 thoracic	 radiculopathy,	
midback	pain,	or	a	thoracic	sensory	level,	point	to	a	tho-

racic	lesion.

Fig. 4.16 Thoracic disk disease.
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L3
L3

L4

L5

S1

Far lateral disc
herniation affects
L4 nerve root
(uncommon)

Paracentral
disc herniation
affects L5
nerve root
(common)

Note that the nerve
root affected by a 
paracentral lumbar
disc herniation
corresponds in name
to the vertebra
below the disc.  thus
an L4–L5 disc herniation
affects the l5 nerve
root.

Note that a far
lateral disc
herniation affects
the nerve root above
the disc, (i.e., L4).

Cardinal features

Back and radicular leg pain are most common symptoms

Young adults are most frequently affected

Straight leg raise test is  positive

Motor or sensory deficit may develop

L4–L5 IS most commonly affected level;
L5–S1 IS next  most common

Symptoms are unilateral and monoradicular

Pain is exacerbated by sitting, sneezing or coughing, and 
may be relieved by standing or bedrest

L5

L4
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Lumbar Disk Disease

See	Fig. 4.17 and 4.18.
Lumbar	 disk	 disease	 is	 predominantly	 a	 disease	 of	

young	adulthood.	Typically,	it	presents	over	a	time	course	
of	weeks	to	months	with	an	acute,	persistent,	unilateral	
monoradiculopathy	that	 is	aggravated	by	sitting,	sneez-

ing,	or	coughing	and	is	relieved	by	standing	or	bed	rest.	
The	straight	leg	raise	test	is	frequently	positive,	and	there	
may	be	an	associated	motor	or	sensory	deficit.	Typically,	
this	occurs	in	the	L5	or	S1	distribution,	and	in	the	latter	
case	there	is	an	associated	decreased	ankle	jerk	reflex.

In	paracentral	lumbar	disk	herniations,	which	are	the	
most	common	kind,	the	affected	nerve	root	corresponds	
in	name	to	the	vertebra	below	the	herniated	disk.	Thus,	
an	L4–L5	disk	herniation	is	associated	with	an	L5	radic-

ulopathy.	By	contrast,	 the	more	unusual	 far	 lateral	disk	
herniation	affects	the	nerve	that	corresponds	in	name	to	
the	vertebra	above	the	disk.	Thus,	a	far	lateral	L4–L5	disk	
herniation	 is	 associated	with	 an	 L4	 radiculopathy.	 The	
rare	 central	 lumbar	 disk	 herniation	may	 compress	 the	
entire	 thecal	 sac,	 causing	 symptoms	 of	 a	 cauda	 equina	
syndrome.

Fig. 4.17 Lumbar disk disease.

Fig. 4.18 Computed tomography (CT) myelogram showing 

large right L4 -L5 disk herniation (arrow) displacing and com-

pressing the cauda equina.
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Lumbar Stenosis

See	Fig. 4.19.
Lumbar	stenosis	classically	presents	 in	an	elderly	in-

dividual	who	 complains	 of	 symptoms,	 progressive	 over	
years,	 consisting	 of	 chronic,	 intermittent	 bilateral	 pos-

terior	 leg	pain	 (neurogenic	claudication).	The	pain	 typ-

ically	begins	 in	 the	buttocks	and	 radiates	downward	 in	
a	nonradicular	distribution.	It	is	commonly	described	as	
a	burning,	 cramping,	or	heavy	 feeling	and	 is	 frequently	
associated	 with	 numbness	 or	 paresthesias.	 Classically,	
the	pain	is	precipitated	by	prolonged	standing	or	walking	
(spinal	extension)	and	is	 improved	by	forward	bending,	
sitting,	or	bed	rest	(spinal	flexion).	Typically,	the	patients	
are	unable	 to	ambulate	 for	 long	distances.	 Surprisingly,	
they	are	able	to	ambulate	for	quite	a	distance	in	the	gro-

cery	store	while	stooping	forward	when	pushing	a	shop-

ping	cart	(positive	shopping	cart	sign).	Characteristically,	
it	is	accompanied	by	minimal	or	no	back	pain,	and	motor	
deficits	and	sphincter	dysfunction	are	a	 late	and	incon-

stant	feature.	The	straight	leg	raise	test	 is	usually	nega-

tive,	and	in	general	the	disease	is	remarkable	for	its	pau-

city	of	associated	neurologic	findings.	

Fig. 4.19 Lumbar stenosis.

Cardinal features Normal

Abnormal

Central
spinal
stenosis

Normal
central
canal

Compression
of thecal
sac and
contents

Predominantly afflicts the elderly

Presents as neurogenic claudication

Worsened by standing or walking (spinal extension)

Improved by forward bending, sitting, or bedrest 
(spinal flexion)

Minimal or no back pain

Minimal or no neurologic findings

Negative straight leg raise
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Lateral Recess Stenosis

See	Fig. 4.20 and Fig. 4.21.
Lateral	 recess	 stenosis	 is	 stenosis	 in	 the	 so-called	

lateral	 recess,	 a	 space	 that	 is	 bordered	 ventrally	 by	 the	
posterior	 vertebral	 body,	 laterally	 by	 the	 pedicle,	 and	
dorsally	by	 the	superior	articular	 facet.	Clinically,	 these	
patients	complain	of	bilateral	 radicular	pain,	 frequently	

Fig. 4.20 Lateral recess stenosis.

Fig. 4.21 Axial CT myelogram showing lateral recess stenosis 

(arrow).

Cardinal features

Normal

Abnormal

Lateral
recess
stenosis

Normal
lateral
recess

Nerve root
compression

Presents as bilateral radicular leg pain

Worsened by standing or walking (spinal extension)

Improved by foward bending, sitting, or bedrest 
(spinal flexion)

Mild or no back pain

Neurologic findings are minimal (although 
weakness and atrophy are more common than in 
central stenosis)

Negative straight leg raise

associated	with	numbness	and	paresthesias,	and	mild	or	
no	low	back	pain.	As	in	stenosis	of	the	central	spinal	ca-

nal,	 the	pain	tends	to	worsen	with	standing	or	walking	
and	 improve	with	sitting	or	bed	rest.	Characteristically,	
the	straight	leg	raise	test	is	negative.	Neurologic	findings	
are	usually	minimal,	although	these	patients	tend	to	have	
weakness	or	atrophy	more	often	than	those	with	central	
stenosis	only.	
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Cardinal features

Forward displacement of one vertebral body on
another (spondylolisthesis)

Presents as mechanical low back pain

Radiculopathy may be present

Minimal or no neurologic findings

Compression of 
spinal nerve 
root due to 
narrowing of 
neural foramen
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Lumbar Spondylolisthesis

See	Fig. 4.22.
Lumbar	 spondylolisthesis	 consists	 of	 forward	 dis-

placement	 of	 one	 lumbar	 vertebral	 body	 on	 another.	
The	most	common	clinical	presentation	of	lumbar	spon-

dylolisthesis	is	mechanical	low	back	pain,	a	deep,	diffuse	
type	of	low	back	pain	that	is	aggravated	by	activity	and	
improved	with	rest.	Spondylolisthesis	may	also	produce	
radicular	 symptoms	via	 traction	or	 compression	on	 the	
lumbar	nerve	roots.	Neurologic	findings	are	uncommon.	
Etiologies	 include	 degenerative	 facet	 joint	 disease	 (de-

generative	 spondylolisthesis),	 spondylolysis	 (isthmic	
spondylolisthesis,	a	defect	or	fracture	of	the	pars	interar-

ticularis),	trauma	(traumatic	spondylolisthesis),	and	con-

genital	abnormalities	of	the	upper	sacrum	or	arch	of	L5	
(dysplastic	 spondylolisthesis).	 The	most	 common	cause	
is	degenerative	spondylolisthesis,	which	typically	occurs	
at	the	L4–L5	level.	Traumatic	and	dysplastic	spondylolis-

thesis	most	commonly	involves	the	L5–S1	level.

Fig. 4.22 Lumbar spondylolisthesis.
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Cardinal features

Major symptoms are radicular arm pain, associated 
with severe radicular motor and sensory loss

Electrical studies demonstrate highly abnormal motor 
findings in setting of completely normal sensory 
findings due to location of injury proximal to DRG

Mechanism of injury often leads to concurrent brachial
plexus injury, making clinical diagnosis of nerve root 
avulsion difficult.

Fig. 4.24 Coronal T2-weighted maximum intensity  projection 

(MIP) MRI image showing two right cervical nerve root 

 avulsions (arrows).
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Arachnoiditis

Arachnoiditis	is	a	chronic	inflammatory	condition	of	the	
meninges,	which	most	commonly	occurs	at	 the	 level	of	
the	 lumbar	 spine.	 Causative	 factors	 include	 spinal	 sur-

gery,	myelography,	and	the	introduction	of	other	agents	
(e.g.,	 antibiotics,	 anesthetics,	 or	 corticosteroids)	 into	 or	
around	the	thecal	sac.

The	clinical	picture	of	arachnoiditis	is	usually	a	combi-
nation	of	back	pain	and	radicular	leg	pain	with	or	without	
neurologic	deficits.	 The	pain	 is	 characteristically	 constant	
and	 burning	 or	 tingling	 in	 quality.	 It	 is	 aggravated	 with		
activity	but	is	not	usually	relieved	with	rest.	The	symptoms	
may	be	unilateral	or	bilateral	and	may	involve	one	or	up	to	
all	of	the	nerve	roots	of	the	cauda	equina.

Cervical Nerve Root Avulsion

See	Fig. 4.23 and Fig. 4.24.
Traumatic	 shoulder	 injuries,	 particularly	 traction	

	injuries,	are	often	associated	with	injury	to	the	brachial	

plexus.	 Such	 plexus	 injuries	may	 also	 be	 accompanied	
by	 avulsion	 of	 one	 or	 two	 cervical	 nerve	 roots.	 Clini-
cally,	cervical	nerve	root	avulsion	is	expressed	as	radic-

ular-type	pain	associated	with	severe	motor	and	sensory	
loss	in	a	radicular	distribution.	These	lesions	differ	from	
the	typical	compressive	radiculopathy,	mainly	in	the	de-

gree	of	axon	loss	present.
The	clinical	diagnosis	of	nerve	 root	avulsion	 is	often	

masked	 by	 an	 associated	 brachial	 plexus	 injury.	 Fortu-

nately,	the	electromyographic	and	nerve	conduction	ve-

locity	 (NCV)	 findings	 of	 a	 cervical	 nerve	 root	 avulsion	
are	typical:	there	is	a	severe	reduction	or	absence	in	the	
compound	motor	 action	 potentials	 (CMAPs),	 a	 remark-

able	 increase	 in	pathological	fibrillation	potentials,	 and	
yet	 completely	 normal	 sensory	 nerve	 action	 potentials	
(SNAPs).	 The	 presence	 of	 normal	 SNAPs	 (in	 the	 face	 of	
highly	abnormal	CMAPs)	is	explained	by	the	anatomy	of	
sensory	root	avulsion,	which	occurs	proximal	to	the	dor-

sal	root	ganglion.

Fig. 4.23 Cervical nerve root avulsion.
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Herpes Zoster

See	Fig. 4.25.
Herpes	zoster	(shingles)	is	a	viral	disease	that	is	asso-

ciated	with	 inflammatory	changes	 in	an	 infected	dorsal	
root	ganglion.	The	virus	typically	lies	dormant	in	the	dor-

sal	root	ganglia	and	is	activated	when	the	body	is	stressed,	
such	as	during	an	acute	illness.	Clinically,	it	is	character-

ized	by	pain	and	skin	eruption	in	the	distribution	of	the	
infected	ganglion,	the	former	usually	preceding	the	latter.	
Typically,	the	lesion	involves	a	single,	unilateral	dermat-
ome,	most	commonly	in	the	thoracic	region.	Tricyclic	an-

tidepressants	and/or	anticonvulsants	may	be	used	for	the	
pain,	although	it	is	usually	refractory.	

Fig. 4.25 Herpes zoster.

Cardinal features

T9

Infected DRG

Viral infection of dorsal root ganglion

Pain and skin eruption in distribution of infected 
ganglion

Typically involves a single unilateral dermatome

Most common in thoracic region
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Cardinal features

Infection of
anterior horn cells Young child Older child Adult

Acute viral infection involving anterior 
horn cells

May present with myotomal weakness

Temporal course and anatomic pattern of 
weakness are variable

Distribution of weakness

Pathology
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Poliomyelitis

See	Fig. 4.26.
Poliomyelitis	 is	 an	acute	viral	 infection	of	 the	 spinal	

cord	 associated	 with	 destruction	 of	 the	 anterior	 horn	
cells.	 Fortunately,	 the	 viral	 infection	 typically	 presents	
with	gastrointestinal	and	not	neurologic	symptoms.	Only	
rarely	 are	 the	 anterior	 horn	 cells	 affected.	 Because	 the	
cells	of	 the	nerve	 roots	are	destroyed	at	affected	 levels,	
the	clinical	appearance	of	polio	may	be	similar	to	that	of	a	
nerve	root	lesion.	Muscle	weakness	may	develop	rapidly,	
reaching	 its	maximal	extent	within	48	hours,	or	 it	may	
develop	slowly	or	in	a	stuttering	fashion,	over	a	period	of	
a	week	or	more.

Like	the	temporal	pattern,	the	anatomic	pattern	of	po-

lio	is	variable	and	may	be	related	to	the	age	of	the	patient.	
Thus,	in	children	under	5	years	of	age,	the	most	common	
clinical	appearance	is	weakness	of	one	leg;	in	older	chil-
dren,		the	most	common	presentation	is	weakness	of	an	
arm	or	both	legs;	and	in	adults,	the	most	common	form	is	
an	asymmetric	weakness	of	all	four	limbs.

Finally,	the	degree	of	weakness	varies	among	patients	
and	may	 be	 determined	 by	 the	 presence	 and	 extent	 of	
redundant	 innervation	of	 an	affected	muscle.	 Thus,	 the	
quadriceps	muscle	 (L2–L4),	which	 receives	 innervation	
from	several	lumbar	nerve	roots,	may	exhibit	no	or	mild	
weakness,	 whereas	 the	 tibialis	 anterior	 muscle	 (L4),	
which	 is	 predominantly	 innervated	 by	 a	 single	 nerve	
root,	may	present	with	a	more	severe	form	of	weakness	
(i.e.,	foot	drop).	This	principle	explains	the	relatively	com-

mon	finding	of	foot	drop	among	polio	patients.

Fig. 4.26 Polio.
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Pathology

Cardinal features Distribution of weakness

Rapid ascending paralysis

Usually affects lower extremities followed 
by upper extremities

Associated areflexia

Immune-mediated
segmental degeneration

Affects lower extremities
followed by upper extremities

As the diagnosis ascends,
trunk, intercostal, neck, and 
cranial muscles may become
involved

Often following viral illness, vaccinations, 
respiratory or gastrointestinal infections
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Nerve Sheath Tumors

Nerve	sheath	tumors,	neurofibromas,	and	schwannomas	
are	 derived	 from	 the	dorsal	 roots	 at	 various	 segmental	
levels.	 These	 tumors	 are	 often	 associated	with	neurofi-

bromatosis.	The	frequency	of	these	lesions	is	distributed	
evenly	among	the	cervical,	thoracic,	and	lumbar	regions.	
In	 neurofibromas,	 nerve	 fibers	 typically	 transverse	 the	
tumor,	 thus	making	 the	 complete	 surgical	 removal	 dif-
ficult.	 In	 schwannomas,	 the	 nerve	 fibers	 are	 typically	
spread	over	the	tumor	capsule,	making	complete	surgi-
cal	resection	possible.	Occasionally,	a	neurofibroma	may	
straddle	the	spinal	canal,	producing	the	so-called	dumb-

bell	configuration,	with	part	of	the	tumor	outside	the	ca-

nal,	part	 inside,	and	the	narrowest	part	of	the	tumor	at	
the	intervertebral	foramen.	Clinically,	these	lesions	cause	
radicular-type	pain	that	is	typically	worse	at	night.	Asso-

ciated	findings	may	include	signs	and	symptoms	of	a	my-

elopathy,	 such	 as	 gait	 difficulties,	 bladder	disturbances,	
and	long	tract	signs,	as	a	result	of	extrinsic	compression	
of	the	spinal	cord.

Guillain-Barré Syndrome

See	Fig. 4.27.
This	acute	idiopathic	inflammatory	polyradiculitis	of-

ten	follows,	by	1	to	3	weeks,	a	mild	respiratory	or	gastroin-

testinal	infection.	It	may	also	occur	after	a	preceding	viral	
illness	or	vaccination.	The	major	clinical	manifestation	is	
ascending	weakness,	which	evolves	over	a	period	of	days	
to	weeks.	 Pathologically,	 there	 is	 an	 immune-mediated	
segmental	degeneration	of	the	involved	nerves.	Typically,	
the	proximal	as	well	as	distal	limb	muscles	are	equally	in-

volved,	and	the	lower	extremities	are	affected	before	the	
upper.	Although	objective	sensory	loss	is	usually	negligi-
ble	or	absent,	patients	often	complain	of	pain	and	aching	
in	the	muscles.	As	the	disease	progresses,	trunk,	intercos-

tal,	neck,	and	cranial	muscles	may	all	become	involved.	
In	the	most	severe	cases,	the	patient	succumbs	from	res-

piratory	 failure	within	 a	 few	days.	 Autonomic	mobility	
is	not	common,	which	may	consist	of	sinus	tachycardia,	
bradycardia,	or	orthostatic	hypotension.	Treatment	con-

sists	of	 supportive	care	and	plasmapheresis	 in	extreme	
cases.	 The	 majority	 of	 patients	 demonstrate	 complete	
recovery,	whereas	around	one-third	have	permanent	re-

sidual	deficits.	

Fig. 4.27 Guillain-Barré syndrome.
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Typically involves the
thoracic and motor roots,
usually of the sciatic and
femoral nerves

Ulnar, median, and brachial 
plexus may also be involved

Painful paresthesias in the feet

Weakness atrophy, typically of femoral or 
sciatic nerves

Often skin ulcers and loss of achilles reflex

Autonomic symptoms occur (e.g.,
bladder dysfunction and hypotension)

Cardinal features Distribution of weakness

II Regional Anatomy and Related Syndromes150

Diabetic Radiculopathy

See	Fig. 4.28.
The	most	 common	peripheral	 nervous	 system	man-

ifestation	 of	 diabetes	 is	 a	 distal	 polyneuropathy.	 How-

ever,	 involvement	of	 spinal	nerve	 roots	may	also	occur,	
presumably	 as	 a	 result	 of	 the	 same	pathophysiological	
mechanism:	 microcirculation	 disease	 (i.e.,	 ischemia).	
These	patients	usually	complain	of	painful	paresthesias	
in	the	feet.	There	 is	also	an	associated	 loss	of	sensation	
in	 stocking	distribution	on	 the	 lower	extremities,	often	
leading	to	skin	ulcers,	neuropathic	joints,	and/or	loss	of	
ankle	jerk	reflexes.	The	sensory	loss	may	involve	the	my-

elinated	fibers	of	the	dorsal	column,	leading	to	the	ataxia.	
Motor	nerves	may	be	involved,	leading	to	either	or	both	
weakness	 and	atrophy,	 especially	 involving	 the	 femoral	
and	 sciatic	 nerves.	 The	 autonomic	 system	may	 also	 be	
adversely	affected	(e.g.,	bladder	dysfunction	or	postural	
hypotension).	Treatment	usually	 consists	of	good	blood	
glucose	control	and	meticulous	foot	care.	Tricyclic	anti-
depressants	may	be	used	for	burning	pain;	antiepileptic	
medications	may	be	used	for	stabbing	pain.	

Fig. 4.28 Diabetic radiculopathy.
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Electrodiagnostic Evaluation of 
Radiculopathy 

The	evaluation	of	radiculopathy	is	one	of	the	most	com-

mon	 reasons	 to	 refer	 a	 patient	 to	 the	 electrodiagnostic	
laboratory.	 However,	 in	 spite	 of	 a	 clinically	 suspected	
radiculopathy,	electrodiagnostic	testing	is	often	normal.	
Why?	To	answer	this	question,	we	must	look	at	both	the	
motor	 and	 the	 sensory	 components	 of	 the	 electrodiag-

nostic	 test.	 Let	 us	 first	 consider	 the	motor	 component,	
namely,	the	motor	nerve	conduction	studies	and	the	elec-

tromyographic	test,	or	EMG.	If	an	offending	lesion	(often	
a	herniated	disk	causing	nerve	root	impingement)	affects	

only	the	sensory	component	of	a	nerve	root,	then	the	mo-

tor-related	 components	 of	 the	 electrodiagnostic	 test	 of	
that	nerve	root	will	be	normal.	Likewise,	sensory	nerve	
conduction	studies,	despite	the	presence	of	sensory	loss	
or	the	presence	of	pain,	are	often	normal	too.	Why?	Be-

cause	 nerve	 root	 impingement	 is	 typically	 proximal	 to	
the	dorsal	root	ganglion,	and	thus	the	peripheral	sensory	
axons	 of	 that	 nerve	 root	 remain	 intact	 (Fig. 4.29).	 The	
clinical	pearl	relevant	to	the	electrodiagnostic	evaluation	
of	 a	 suspected	 radiculopathy	 is	 this:	 electrodiagnostic 

testing of a suspected radiculopathy is of limited value. If	
the	study	is	abnormal,	then	it	has	proved	its	worth.	How-

ever,	when	it	is	normal,	as	it	often	is,	it	does	not	prove	the	
absence	of	radiculopathy.

Fig. 4.29 A disc herniation causing nerve root impingement. Note that the nerve root impingement occurs proximal to the dorsal root 

ganglion. Because the sensory nerve cell bodies contained in the dorsal root ganglion are located distal to the nerve root impinge-

ment (and thus remain intact) sensory nerve conduction studies remain normal (despite nerve root impingement).

Herniated
disc

Ganglion

Nerve root
impingement

4 Nerve Roots and Spinal Nerves 151

本书版权归Thieme所有



5

This	chapter	briefly	describes	the	general	gross	and	mi-
croscopic	anatomy	of	the	spinal	cord.	This	is	followed	by	
a	more	lengthy	discussion	of	clinical	topics,	including:
●	 Blood	supply	to	the	spinal	cord
●	 Vascular	syndromes	of	the	spinal	cord
●	 Spinal	tumors
●	 Autonomic	disturbances	in	spinal	cord	lesions
●	 Localization	of	spinal	cord	lesions	according	to	level
●	 Clinical	evaluation	of	the	spinal	cord	patient
●	 Spinal	cord	syndromes

 Spinal Cord

Learning Objectives

•	 Learn	the	anatomy	of	the	nerve	roots	and	spinal	nerves.
•	 Determine	what	fibers	are	contained	in	the	dorsal	and	ventral	nerve	roots,	and	the	dorsal	and	 

ventral	rami	of	the	spinal	nerve.
•	 Know	key	dermatomes	and	myotomes.
•	 Understand	the	anatomic	architecture	of	the	gray	and	white	matter	of	the	spinal	cord.
•	 Name	the	major	ascending	and	descending	tracts	of	the	spinal	cord,	and	identify	their	 

location	within	the	spinal	cord.
•	 Appreciate	the	importance	of	somatotopy	in	the	spinal	cord.
•	 Understand	the	function	of	the	major	spinal	tracts.
•	 Describe	the	spinal	cord’s	blood	supply,	including	the	names	of	the	blood	vessels	that	supply	it,	 

and	the	names	of	the	blood	vessels	from	which	they	originate.
•	 Identify	the	“watershed”	or	poorly	vascularized	territory	of	the	spinal	cord.
•	 Describe	the	major	spinal	cord	vascular	syndromes.
•	 Understand	the	role	of	the	spinal	cord	in	the	autonomic	nervous	system,	including	the	clinical	 

conditions	that	are	caused	by	injury	to	autonomic	structures.	
•	 Correlate	the	neurologic	deficits	arising	from	injuries	at	various	levels	of	the	spinal	cord.
•	 Compare	and	contrast	conus	medullaris	and	cauda	equina	syndromes.
•	 Appreciate	the	significance,	in	spinal	cord	injury,	of	complete	versus	incomplete	lesions,	and	 

the	concept	of	sacral	sparing.
•	 Describe	the	major	spinal	cord	syndromes,	correlating	spinal	cord	anatomy	with	clinical	presentation.

Gross Anatomy

General Features

The	spinal	cord	forms	a	nearly	cylindrical	column	that	is	
situated	within	the	spinal	canal	of	the	vertebral	column.	
Three	meningeal	coverings	surround	the	spinal	cord:	(1)	
the	dura	mater,	which	 is	attached	to	 the	 lateral	 surface	
of	 the	 spinal	 cord	 by	 the	 denticulate	 ligament,	 (2)	 the	
arachnoid,	and	(3)	the	pia	mater	(Fig. 5.1).	The	subarach-

noid	space	contains	the	cerebrospinal	fluid	(CSF)	and	is	
located	between	the	arachnoid	mater	and	the	pia	mater.
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Fig. 5.1 Spinal cord, nerve roots, and meninges.
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Fig. 5.2 Differential rate of spinal growth. 

Fig. 5.3 Sagittal T1-weighted MRI showing inferior thoracic cord and conus medullaris (arrow) in an adult. 

The	caudal	end	of	the	adult	spinal	cord	is	situated	at	
the	 level	 of	 the	first	 or	 second	 lumbar	vertebra.	 This	 is	
because,	following	the	third	month	of	fetal	development,	
the	 vertebral	 column	grows	 faster	 than	 the	 spinal	 cord	
(Figs. 5.2 and 5.3).	The	lumbosacral	nerve	roots	elongate	
and	extend	past	the	caudal	end	of	the	spinal	cord	to	form	

what	is	known	as	the	cauda equina.	The	caudal	end	of	the	
spinal	cord	tapers	off	into	the	cone-shaped	conus medul-

laris,	which	continues	distally	as	the	filum terminale.	The	
filum	terminale	is	a	caudal	prolongation	of	the	spinal	pia 

mater	that	courses	along	with	the	cauda	equina	to	termi-
nate	on	the	dorsal	surface	of	the	coccyx.
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Spinal Nerves

See Figs. 5.4 and 5.5.
Thirty-one	pairs	of	spinal	nerves	emerge	from	the	hu-

man	spinal	cord:	8	cervical,	12	thoracic,	5	lumbar,	5	sa- 

cral,	and	1	coccygeal.	Each	spinal	nerve	is	 formed	in	an	
intervertebral	foramen	by	the	union	of	a	ventral	root	and	
dorsal	root,	and	each	one	gives	rise	to	a	ventral	and	dorsal	
ramus.

A ventral root	 is	 composed	 of	 a	 series	 of	 ventral	 fil-
aments	 that	 carry	 general	 somatic	 efferent	 (GSE)	 and	
general	visceral	efferent	(GVE)	fibers.	The	cell	bodies	of	
origin	of	these	axons	constitute	the	motor	nuclei	of	the	
ventral	horn	of	the	spinal	cord.	More	recently	it	has	been	
shown	 that	 the	ventral	 roots	 contain	afferent	 (sensory)	
fibers	as	well.

Fig. 5.4 Spinal nerve.
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The dorsal roots	comprise	a	series	of	dorsal	filaments	
that	 carry	 general	 somatic	 afferents	 (GSA)	 and	 general	
visceral	afferents	(GVA)	that	originate	in	the	dorsal	root	
ganglion	(spinal	ganglion).

Distally,	the	ventral	and	dorsal	roots	converge	to	form	
a spinal nerve,	which	 contains	 all	 four	 functional	 com-

ponents	 (GSA,	GVA,	GSE,	and	GVE).	As	 the	spinal	nerve	
emerges	distally	 from	the	 intervertebral	 foramen,	 it	di-
vides	into	a	dorsal	and	ventral	ramus.

Dorsal nerve root

Ventral nerve root

Fig. 5.5 Axial T1-weighted MRI replicating the cutout, showing 

dorsal roots. 

The dorsal ramus	 branches	 into	 peripheral	 nerves	
that	innervate	the	paraspinal	muscles	and	the	skin	of	the	
back;	 the	 ventral ramus	 divides	 into	 peripheral	 nerves	
and	plexuses	that	innervate	the	muscles	and	the	skin	of	
the	anterolateral	body	wall,	the	limbs,	and	the	perineum.

Finally,	 the	 gray and white rami	 connect	 the	 spinal	
nerves	to	the	sympathetic	trunk.
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Segmental Innervation of the Body

See Fig. 5.6.

Skin

A	dermatome	comprises	 that	area	of	skin	 that	 is	 inner-

vated	by	the	sensory	fibers	of	an	individual	spinal	nerve.	
However,	the	distribution	of	a	single	dermatome	overlaps	
adjacent	 dermatomes,	 and	 thus	 destruction	 of	 a	 single	
spinal	nerve	does	not	produce	clinically	evident	anesthe-

sia.	A	dermatomal	map	is	shown	in	Fig. 5.6.	Key	dermat-
omes	include	the	following:
C3:	Neck
C5:	Deltoid	region
C6:	Radial	forearm	and	thumb
C8:	Ulnar	aspect	of	hand	and	little	finger
T4–T5:	Nipple
T10:	Umbilicus
L1:	Groin
L3:	Knee
L5:	Dorsal	surface	of	foot	and	great	toe
S1:	Lateral	surface	of	foot	and	little	toe
S3–S5:	Genitoanal	area

Muscle

Although	their	pattern	of	innervation	is	less	obvious	than	
in	the	case	of	sensory	fibers,	the	motor	fibers	of	a	spinal	
nerve	generally	innervate	those	muscles	that	lie	beneath	
the	 corresponding	 dermatome.	 Each	 spinal	 nerve	 sup-

plies	several	voluntary	muscles;	likewise,	each	muscle	is	
innervated	by	several	spinal	nerves.

Some	of	the	more	clinically	relevant	muscles	 
and	their	innervation	include	the 

following:
Biceps	brachii:	C5–C6
Triceps:	C6–C8
Brachioradialis:	C5–C7
Intrinsic	muscles	of	the	hand:	 
	 C8–T1
Thoracic	musculature:	T1–T8
Abdominal	musculature:	T6–T12
Quadriceps	femoris:	L2–L4
Gastrocnemius:	S1–S2
Muscles	of	the	perineum,	bladder,	and	genitals:	S3–S5

5 Spinal Cord

Fig. 5.6 Segmental innervation of the body.
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Internal Structure

The	internal	structure	of	the	spinal	cord	is	organized	into	
two	discrete	areas:	(1)	an	inner	core	of	gray	matter	con-

taining	 cell	 bodies	 and	mostly	unmyelinated	fibers	 and	
(2)	 an	 outer	 coat	 of	white	matter	 carrying	 both	myeli-
nated	and	unmyelinated	fibers.

The	distribution	of	gray	and	white	matter	in	the	spinal	
cord	varies	with	 the	 level	of	 the	spinal	cord.	For	exam-

ple,	at	cervical	and	lumbar	levels	that	correspond	to	the	
innervation	 of	 the	 limbs,	 there	 is	 an	 increased	 propor-

tion	 of	 gray	matter.	 Furthermore,	 there	 is	 a	 decreased	
amount	 of	white	matter	 present	 at	 lower	 levels	 of	 the	
cord	because	the	descending	fibers	exit	the	cord	caudally,	
whereas	ascending	fibers	enter	rostrally.

Gray Matter

See Figs. 5.7 and 5.8.
The	 centrally	 located	 H-shaped	 gray	matter	 is	 com-

posed	of	nerve	cells	and	their	processes,	neuroglia,	and	
blood	vessels	.	A	small	central	canal,	obliterated	in	places,	
is	lined	by	ependymal	epithelium.	Each	side	of	the	gray	
matter	is	composed	of	(1)	a	dorsal horn,	extending	pos-

terolaterally,	(2)	a	ventral horn,	extending	anteriorly,	and	
(3)	an	intermediate gray,	which	connects	the	dorsal	and	
ventral	horns.	A	small	lateral	horn	is	formed	in	the	inter-

mediate	gray	of	the	thoracic	and	upper	lumbar	segments.

Dorsal Horn

The	dorsal	horn	is	primarily	composed	of	the	following	
four	cell	groups:

1.	Posteromarginal nucleus	 This	nucleus	forms	a	cap	
on	the	dorsal	horn.	Many	of	the	axons	of	the	cells	in	this	
nucleus	contribute	to	the	spinothalamic	tract.

2.	 Substantia gelatinosa	 This	 cell	 group	 occupies	
most	of	the	apex	of	the	dorsal	horn.	It	contains	neurons	
and	 their	 processes,	 as	well	 as	 afferent	 fibers	 from	 the	
dorsal	nerve	root	and	descending	fibers	from	supraspinal	
levels.	The	functional	significance	of	this	cell	group	is	in	
the	modification	of	the	sensation	of	pain.

3.	 Nucleus proprius	 The	 nucleus	 proprius	 lies	 just	
anterior	to	the	substantia	gelatinosa.	The	axons	of	these	
cells	are	carried	in	the	spinothalamic	system,	the	spino- 

cerebellar	pathways,	and	the	propriospinal	system.
4.	Nucleus dorsalis	(Clarke’s column	or	nucleus thorac-

icus)	 This	cell	group	is	present	at	the	base	of	the	dorsal	
horn	 in	 segments	 C8–L3.	 It	 contains	 cell	 bodies	whose	
axons	form	the	dorsal	spinocerebellar	tract.

Intermediate Gray

Two	cell	groups	contribute	to	the	intermediate	gray:
1.	 Intermediolateral cell group	 This	cell	group	forms	

the	 lateral	 horn	 in	 segments	 T1–L2.	 It	 gives	 rise	 to	
preganglionic	sympathetic	fibers.	In	segments	S2–S4,	an	
equivalent	 column	of	 cells	 projects	 preganglionic	 para-

sympathetic	fibers.
2.	Intermediomedial cell group	 The	intermediomedial	

group	lies	just	lateral	to	the	central	canal	throughout	the	
length	of	the	spinal	cord.	 It	receives	visceral	afferent	fi- 

bers	from	the	dorsal	roots.

Ventral Horn

The	 principal	 cells	 of	 the	 ventral	 horn	 are	motor	 neu-

rons.	 The	motor	 activity	 of	 these	 neurons	 is	 subject	 to	
the	 influences	of	(1)	 interneurons,	 (2)	dorsal	root	affer-

ents	(which	act	in	spinal	reflexes),	and	(3)	the	descending	
tracts	of	the	brain.

Fig. 5.7 Components of the gray matter of the spinal cord.
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Significantly,	 the	 neurons	 situated	 in	 the	 ventral	
horn	 are	 somatotopically	 organized	 in	 two	ways.	 First,	
the	neurons	of	the	ventral	horn	that	innervate	the	flexor	
muscles	 lie	 dorsal	 to	 those	 that	 innervate	 the	 extensor	
muscles;	second,	the	neurons	that	innervate	the	muscles	
of	the	hand	lie	lateral	to	those	that	innervate	the	trunk.	
The	 logic	 of	 these	 relationships	 is	 made	 clear	 when	
one	 considers	 that	 the	descending	pathways	 associated	
mainly	with	the	control	of	the	flexor	musculature,	such	
as	 the	 corticospinal	 and	 rubrospinal	 tracts,	 are	 located	
dorsally	 in	the	lateral	 funiculus.	On	the	other	hand,	the	
descending	 pathways	 associated	mainly	with	 the	 anti-
gravity	muscles	(i.e.,	generally	the	extensor	musculature)	
are	situated	in	a	more	ventral	position.

Two	types	of	motor	neurons	are	distinguished	on	the	
basis	of	the	diameter	of	their	axons.	Large		motor	neu-

rons	supply	ordinary	(extrafusal)	muscle	fibers	of	skeletal	
muscles;	 smaller	 	motor	 neurons	 innervate	 intrafusal	
fibers	of	the	neuromuscular	spindles.

As	mentioned,	the	ventral	horn	contains	the	following	
two	groups	of	neurons:

1.	 Medial group	 This	 group	 innervates	 the	muscles	
of	 the	axial	 skeleton	and	the	abdominal	and	 intercostal	
musculature.

2.	 Lateral group	 The	 lateral	 group,	 present	 only	 in	
the	cervical	and	lumbosacral	enlargements,	supplies	the	
muscles	of	the	limbs.

As	 an	 alternative	 classification,	 the	 gray	 matter	 of	
the	 spinal	 cord	 has	 also	 been	 divided	 into	 10	 layers	 of	
	neurons,	 known	 as	 Rexed’s	 laminae.	 Among	 the	 most	
	important	groups	of	laminae	are	the	following	(Fig. 5.9):

1.	Laminae I, II, and	V	are	important	in	the		transmission	
of	pain.

2.	 Lamina VII	 contains	 the	 nucleus	 dorsalis,	 the	
	intermediolateral	cell	column,	and	the	sacral	autonomic	
nucleus.

3.	Lamina IX	contains	the	motor	neurons	that		innervate	
the	extremities.	In	addition,	the	phrenic	nucleus	and	spi-
nal	 accessory	 nucleus	 are	 located	 in	 this	 lamina,	 as	 is	
Onuf’s	 nucleus.	 The	 nucleus	 of	Onuf	 contributes	 axons	
to	 the	pudendal	nerve	 (roots	 S2–S4).	 These	 axons	 sup-

ply	 muscles	 in	 the	 pelvic	 floor,	 including	 the	 striated	
	muscle	 sphincters	 that	 contribute	 to	 urinary	 and	 fecal	
	continence.

Fig. 5.8 Axial T2-weighted MRI showing components of the 

gray matter of spinal cord (arrows indicate dorsal horn, ventral 

horn, and intermediate gray).

Fig. 5.9 Organization of the gray matter of the spinal cord.
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White Matter

See Fig. 5.10.
The	white	matter	 of	 the	 spinal	 cord	may	be	divided	

into	 ventral,	 lateral,	 and	 dorsal	 funiculi.	 These	 funiculi	
contain	 the	 ascending	 and	 descending	 fiber	 bundles	
	(fasciculi	or	tracts)	that	transmit	signals	both	within	the	
spinal	 cord	and	between	 the	 spinal	 cord	and	 the	brain.	
Fig. 5.7	illustrates	the	relative	position	of	the	major	tracts.

Fig. 5.10 White matter of the spinal cord.
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Ascending Tracts

See Fig. 5.11.

Dorsal Funiculi

Two	 dorsal	 or	 posterior	 white	 columns,	 the	 fasciculus 

gracilis	and	the	fasciculus cuneatus,	occupy	the	dorsal	fu-

niculi.	The	fasciculus	cuneatus	begins	at	T6,	below	which	
there	is	only	the	fasciculus	gracilis.	Separated	from	each	
other	by	a	septum,	these	tracts	mediate	position	sense,	
vibratory	sense,	and	discriminative	touch.	The	tracts	are	
organized	 somatotopically.	 Those	 fibers	 that	 transmit	
sensation	 from	the	 legs	are	 located	medially	 (fasciculus	
gracilis).	 Those	 fibers	 that	 transmit	 sensation	 from	 the	
arms	are	located	laterally	(fasciculus	cuneatus).

Ventral Funiculi

The anterior spinothalamic tract	lies	anteromedial	in	re-

lation	to	the	 lateral	spinothalamic	tract.	 It	 is	concerned	
with	light	touch	and	pressure	sensation.

Lateral Funiculi

1.	The	posterior spinocerebellar tract	occupies	the	pos-

terior	part	of	the	periphery	of	the	lateral	funiculi.	It	con-

veys	position	sense,	touch,	and	pressure	sense	informa-

tion	to	the	cerebellum.	It	ascends	uncrossed	in	the	spinal	
cord.

2.	The	anterior spinocerebellar tract	occupies	the	ante-

rior	part	of	the	periphery	of	the	lateral	funiculi.	The	ma-

jority	of	ascending	fibers	in	the	anterior	spinocerebellar	
tract	are	crossed.

3.	 Just	medial	 to	 the	anterior	spinocerebellar	 tract	 is	
the lateral spinothalamic tract.	This	 is	the	main	ascend-

ing	nerve,	which	mediates	pain	and	temperature	sensa-

tion.	 The	 lateral	 spinothalamic	 tract	 is	 somatotopically	
organized.	 Fibers	 that	 are	 located	medially	 in	 the	 tract	
are	concerned	with	sensation	in	the	arms.	Fibers	that	are	
located	laterally	in	the	tract	are	concerned	with	sensation	
in	the	legs.

4.	 The	 spinotectal	 tract,	 which	 is	 closely	 associated	
with	 the	 lateral	and	anterior	 spinothalamic	 tracts,	 con-

veys	 information	 to	 the	 superior	 colliculus	 of	 the	mid-

brain.	Its	functional	significance	is	unknown.
5.	 The	posterolateral	 tract	 (Lissauer’s	 tract)	 caps	 the	

dorsal	gray	horn.	 It	carries	fibers	 from	two	sources:	 (1)	
the	dorsal	nerve	root	and	(2)	gelatinosa	cells	that	inter-

connect	different	levels	of	the	substantia	gelatinosa.
6.	The	spinoreticular	tract	travels	in	association	with	

the	lateral	spinothalamic	tract.	It	conveys	information	re-

lated	to	behavioral	awareness.
7.	The	spino-olivary	tract	lies	just	anterior	to	the	ante-

rior	spinocerebellar	tract.	It	conveys	sensory	information	
to	the	cerebellum.

Fig. 5.11 Somatotopy of spinal tracts.
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Descending Tracts

See Figs. 5.12.

Ventral Funiculi

1.	The	anterior corticospinal tract,	present	only	in	the	
cervical	and	upper	thoracic	segments,	lies	adjacent	to	the	
anterior	median	 fissure.	 It	 conveys	 impulses	 related	 to	
voluntary	movement.

2.	The	vestibulospinal	tract	occupies	the	periphery	of	
the	 anterior	 funiculi.	 This	 tract	 descends	 uncrossed	 in	
the	spinal	cord.	It	facilitates	extensor	tone	of	muscles.	It	
serves	an	 important	role	 in	maintaining	tone	mainly	 in	
antigravity	muscles.

3.	 The	 tectospinal	 tract	 is	 situated	 between	 the	
	anterior	corticospinal	tract	and	the	vestibulospinal	tract.	
Fibers	cross	in	the	dorsal	segmentation	and	are	present	
only	at	cervical	levels.	It	is	thought	to	be	concerned	with	
reflex	 postural	 movements	 in	 response	 to	 visual	 and	
	possibly	auditory	stimuli.

4.	 Scattered	 reticulospinal	 fibers	 concerned	 with	
	motor	control	are	contained	in	the	anterior	funiculi.

Lateral Funiculi

1.	The	lateral corticospinal tract,	which	lies	lateral	to	the	
dorsal	gray	horn	and	medial	to	the		spinocerebellar	tract,	
mediates	impulses	concerned	with	voluntary	movement,	
particularly	fine	motor	movement.	 In	the	 lower	 lumbar	
and	sacral	segments,	where	the	posterior	spinocerebellar	
tract	is	not	present,	the	lateral		corticospinal	tract	extends	
laterally	 to	 reach	 the	 dorsolateral	 surface	 of	 the	 spinal	
cord.	 The	 lateral	 corticospinal	 tract	 is	 somatotopically	
organized.	 Those	 fibers	 that	 are	 concerned	with	motor	
input	to	the	arms	are	located	medially.	Those	fibers	that	
are	concerned	with	motor	 input	 to	 the	 legs	are	 located	
laterally.

2.	 The	 rubrospinal	 	 tract	 is	 situated	 anterior	 to	 the	
	lateral	 corticospinal	 tract.	 This	 tract	 facilitates	 flexor	
muscle	tone.

3.	 Descending	 autonomic	 fibers	 carrying	 impulses	
	associated	with	 the	 control	 of	 smooth	muscle,	 	cardiac	
muscle,	 glands,	 and	 body	 viscera	 are	 thought	 to	 be	
	located	in	the	lateral	funiculi.

4.	 The	 lateral	 funiculi	 contain	 reticulospinal	 fibers	
concerned	with	motor	control.
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Fig. 5.12 Corticospinal tracts.
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Blood Supply of the Spinal Cord

See Figs. 5.13 and 5.14.
The	blood	 supply	of	 the	 spinal	 cord	 is	primarily	de-

rived	from	one	anterior	and	two	posterior	spinal	arteries.	
Both	of	these	arteries	are	branches	of	the	distal	vertebral	
artery.

The anterior spinal artery	 arises	 from	 an	 anastomo-

sis	of	two	branches	from	the	vertebral	artery.	The	ante-

Fig. 5.13 Blood supply of the spinal cord.

rior	spinal	artery	extends	from	the	medulla	to	the	tip	of	
the	conus	medullaris.	It	supplies	the	anterior	two-thirds	
of	 the	 spinal	 cord.	 The	posterior spinal arteries arise as 

paired	branches	from	the	intracranial	vertebral	artery,	al-
though	they	may	also	arise	from	the	posteroinferior	cer-

ebellar	arteries.	They	extend	the	length	of	the	spinal	cord	
and	supply	its	dorsal	third.
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At	 the	 conus	medullaris,	 the	 anterior	 and	 posterior	
spinal	 arteries	 anastomose.	 Throughout	 their	 course,	
both	arteries	receive	supply	from	the	radiculomedullary	
arteries,	most	of	which	are	branches	of	 the	descending	
aorta.	Three	regions	in	the	vertical	axis	of	the	spinal	cord	
are	distinguished	by	the	relative	richness	of	their	arterial	
supply	and	are	related	to	the	distribution	of	the	anterior	
spinal	artery.

1.	The	cervicothoracic	region	(C1–T2)	is	richly	vascu-

larized.
2.	The	midthoracic	region	(T3–T8)	is	poorly	vascular-

ized.
3.	 The	 thoracolumbar	 region	 (T9	 to	 conus)	 is	 richly	

vascularized.	 It	 receives	 the	 great	 radicular	 artery	 of	 
Adamkiewicz,	which	most	 commonly	 (75%)	 enters	 the	
spinal	canal	at	the	T9–L2	segments	on	the	left	side.

Fig. 5.14 Surface reconstruction of cervical cord MRI showing 

anterior spinal artery.
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Vascular Syndromes of the Spinal 
Cord

Anterior Spinal Artery Syndrome

See Fig. 5.15.
Thrombotic	occlusion	of	 the	anterior	spinal	artery	 is	

the	most	common	vascular	syndrome	of	the	spinal	cord.	
Most	 frequently	 it	 occurs	 in	 watershed	 or	 boundary	
zones,	such	as	the	midthoracic	region	(T3–T8).	It	has	four	
essential	features:

1.	Quadriplegia	or	paraplegia	 (due	to	 involvement	of	
the corticospinal tract)

2.	Impaired	bowel	and	bladder	control	(due	to	involve-

ment	of	the	corticospinal	tract)

3.	Loss	of	pain	and	temperature	sensation	(due	to	in-

volvement	of	the	lateral spinothalamic tract)
4.	Sparing	of	position	sense,	vibration,	and	light	touch	

(due	to	preservation	of	the	dorsal columns)

Posterior Spinal Artery Syndrome

This	syndrome	is	rare.	Manifestations	may	include	loss	of	
position,	vibratory,	and	 light	touch	sensation	below	the	
level	of	the	lesion	(due	to	involvement	of	the	dorsal	col-
umns)	with	preservation	of	motor,	pain,	and	temperature	
modalities.

Fig. 5.15 Anterior spinal artery syndrome.
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Spinal Tumors

See Figs. 5.16 and 5.17.
Spinal	tumors	fall	into	one	of	three	categories:	(1)	ex-

tradural	 extramedullary,	 (2)	 intradural	 extramedullary,	
and	 (3)	 intradural	 intramedullary.	 Clinically,	 extradural	
and	intradural	extramedullary	tumors	are	difficult	to	dif-
ferentiate.	 The	 following	 discussion	 therefore	 describes	
both	 extradural	 and	 intradural	 extramedullary	 tumors	
together.

Extramedullary Tumors

Extramedullary	tumors	tend	to	produce	pain	in	a	radic-

ular	distribution.	Frequently,	this	pain	is	associated	with	
tenderness	 to	 palpation	 in	 the	 vertebral	 column.	 Iron-

ically,	 this	 pain	 and	 tenderness	 are	 often	 accompanied	
by	 loss	 of	normal	pain	 and	 temperature	 sensation.	 The	
paraparesis	 associated	 with	 an	 extramedullary	 lesion	

Fig. 5.16 Spinal tumors.
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Intramedullary Tumors

Radicular	pain	 in	 intramedullary	tumors	 is	 rare.	Dyses-

thesias	 and	 paresthesias	 are	 common,	 as	 is	 dissociated	
sensory	loss	and	sacral	sparing	(due	to	the	somatotopic	
organization	 of	 the	 spinothalamic	 tract).	 Paraparesis	 is	
spastic	in	only	50%	of	cases	and	when	present	is	less	pro-

nounced	than	in	extramedullary	tumors.	Muscle	atrophy	
is	 common,	 and	muscle	 fasciculations	 are	 rare.	 Trophic	
disturbances	of	the	skin	are	seen	fairly	frequently.	Bowel	
and	bladder	disturbances	tend	to	occur	early.

tends	to	be	spastic,	and	this	spasticity	persists	even	after	
paraplegia	develops.	There	is	little	or	no	muscle	atrophy	
associated	with	an	extramedullary	lesion.	Muscle	fascic-

ulations	 are	 common.	 Trophic	 disturbances	 of	 the	 skin	
are	usually	absent.	Bowel	and	bladder	disturbances	tend	
to	 occur	 late,	 unless	 the	 tumor	 is	 located	 in	 the	 sacral	
region.

a b

Fig. 5.17 (a,b) Axial T1-weighted MRI with contrast, showing intramedullary enhancing lesion (pilocytic astrocytoma) and extramed-

ullary enhancing lesion (meningioma).
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typically	associated	with	tachycardia.	The	former	is	seen	
during	spinal	shock	following	spinal	cord	injury.

Horner Syndrome

See Fig. 5.18.
Sympathetic	fibers	originate	in	the	hypothalamus and	

descend	 through	 the	 brainstem	 to	 reach	 the	 interme-

diolateral gray matter	 of	 the	 C8–T2	 spinal	 segments	 of	
the	 spinal	 cord	 (first-order	 neuron).	 Subsequent	 fibers	
are	projected	 to	 the	 superior cervical ganglion	 (second- 

order	 neuron)	 and	finally	 to	 the	 superior tarsal muscle,	
the dilator pupillae muscle,	and	the	sweat	glands	of	the	
face	(third-order	neuron).

Injury	 to	 the	 C8–T2	 spinal	 segments	 may	 result	 in	
Horner	 syndrome,	which	 consists	 of	 (1)	 ptosis	 (due	 to	
denervation	 of	 the	 superior	 tarsal	 muscle),	 (2)	 miosis 

(due	to	denervation	of	the	dilator	pupillae	muscle),	and	
(3)	anhidrosis	(due	to	denervation	of	the	sweat	glands	of	
the	face).

Autonomic Disturbances in Spinal 
Cord Lesions

Respiratory Disturbances

Lesions	at	the	level	of	C3–C5	may	involve	the	phrenic	nu-

cleus,	which	 innervates	 the	 diaphragm.	 Diaphragmatic	
paralysis	 causes	 limited	 lateral	 expansion	 of	 the	 lower	
rib	cage	during	respiration,	resulting	in	respiratory	com-

promise.

Cardiovascular Disturbances

Upper	cervical	spinal	cord	lesions	may	be	associated	with	
bradycardia	 (due	 to	 interruption	 of	 fibers	 ascending	 to	
the	 cardiovascular	 center	 of	 the	medulla).	 Such	 lesions	
may	also	be	associated	with	hypotension	 (due	 to	 inter-

ruption	of	descending	sympathetic	fibers).	The	simulta-

neous	 presence	 of	 hypotension	 and	 bradycardia	 serves	
to	 distinguish	 hypotension	 due	 to	 loss	 of	 sympathetic	
tone	from	hypovolemic	hypotension	because	the	latter	is	

本书版权归Thieme所有



SE
C

O
N

D
 N

EU
R

O
N

Fi
rs

t n
eu

ron 

Ophthalmic
division of
nerve V

Internal
carotid
artery

Postganglionic
fiber

Superior
tarsal
muscle
(Müller’s
muscle)

Long
ciliary
nerve

Superior
cervical
ganglion

Middle
cervical
ganglion

Inferior
cervical
ganglion

Descending
sympathetic
pathway

Preganglionic
fiber

Nerve V

Dilator
pupillae

Common
carotid
artery

External
carotid
artery

Sudomotor and
vasomotor
fibers to face

Hypothalamus

Anhidrosis

Cavernous
sinus

Intermediolateral
gray matter 

Spinal cord

        
 

Ptosis,
miosis

Lung 

Third neuron 

C8–T2

lesion

II Regional Anatomy and Related Syndromes170

Fig. 5.18 Horner syndrome.
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Reflexive	 relaxation	 of	 this	muscle	 is	 coordinated	with	
contraction	 of	 the	 detrusor	muscle	 during	micturition.	
Voluntary	 contraction	of	 this	muscle	 stops	micturition.	
(On	 the	 other	 hand,	 the	 internal sphincter	 is	 an	 exten-

sion	of	the	detrusor	muscle	that	consists	of	longitudinal	
muscle	bundles	that	incompletely	surround	the	proximal	
urethra.	 It	plays	a	 limited	 role	 in	micturition,	 its	major	
function	apparently	being	to	prevent	semen	from	reflux-

ing	into	the	bladder	during	ejaculation.)

Disturbances of Bladder Function 

See Figs. 5.19 and 5.20.
The	normal	control	of	bladder	function	is	mediated	by	

two	muscle	groups.	The	detrusor muscle	is	composed	of	
spiral,	longitudinal,	and	circular	smooth	muscle	bundles	
that	surround	the	body	of	the	bladder	wall.	Contraction	
of	the	detrusor	muscle	results	in	emptying	of	the	bladder	
(micturition).	The	external sphincter	is	a	skeletal	muscle	
bundle	that	occurs	on	the	distal	segment	of	the	urethra.	

Fig. 5.19 Bladder innervation.
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Fig. 5.20 Disturbances of bladder function.
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is  decreased.	If	the	lesion	is	incomplete,	there	is	urgency	
with	little	filling.	Urgency	is	absent	if	the	lesion	is	com-

plete,	 in	which	 case	 a	 rise	 in	 intravesical	 pressure	may	
be	 manifested	 by	 sweating,	 pallor,	 flexor	 spasms,	 and	
systemic	 hypertension.	 Retention	 develops	 first,	 then	
overflow	incontinence,	and	finally	automaticity.	A	small 

amount of residual urine	is	present	after	voiding.	Blad-

der sensation is variably interrupted,	 depending	 on	
the	extent	of	the	transverse	lesion.	Clinical	examples	in-

clude	spinal	cord	trauma,	spinal	cord	tumor,	and	multiple	
	sclerosis.

3.	Spinal cord lesions involving the sacral level (autono- 

mous bladder)	In	lesions	involving	the	sacral	level,	there	
is denervation of both the afferent and the efferent 
supply to the bladder.	As	a	result,	the	bladder	is	autono- 

mous	(autonomous	bladder).	Clinically,	this	is	manifested 

as	overflow	incontinence.	Bladder tone is flaccid.	Urgency  

is absent.	Bladder capacity is increased, as is residual 

urine.	 Bladder sensation is absent.	 Infection risk is 

high.
4.	 Lesions involving efferent motor neurons 

 (motor  paralytic bladder)	 Lesions	 involving	 the	 efferent	
motor	fibers	to	the	detrusor	muscle,	or	the	detrusor	mo-

tor	neurons	in	the	sacral	spinal	cord,	produce	a	paralyzed	
bladder	with	 intact	 sensation.	Bladder tone is flaccid, 
but urgency is present.	This	results	in	painful urinary 

retention or impaired bladder emptying.	 Bladder 

 capacity and residual urine are markedly increased.	
Infection risk is high.

5.	Lesions involving afferent sensory neurons (sensory 
paralytic bladder)	With	 lesions	 involving	 spinal	 or	 pe-

ripheral	afferent	pathways,	voluntary	micturition	is	pos-

sible,	but	bladder sensation is impaired.	This	results	in	
urinary retention or overflow incontinence.	As	with	an	
autonomous	bladder,	or	a	motor	paralytic	bladder,	infec-

tion risk is high.	Clinical	examples	include	tabes	dorsalis	
(dorsal	column	dysfunction)	and	diabetes	mellitus	(dor-

sal	lumbar	root	dysfunction).

The	 nerve	 supply	 of	 the	 urinary	 bladder	 is	 derived	
mainly	from	two	sources:	the	parasympathetic	nervous	
system,	which	carries	impulses	of	an	involuntary	nature	
to	 cause	 contraction	 of	 the	 detrusor	 muscle;	 and	 the	
cerebrospinopudendal	pathway,	which	 carries	 impulses	
related	 to	 voluntary	 control	 of	 the	 external	 sphincter	
muscle.	Sensory	afferents	of	the	bladder	are	also	carried	
in	the	pelvic splanchnic	and	pudendal nerves.	Afferent	im-

pulses	in	these	nerves	continue	in	the	ascending	 lateral 
spinothalamic	and	dorsal column tracts,	relay	in	the	retic- 

ular formation,	 and	 terminate	 in	 the	 paracentral lobule 

of	the	frontal	lobe.	The	paracentral	lobule,	in	turn,	exerts	
voluntary	control	on	the	external	sphincter	via	efferents	
that	 are	 carried	 in	 the	 corticospinal	 tract.	 The	 sympa-

thetic	nervous	system	also	 innervates	 the	bladder,	 spe-

cifically	the	detrusor	muscle	and	the	base	(output)	of	the	
bladder.	 The	 sympathetic	 output	 antagonizes	 the	 para- 

sympathetic	 nervous	 system.	 Activation	 of	 the	 sympa-

thetic	system	relaxes	the	detrusor	muscle	and	contracts	
the	base	of	the	bladder,	thus	permitting	bladder	filling.

Reflecting	the	tiered	system	of	bladder	control,	there	
are	 at	 least	 five	 distinct	 syndromes	 of	 bladder	 distur-

bance:
1.	 Interruption of supraspinal control (uninhibited 

 bladder)	 This	 disorder	 is	 characterized	 by	 the	 sud-

den	uncontrollable	evacuation	of	urine	due	 to	a	 lack	of	
	supraspinal	 inhibition.	 Bladder tone is normal, as is 

bladder capacity.	Micturition occurs precipitously at 

low	bladder	volumes	(detrusor	hyperreflexia).	Frequently	
this	occurs	in	inappropriate	places	and	at	inappropriate	
times.	 Micturition is usually complete, with little or 
no residual urine.	Bladder sensation is intact.	Clinical	
	examples	include	frontal	lobe	tumors,	parasagittal	men-

ingiomas,	 anterior	 communicating	 artery	 aneurysms,	
and	normal	pressure	hydrocephalus.

2.	 Spinal cord lesions above the sacral level (reflex 
 bladder)	In	spinal	lesions	above	the	S1	segment,	bladder	
function	 is	mediated	 solely	by	a	 reflex	arc	 (reflex	blad-

der).	Bladder tone is increased, and bladder capacity 
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Disturbances of Rectal Function

See Figs. 5.21 and 5.22.
Innervation	of	the	rectum	is	similar	to	that	of	the	blad-

der.	Parasympathetic	neurons	located	in	spinal	segments	
S3–S5	are	 responsible	 for	 reciprocal	 	contraction	of	 the	
rectal	muscles	 and	 relaxation	of	 the	 internal	 sphincter	
muscle.	Afferent	impulses	concerned	with	the	sensation	
of	 rectal	 fullness	 are	 also	 carried	 in	 	parasympathetic	
neurons.

Voluntary	 control	 of	 rectal	 emptying	 is	 facilitated	by	
somatic efferent neurons	 that	originate	in	the	paracentral 
lobule	of	the	frontal	lobe	and	descend	in	the	corticospinal 
tracts.	These	impulses	synapse	on	ventral	horn	cells	in	the	
spinal	segments T6–T12,	which	 in	turn	 innervate	the	ab-

dominal	muscles	that	are	used	in	emptying	the	rectum.
Finally,	 sympathetic	 innervation	 of	 the	 rectum	 (not	

shown	in	the	figure)	impedes	rectal	emptying	by	inhib-

iting	contraction	of	the	rectal	muscles.

Disturbances	 of	 rectal	 function	may	 be	 divided	 into	
groups,	based	on	the	level	of	the	offending	lesion:

1.	Spinal cord lesions	 Lesions	 above	 the	 sacral	 level	
produce	 loss	 of	 voluntary	 sphincter	 control	 and	 loss	 of	
the	sensation	of	 rectal	 fullness.	As	a	 result,	 fecal	 reten-

tion	occurs.	Reflexive	contraction	of	the	sphincter	usually	
persists,	and	the	sphincter	is	usually	spastic.	High	spinal	
lesions	tend	to	produce	less	severe	sphincter	dysfunction,	
compared	with	lower-level	lesions.

2.	 Conus and cauda equina lesions	 Lesions	 involv-

ing	 the	S3–S4	spinal	segments	produce	paralysis	of	 the	
sphincter	muscle.	As	a	result,	fecal	incontinence	occurs.

Fig. 5.21 Rectal innervation.
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Fig. 5.22 Disturbances of rectal function.
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Disturbances of Sexual Function

See Fig. 5.23.
These	 disturbances	 can	 be	 divided	 into	 two	distinct	

groups:	 disturbance	 in	 erection	 (including	 impotence	
and	priapism)	and	disturbance	in	ejaculation.

Fig. 5.23 Disturbances of sexual function.
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Erection

See Fig. 5.24.
The	chief	source	of	innervation	in	erection	is	the	par-

asympathetic	nervous	system,	which	transmits	impulses	
to	the	corpus cavernosum	via	the	pelvic splanchnic nerves.	
Parasympathetic	 impulses	 facilitate	erection	by	causing	
relaxation	 of	 the	muscular	 cushions	within	 the	 lumina	
of	the	cavernosus	arteries,	which	normally	obstruct	the	
inflow	of	blood	into	the	corpora	cavernosa.

A	complete	lesion	at	the	level	of	the	S2–S4	segments	
results	 in	 loss	 of	 reflex erection,	 although	 psychogenic 

erection	may	still	be	possible.	Psychogenic	erection	is	due	
to	hypothalamic	impulses	that	are	at	least	in	part	sympa-

thetically	mediated.	Psychogenic	erections	are	abolished	
by	lesions	above	the	T12	segment	but	are	frequently	pre-

served	in	lesions	below	this	level.
Priapism,	an	abnormal	persistent	erection,		commonly	

accompanies	 both	 traumatic	 and	 nontraumatic	 spinal	
cord	lesions	that	occur	above	the	lower		thoracic	levels.	It	is	
thought	to	be	due,	at	least	in	part,	to		parasympathetically	
induced	 vasodilatation.	 Tonic	 	contraction	 of	 the	
	transverse	 perineal,	 bulbocavernosus,	 and	 ischiocav-

ernosus	muscles	probably	also	contributes	by	preventing	
the	escape	of	blood	into	the	venous	system.

Fig. 5.24 Disturbances of erection.
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Ejaculation

See Fig. 5.25.
Ejaculation	is	a	two-part	process,	which	involves	pro-

pulsion	 of	 semen	 into	 the	 urethra	 (emission)	 and	 pro-

pulsion	of	semen	out	of	the	urethra	(ejaculation	proper).	
Each	of	these	parts	is	controlled	by	a	reflex	arc,	as	follows:

1.	 Afferent limb Afferent	 limb	 impulses	 are	 carried	
from	the	dorsal nerve of the penis	to	the	S3–S4	spinal	seg-

ments	via	the	pudendal nerve.
2.	Efferent limb	 From	the	S3–S4	spinal	segments,	af-

ferent	impulses	reach	two	spinal	centers.	The	first	of	these	
is	a	sympathetic	center	(T6–L3),	which	projects	efferent	
fibers	 in	 the	pelvic	plexus	 and	 the	 superior hypogastric 
plexus.	 These	 fibers	 produce	 propulsion	 of	 semen	 into	
the	urethra	(emission)	by	inducing	peristalsis	of	the	am-

pulla of the ductus vas deferens,	the	seminal vesicles,	and	
the ejaculatory ducts.	The	sympathetic	ganglion	at	the	L2	
level	plays	an	especially	important	role	in	this	function.	
The	second	is	a	somatomotor	center	(S3–S4)	that	projects	
its	efferent	fibers	in	the	pudendal	nerve.	These	fibers	pro-

duce	ejaculation	proper,	the	propulsion	of	semen	out	of	
the	 urethra,	 by	 inducing	 rhythmic	 contractions	 of	 the	
bulbocavernosus and ischiocavernosus muscles.

Spinal	 lesions	 above	 T6	 may	 abolish	 normal	 ejacu-

lation.	However,	 ejaculatory	 reflex	activity	may	be	pre-

served	 and	 at	 times	 be	 so	 increased	 that	 the	 slightest	
stimulus	may	 induce	 either	 an	 ejaculation	 or	 rhythmic	
contractions	of	the	related	pelvic	musculature.	In	lesions	
involving	segments	S3–S5,	ejaculation	does	not	occur.
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Fig. 5.25 Disturbances of ejaculation.
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Localization of Spinal Cord Lesions 
According to Level

Localization	of	the	level	of	a	lesion	is	one	of	the	clinician’s	
primary	tasks	in	the	care	of	a	patient	with	spinal	injury.	
If	the	patient	is	awake	and	cooperative,	localization	of	the	
level	of	a	lesion	can	almost	invariably	be	ascertained	by	
a	 focused	 neurologic	 examination.	 At	 a	minimum,	 this	
should	include	an	evaluation	of	motor	strength,	pinprick	
sensation,	 and	 deep	 tendon	 reflex	 activity.	 The	 follow-

ing	section	illustrates	a	series	of	suggested	tests	in	these	
three	 areas.	 For	 lesions	 that	 are	 located	between	 levels	
C3	and	T1,	a	negative	test	result	is	indicated	by	a	black-

ened	X	or	a	blackened	area.	For	lesions	that	are	located	at	
lumbosacral	levels,	only	those	tests	that	are	expected	to	
be	abnormal	are	shown.	For	lesions	between	T2	and	T12,	
a	single	illustration	represents	the	various	findings	that	
may	be	observed.

Foramen Magnum

See Figs. 5.26 and 5.27.
The	clinical	presentation	of	foramen	magnum	lesions	

is	 variable.	 The	most	 common	presenting	 symptoms,	 in	
order	 of	 decreasing	 frequency,	 are	 suboccipital	 or	 neck	
pain,	dysesthesias	of	the	extremities	(upper	>	lower),	gait	
disturbance,	and	weakness	(upper	>	lower).	The	weakness	
may	 involve	first	 the	 arm,	 then	 the	 ipsilateral	 leg,	 then	
the	contralateral	leg.	This	is	known	as	“around	the	clock”	
weakness.	Other	common	early	symptoms	include	clum-

siness	of	the	hands,	bladder	disturbance,	dysphagia,	nau-

sea	and	vomiting,	headache,	“drop	attacks,”	and	dizziness.

An	unusual	 feature	of	 the	weakness	 that	develops	 is	
its	 occasional	 association	with	wasting	 of	 the	 intrinsic	
hand	muscles.	 It	has	been	proposed	 that	 this	finding	 is	
caused	by	venous	obstruction	in	the	upper	cervical	spinal	
cord,	 leading	 to	 venous	 infarction	 in	 the	 lower	 cervical	
gray	matter.	Other	 less	common	but	still	 frequent	signs	
include	downbeat	nystagmus	and	accessory	nerve	palsy.

Fig. 5.26 Foramen magnum lesion.

Fig. 5.27 Sagittal T1-weighted MRI with contrast showing ex-

tradural enhancing lesion at the foramen magnum lesion (ar-

row), compatible with a meningioma.
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C3 Spinal Level (C3 Spared)

See Fig. 5.28.

Motor

Motor	examination	reveals	quadriplegia.

Reflex

In	the	acute	phase	of	a	spinal	injury,	all	deep	tendon	re-

flexes	are	absent.	Later,	all	deep	tendon	reflexes	may	re-

turn	and	become	exaggerated.

Sensory

Sensation	is	abolished	below	the	base	of	the	neck.

Respiration

Respiratory	failure	is	also	present	because	of	denervation	
of	the	diaphragm.

Fig. 5.28 C3 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.
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C4 Spinal Level (C4 Spared)

See Fig. 5.29.

Motor

Motor	examination	reveals	quadriplegia.

Reflex

Initially,	 all	 deep	 tendon	 reflexes	 are	 absent.	 Recovery,	
and	increased	activity,	may	occur	at	a	later	time.

Sensory

Sensation	is	present	in	the	upper	anterior	chest	wall.

Respiration

Respiratory	function	(C3–C5)	may	be	partially	preserved,	
although	paralysis	of	the	intercostal	and	abdominal	mus-

cles	further	hampers	spontaneous	respiration.

Fig. 5.29 C4 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.
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C5 Spinal Level (C5 Spared)

See Fig. 5.30.

Motor

Preserved	muscles	include	the	deltoid	(C5)	and,	to	a	lesser	
degree,	the	biceps	(C5–C6).	Therefore,	the	patient	is	able	
to	 perform	 shoulder	 abduction	 and,	 to	 a	 lesser	 degree,	
elbow	flexion.	

Reflex

The	biceps	reflex	(C5–C6)	is	normal	or	slightly	decreased.	
As	C6	returns,	the	reflex	may	become	brisk.

Sensory

Sensation	is	preserved	in	the	upper	anterior	chest	and	in	
the	lateral	aspect	of	the	arm	above	the	elbow.

Respiration

Respiratory	reserve	is	compromised.

Fig. 5.30 C5 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.
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C6 Spinal Level (C6 Spared)

See Fig. 5.31.

Motor

The	deltoid	and	biceps	muscles	are	 intact.	Wrist	exten-

sion	 is	 also	 present	 (extensor	 carpi	 radialis	 longus	 and	
brevis;	C6),	though	slightly	weakened	(extensor	carpi	ul-
naris;	C7).	Respiratory	reserve	is	low.

Reflex

The	biceps	and	brachioradialis	reflexes	are	normal.

Sensory

Sensation	 is	 normal	 in	 the	 lateral	 upper	 extremity,	 in-

cluding	the	thumb,	the	index	finger,	and	half	of	the	mid-

dle	finger.

Fig. 5.31 C6 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.
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C7 Spinal Level (C7 Spared)

See Fig. 5.32.

Motor

The	 C7-innervated	 muscles,	 including	 the	 triceps,	 the	
wrist	 flexors,	 and	 the	 long	 finger	 extensors,	 are	 func-

tional.

Reflex

The	biceps	(C5),	the	brachioradialis	(C6),	and	the	triceps	
(C7)	reflexes	are	normal.

Sensory

The	C7	innervation	of	the	skin	is	limited.	Therefore,	sen-

sation	at	this	level	is	similar	to	the	C6	level.

Fig. 5.32 C7 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.
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C8 Spinal Level (C8 Spared)

See Fig. 5.33.

Motor

Upper	extremity	motor	function	is	normal	with	the	ex-

ception	of	the	hand	intrinsics	(dorsal	interossei).

Reflex

The	upper	extremity	deep	tendon	reflexes	are	normal.

Sensory

Sensation	is	normal	in	the	lateral	aspect	of	the	arm	and	
forearm,	the	hand,	and	the	most	distal	portion	of	the	me-

dial	aspect	of	the	forearm.

Fig. 5.33 C8 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.
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T1 Spinal Level (T1 Spared)

See Fig. 5.34.

Motor

Upper	extremity	strength	is	normal,	leaving	the	patient	
paraplegic.

Reflex

The	upper	extremity	reflexes	are	normal.

Sensory

Sensation	is	normal	in	the	upper	anterior	chest	and	the	
entire	upper	extremity	(except	 for	the	medial	aspect	of	
the	most	proximal	part	of	the	arm).

Fig. 5.34 T1 spinal level lesion.
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T2–T12 Spinal Levels

See Fig. 5.35.

Motor

The	patient	is	paraplegic.	Although	an	assessment	of	tho-

racic	motor	 function	 is	necessarily	 limited,	 some	 infor-

mation	about	the	intercostal	and	abdominal	muscles	may	
be	obtained	by	attempting	to	elicit	Beevor’s sign.	Beevor’s	
sign	is	present	when	the	umbilicus	is	pulled	away	from	
its	normal	 location	as	the	patient	sits	up	from	a	supine	
position.

Reflex

Upper	 extremity	 reflexes	 are	 normal.	 Lower	 extremity	
reflexes	are	either	absent	(early)	or	increased	(late).

Sensory

The	level	of	the	lesion	determines	the	level	of	intact	sen-

sation.

Fig. 5.35 T2–T12 spinal level lesion.
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L1 Spinal Level (L1 Intact)

See Fig. 5.36.

Motor

Motor	examination	reveals	paraplegia.	The	lower	extrem-

ities	are	completely	paralyzed,	except	for	some	hip	flex-

ion	due	to	partial	innervation	of	the	iliopsoas	(T12–L3).

Reflex

The	 patellar	 and	 Achilles	 reflexes	 are	 absent	 initially.	
Later,	these	reflexes	may	recover	and	become	increased.

Sensory

Sensation	 is	 absent	 in	 the	 lower	 extremities	 except	 for	
the	most	proximal	portion	of	the	anterior	thigh.

Bowel and Bladder

Bladder	 function	 is	 absent.	 Anal	 sphincter	 tone	 is	 de-

creased,	 and	 the	 superficial	 anal	 reflex	 is	 absent.	With	
time,	anal	sphincter	tone	returns,	and	the	anal	reflex	be-

comes	hyperactive.

Fig. 5.36 L1 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.
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L2 Spinal Level (L2 Spared)

See Fig. 5.37.

Motor

Hip	flexion	is	present,	though	diminished.	The	adductor	
muscles	 (L2–L4)	 are	 partially	 functional.	 Although	 the	
quadriceps	 (L2–L4)	 receive	 some	 innervation,	 it	 is	 not	
adequate	for	practical	purposes.	No	other	muscle	activ-

ity	is	present.	A	flexion	and	adduction	deformity	may	be	
present.

Sensory

Sensation	 is	 absent	 below	 the	 L2	 dermatome,	which	 is	
located	halfway	between	the	hip	and	the	knee.

Reflex

The	L2	contribution	to	the	patellar	reflex	is	small.	There-

fore,	 there	 is	minimal	or	no	reflex	activity	 in	 the	 lower	
extremities.

Bowel and Bladder

Voluntary	control	of	the	bowel	and	bladder	is	absent.
Fig. 5.37 L2 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.
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L3 Spinal Level (L3 Spared)

See Fig. 5.38.

Motor

The	iliopsoas,	the	adductors,	and	the	quadriceps	muscles	
all	show	significant,	if	diminished,	power.	No	other	mus-

cle	activity	is	present.

Reflex

The	 patellar	 reflex,	 which	 is	 predominantly	 L4	 inner-

vated,	is	present	but	significantly	decreased.	The	Achilles	
reflex	is	absent.

Sensory

Sensation	of	the	entire	thigh	is	normal	but	is	absent	be-

low	the	knee	(L3	dermatome).

Bowel and Bladder

There	is	no	voluntary	control	of	the	bowel	and	bladder.
Fig. 5.38 L3 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.

本书版权归Thieme所有



ReflexMotor Sensory

Tibialis anterior

L1, L2, L3

L2, L3, L4

Extensor hallucis
longus

L4, L5

L5, S1

Gastrocnemius

L2, L3, L4              L5, S1

     L4, L5, S1

Patellar reflex

        L5, SI, S2

L4

L5, S1, S2

L5, S1, S2

Achilles reflex

Iliopsoas

Adductors Extensor digitorum

Quadriceps
femoris Gluteus maximus

Hamstrings

Gluteus medius

Bowel & bladder

II Regional Anatomy and Related Syndromes192

L4 Spinal Level (L4 Spared)

See Fig. 5.39.

Motor

Compared	with	the	L3	level,	the	quadriceps	are	stronger,	
and	 in	 fact	 are	 normal.	 The	 tibialis	 anterior	 (L4)	 is	 the	
only	 functional	muscle	below	the	knee.	 It	causes	dorsi-
flexion	 and	 inversion	 of	 the	 foot.	 Although	 the	 gluteus	
medius	(L4–S1)	receives	L4	innervation,	it	is	significantly	
weakened.

Sensory

Sensation	of	the	entire	thigh	is	normal.	It	is	also	normal	
below	the	knee	along	the	medial	aspect	of	the	tibia	and	
the	foot.

Reflex

The	 patellar	 reflex	 (predominantly	 L4)	 is	 present.	 The	
Achilles	reflex	is	absent.

Bowel and Bladder

Voluntary	control	of	the	bowel	and	bladder	is	still	absent.

Fig. 5.39 L4 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.
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L5 Spinal Level (L5 Spared)

See Fig. 5.40.

Motor

Because	the	gluteus	maximus	(L5–S1)	is	not	functional,	
the	hip	assumes	a	flexed	posture.	Adduction	is	opposed	
by	 the	 action	 of	 the	 gluteus	medius	 (L4–S1),	which	 is	
partially	 innervated.	 The	 quadriceps	 are	 intact.	 Knee	
flexion	 (hamstrings,	 L5–S2)	 is	 present	 but	 significantly	
	weakened.	The	foot	dorsiflexors	and	invertors	are		intact	
(tibialis	 anterior,	 L4;	 extensor	 hallucis	 and	 extensor	
	digitorum,	 L5),	 but	 the	plantar	flexors	 and	evertors	 are	
absent	(gastrocnemius	and	peronei	muscles,	S1).	There-

fore,	the	foot	is	in	dorsiflexion	deformity.

Reflex

The	patellar	reflex	is	normal.	The	Achilles	reflex	is	absent.

Sensory

Sensation	is	normal	 in	the	entire	 lower	extremity,	with	
the	 exception	 of	 the	 lateral	 and	 plantar	 aspects	 of	 the	
foot.

Bowel and Bladder

Voluntary	control	of	the	bowel	and	bladder	is	absent.

Fig. 5.40 L5 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.
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S1 Spinal Level (S1 Spared)

See Fig. 5.41.

Motor

Motor	power	in	the	lower	extremity	is	essentially	nor-

mal,	 with	 the	 exception	 of	 the	 intrinsic	 foot	 muscles	
(S2–S3),	which	are	weak.	As	a	result,	the	toes	are	in	claw	
deformity.

Reflex

The	lower	extremity	reflexes	are	normal.

Sensory

Sensation	 in	 the	 lower	 extremity	 is	 normal,	 but	 saddle	
anesthesia	persists.

Bowel and Bladder

There	is	loss	of	normal	bowel	and	bladder	function.
Fig. 5.41 S1 spinal level lesion. Functions or responses marked 

with an “X” are impaired or absent.
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Conus Medullaris

See Figs. 5.42 and 5.43.
Lesions	of	the	conus	medullaris	may	result	in	any	one	

or	a	combination	of	the	following	signs:
1.	 An autonomous bladder

2.	 Fecal incontinence

3.	 Impotence

4.	 Saddle anesthesia

5.	 Absence of corticospinal tract signs or lower ex-

tremity weakness
In	 reality	 this	 syndrome	 is	 often	 not	 present	 in	 its	

pure	 form.	 This	 is	 because	 lesions	 that	 involve	 the	 co-

nus	medullaris	typically	also	involve	the	cauda	equina.	In	
contrast	to	a	cauda	equina	lesion,	in	a	lesion	of	the	conus	
medullaris	pain	occurs	late,	sphincter	disturbances	occur	
early,	 saddle	 anesthesia	 is	 symmetrical,	 and	motor	dis-

turbances	in	the	lower	extremities	are	absent.

Cauda Equina

See Fig. 5.43.
Lesions	of	the	cauda	equina	may	result	in	any	one	or	a	

combination	of	the	following	signs:
1.	 Radicular pain

2.	 Autonomous bladder

3.	 Fecal incontinence

4.	 Impotence

5.	 Asymmetric saddle anesthesia

6.	 Flaccid paraplegia

7.	 Absent deep tendon reflexes
In	 contrast	 to	 conus	medullaris	 lesions,	 pain	 occurs	

early,	sphincter	disturbances	occur	late,	saddle	anesthe-

sia	is	asymmetrical,	and	weakness	of	the	lower	extremi-
ties	is	present.

Fig. 5.42 Conus medullaris and cauda equina syndromes.

Fig. 5.43 Axial T1-weighted MRI replicating upper right cutout. 

Arrows show multiple intradural descending nerves.
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Clinical Evaluation of the Patient 
with Spinal Injury

The Cardinal Manifestations of Spinal Cord 
Lesions

As	a	shortcut	to	establishing	that	a	neurologic	deficit	has	
originated	in	the	spinal	cord,	it	is	suggested	that	the	cli-
nician	 be	 in	 command	 of	 the	most	 common	 signs	 and	
symptoms	that	are	due	to	spinal	cord	 lesions.	Although	
each	of	these	signs	and	symptoms	will	not	occur	in	every	
instance,	they	should	be	checked	in	every	case	where	a	
spinal	 cord	 lesion	 is	 suspected.	The	presence	of	a	 com-

plete	 list	 of	 the	 findings	 given	 below	 almost	 invariably	
identifies	a	lesion	as	spinal	in	origin.	There	are	four cardi-
nal	manifestations	of	spinal	cord	lesions:

1.	 Spastic paraparesis	 (or	 quadriparesis	 if	 cervical	
level)

2.	 Bowel and bladder dysfunction
3.	 Sensory level (dermatome	below	which	no	sensa-

tion	is	felt)
4.	 Features of an upper motor neuron syndrome

Complete or Incomplete Lesion

Prognostication	is	an	important	part	of	the	overall	man-

agement	 of	 the	 patient	with	 spinal	 injury.	 Perhaps	 the	
single	most	important	question	that	a	clinician	must	an-

swer	in	the	early	stages	of	the	management	of	a	patient	
with	spinal	cord	injury	is	whether	the	lesion	is	complete	
or	incomplete.	This	determination	affords	the	best	indi-
cation	of	the	chances	for	functional	recovery.

If	no	function	returns	over	a	24-hour	period	after	in-

jury,	 then	 the	 lesion	 is	 to	 be	 considered	 complete,	 and	
no	functional	recovery	is	to	be	expected.	If	even	a	small	
return	of	function	is	detected	in	the	early	period,	then	the	
lesion	is	to	be	considered	incomplete,	and	further	func-

tional	recovery	may	occur.
It	 is	 important	 to	 emphasize	 that	 no	 lesion	may	 be	

considered	complete	without	a	thorough	neurologic	ex-

amination	 and	 a	 cooperative	 patient.	 Furthermore,	 re-

covery	of	 function	at	a	 single	neurologic	 level	 is	not	by	
itself	sufficient	to	support	the	diagnosis	of	an	incomplete	
lesion.	Such	recovery	may	simply	indicate	return	of	func-

tion	in	a	contused	nerve	root.	It	does	not	by	itself	suggest	
recovery	below	the	nerve	root.

Sacral Sparing

See Fig. 5.44.
Because	 the	 sacral	 fibers	 of	 the	 spinothalamic	 and	

corticospinal	tracts	are	located	peripherally	in	the	spinal	
cord,	preserved	function	in	the	sacral	spinal	segments	is	
evidence	of	an	 incomplete	 spinal	 lesion.	This	 is	 termed	
sacral	sparing.	Sacral	sparing	is	an	evidence	that	a	spinal	
lesion	 is	 incomplete.	 Because	 its	 presence	 suggests	 the	
possibility	of	 functional	 recovery,	 sacral	 sparing	 should	
be	routinely	sought.

The	 identification	 of	 sacral	 sparing	 is	 based	 on	 the	
findings	of	three	tests:

1.	 Motor	 Flexion	of	the	great	toe	(S1	innervation)
2.	 Reflex	 Anal	sphincter	muscle	(S2–S4)
3.	 Sensory	 Perianal	sensation	(S2–S4)

本书版权归Thieme所有



L5

S3

S4

S5

Flexion

Motor

Reflex

Sensory

Anal wink

Perianal area

C
ThL

S

L Th
S

Lesion

Spared
sacral
fibers

S1

S2

C

5 Spinal Cord 197

Fig. 5.44 Sacral sparing.
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Spinal Cord Syndromes

Transverse Myelopathy

See Figs. 5.45, 5.46, and 5.47.

In	transverse	myelopathy,	all	ascending	and	descend-

ing	 tracts	 of	 the	 spinal	 cord	 are	 disrupted	 (complete	
lesion).	As	a	result,	 there	 is	a	 loss	of	motor	control	and	
sensation	to	all	modalities	below	the	level	of	the	lesion.	
Bowel	and	bladder	control	are	also	interrupted.	Depend-

ing	on	whether	the	lesion	is	complete	or	incomplete,	the	
loss	of	function	may	be	complete	and	irreversible,	or	in-

complete	with	a	chance	for	functional	recovery.

Motor Disturbances

Depending	on	the	level	of	the	lesion,	interruption	of	the	
descending	corticospinal	tracts	may	result	in	paraplegia	
or	quadriplegia.	Below	the	 level	of	 the	 lesion,	 interrup-

tion	 of	 the	 corticospinal	 tracts	 eventually	 gives	 rise	 to	
an	upper	motor	neuron	syndrome	(i.e.,	increased	muscle	
tone	 and	 hyperreflexia),	 after	 an	 initial	 period	 of	 flac-

cidity	 and	areflexia.	At	 the	 level	of	 the	 lesion	 there	 are	
signs	 of	 a	 lower	motor	 neuron	 syndrome	 (i.e.,	 atrophy,	
fasciculations,	 and	 loss	of	deep	 tendon	 reflexes)	due	 to	
impairment	 of	 the	 anterior	 horn	 cells	 or	 their	 ventral	
roots.	Identification	of	the	segmental	distribution	of	the	
lower	motor	 neuron	 signs	may	 facilitate	 localization	 of	
the	lesion	to	a	specific	level.

Sensory Disturbances

Complete	transverse	myelopathies	are	associated	with	a	
loss	of	sensation	in	all	sensory	modalities	below	the	level	
of	the	lesion.	In	practice,	the	sensory	level	that	is	evident	
clinically	(usually	by	pinprick	examination)	may	appear	
lower	than	the	level	of	the	actual	lesion.	This	may	be	ex-

Fig. 5.45 Transverse myelopathy.
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Lageral spinothalamic tracts

Corticospinal tracts

Dorsal column

Corticospinal
tracts

Lateral spinothalamic tracts

Fig. 5.46 Axial T2-weighted MRI showing normal cervical cord anatomy.

Fig. 5.47 Axial T2-weighted MRI of cervical cord with transverse myelitis, shown as central cord signal hyperintensity and cord swelling.

plained	 by	 the	 somatotopic	 organization	 of	 the	 lateral	
spinothalamic	tract,	in	which	the	lower	spinal	segments	
are	 represented	more	 superficially.	 Clinical	 evidence	 of	
segmental	pain	or	paresthesias	may	identify	the	level	of	
the	lesion	more	precisely.

Autonomic Disturbances

Depending	on	the	level	and	the	completeness	of	the	le-

sion,	 autonomic	 disturbances	 in	 transverse	myelopathy	
may	include	any	or	all	of	the	following:	respiratory	com-

promise,	hypotension	and	bradycardia,	Horner	syndrome,	
bowel	or	bladder	impairment,	and	sexual	dysfunction.
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Brown-Séquard Syndrome

See Figs. 5.48 and 5.49.
The	Brown-Séquard	syndrome	is	due	to	hemisection	

of	the	spinal	cord,	usually	as	a	result	of	a	penetrating	spi-
nal	injury.	The	syndrome	consists	of	the	following	three	
signs	and	symptoms:

1.	 Ipsilateral loss of position and vibration sense 

below	the	level	of	the	lesion	(due	to	interruption	of	the	
dorsal	columns)

2.	 Ipsilateral spastic hemiparesis	below	the	 level	of	
the	lesion	(due	to	interruption	of	the	corticospinal	tract)

3.	Contralateral loss of pain and temperature sensa-

tion	below	the	level	of	the	lesion	(due	to	interruption	of	
the	lateral	spinothalamic	tract)

In	addition	to	these	findings,	lower	motor	neuron	signs	
may	occur	at	the	level	of	the	lesion	(due	to	interruption	of	
anterior	horn	cells).

Fig. 5.48 Brown-Séquard syndrome.

Fig. 5.49 Axial T2-weighted MRI showing Brown-Sequard 

 syndrome, seen as large signal hyperintensity in left hemicord.
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Anterior Spinal Cord Injury Syndrome

See Fig. 5.50.
This	 traumatic	 syndrome	 is	 clinically	 similar	 to	 the	

anterior	 spinal	 artery	 syndrome,	 and,	 indeed,	 the	 two	
syndromes	may	not	 be	 distinct	 (i.e.,	 the	mechanism	of	
traumatic	 injury	 in	 the	anterior	 spinal	 cord	 injury	 syn-

drome	 may	 be	 vascular).	 The	 syndrome	 is	 associated	
with	damage	to	the	anterior	aspect	of	the	cervical	spinal	
cord.	Its	clinical	findings	include	the	following	signs	and	
symptoms:

1.	Spastic quadriparesis	 (due	 to	 interruption	of	 the	
corticospinal	tract)

2.	Loss of the pain and temperature sensation	below	
the	level	of	the	lesion	(due	to	interruption	of	the	spino- 

thalamic tract)
3.	Preservation of position and vibration sense	(due	

to	sparing	of	the	dorsal	columns)
Preservation	of	the	dorsal	columns,	which	also	medi-

ate	crude	touch,	means	that	sensation	below	the	level	of	
the	lesion	is	not	completely	abolished.

Fig. 5.50 Anterior spinal cord injury syndrome.
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Central Spinal Cord Injury Syndrome

See Figs. 5.51 and 5.52.
Annular	 constriction	 of	 the	 spinal	 cord	may	 lead	 to	

damage	 of	 the	 central	 portion	 of	 the	 spinal	 cord.	 Al-
though	the	mechanism	of	injury	in	this	syndrome	is	not	
entirely	clear,	it	appears	to	represent	the	superimposition	
of	a	deforming	insult	on	a	stenotic	spinal	canal.	Whether	
the	direct	mechanism	of	injury	is	ischemic	or	contusive	
is	unknown.

The	clinical	findings	of	the	syndrome	are	characteris-

tic.	They	include	weakness	in	the	upper	extremities	out	
of	proportion	to	weakness	in	the	lower	extremities.	Fur-

thermore,	the	upper	extremity	weakness	is	more	severe	
distally	 than	 proximally.	 This	 characteristic	 pattern	 of	
weakness	is	explained	by	the	somatotopy	of	the	cortico- 

spinal	tract,	where	the	lower	extremities	are	represented	
more	superficially.	Sensory	loss	in	this	syndrome	is	var-

iable,	but	 it	also	 tends	 to	 involve	 the	upper	extremities	
disproportionately	 (again,	 due	 to	 somatotopy).	 Because	
the	lesion	is	incomplete,	at	least	partial	functional	recov-

ery	is	the	rule.

Fig. 5.51 Central spinal cord injury syndrome.

Fig. 5.52 Axial T2w magnetic resonance imaging (MRI) show-

ing central spinal cord injury.
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Anterior Horn Cell Syndrome

See Fig. 5.53.
Selective	destruction	of	the	anterior	horn	cells	is	classi-

cally	associated	with	poliomyelitis	and	progressive	spinal	
muscular	atrophy.	Motor	involvement	is	characterized	by	
flaccid	paralysis	of	the	muscles	that	are	innervated	by	the	
affected	 anterior	 horn	 cells.	 Lower	motor	 neuron	 signs	
are	present	in	the	involved	muscles.	Sensation	is	intact.

Fig. 5.53 Anterior horn cell syndrome.
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Lesions Affecting the Spinal Cord Centrally

See Fig. 5.54.
This	 syndrome	 is	 associated	with	 syringomyelia	 and	

intramedullary	 spinal	 cord	 tumors.	 Characteristically,	
involvement	 of	 the	 decussating	 fibers	 of	 the	 spinotha-

lamic	 tract	 results	 in	 a	 “suspended”	 sensory	 level.	 At	
cervical	 levels,	 the	 affected	 areas	 occur	 in	 a	 shawl-like	
	distribution.	Asymmetrical	involvement	of	the	more	cen-

trally	located	fibers	in	the	corticospinal	tract	may	result	
in	 an	 ipsilateral	 spastic	 monoparesis.	 Flaccid	 paralysis	
may	occur	at	the	level	of	the	lesion	due	to	involvement	of	
the	anterior	horn	cells.	The	dorsal	columns	are	frequently	
spared.

The	clinical	presentation	of	this	syndrome	is	variable.	
As	 the	 lesion	enlarges	 and	additional	 areas	become	 in-

volved,	the	nature	and	distribution	of	both	the	motor	and	
the	sensory	disturbances	change.

Fig. 5.54 Lesions affecting the spinal cord centrally.
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Amyotrophic Lateral Sclerosis

See Fig. 5.55.
Amyotrophic	lateral	sclerosis	(ALS)	is	characterized	by	

degeneration	 of	 the	 lateral	 corticospinal	 tracts	 and	 the	
anterior	 horn	 cells.	 Usually,	 it	 is	 unremitting	 and	 fatal.	
Clinically,	it	is	marked	by	two	manifestations:

1.	Flaccid paralysis at the level of the lesion	(due	to	
degeneration	of	the	anterior	horn	cells)

2.	Spastic paralysis below the level of the lesion	(due	
to	degeneration	of	the	corticospinal	tracts)

Initially,	the	symptomatology	is	often	focal	or	predom-

inantly	 unilateral.	 Over	 time,	 however,	 the	 symptoms	
spread	 to	 involve	 a	 greater	 distribution,	 including	 the	
bulbar	musculature.	Bulbar	impairment	results	in	dysar-

thria	and	dysphagia.	Frequently,	there	is	also	tongue	at-
rophy	and	weakness,	findings	which	should	be	routinely	
checked	when	this	diagnosis	is	suspected.

The	 combination	 of	 upper	 and	 lower	motor	 neuron	
findings	 is	 characteristic	 of	 ALS.	 As	 distinguished	 from	
the	 presentation	 of	 cervical	 spondylotic	 myelopathy	
(which	 is	 also	 associated	with	 a	 combination	 of	 upper	
and	lower	motor	neuron	signs),	sensation	is	entirely	nor-

mal	in	ALS.

Fig. 5.55 Amyotrophic lateral sclerosis (ALS).
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Tabes Dorsalis

See Fig. 5.56.

Tabes	dorsalis	 is	a	neurologic	sequela	of	neurosyphi-
lis.	Typically	it	develops	10	to	20	years	after	the	onset	of	
infection.	 Pathologically,	 it	 is	 characterized	by	 selective	
destruction	of	 the	dorsal	 columns.	Clinically,	 it	 is	 char-

acterized	by: 
1.	 Loss of position and vibration sensation below 

the level of the lesion.	 Usually,	 this	 is	 associated	with	
gait ataxia,	 a Romberg’s sign,	 and	decreased patellar 

and Achilles tendon reflexes.	
2.	Urinary incontinence

3.	 Lancinating (lightning-like) pains in the lower 
extremities

Fig. 5.56 Tabes dorsalis.
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Friedreich’s Ataxia

See Fig. 5.57.
Friedreich’s	ataxia	is	a	syndrome	consisting	of	degen-

eration	in	three	tracts:	the	dorsal	columns,	the	cortico- 

spinal	tracts,	and	the	spinocerebellar	tracts.	Clinically,	it	
consists	of	the	following	findings:

1.	Loss of position and vibration sensation	 (due	to	
degeneration	of	the	dorsal	columns)

2.	Romberg’s sign	(due	to	degeneration	of	the	dorsal	
columns)

3.	Ataxia	(due	to	degeneration	of	the	spinocerebellar	
tracts)

4.	 Spastic paraparesis	 (due	 to	 degeneration	 of	 the	
corticospinal	tracts)

Additional	findings	that	are	frequently	found	in	Fried- 

reich’s	ataxia	are	a	pes	cavus	 foot	deformity	and	spinal	
kyphosis	or	scoliosis.

Fig. 5.57 Friedreich’s ataxia.
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Subacute Combined Degeneration

See Fig. 5.58.
This	 syndrome	 is	 usually	 related	 to	 pernicious	 ane-

mia,	which	is	one	of	the	causes	of	vitamin	B12	deficiency.	
Pathologically,	it	is	characterized	by	degeneration	of	the	
dorsal	columns,	and	later	the	corticospinal	tracts.	Hence,	
it	is	referred	to	as	a	combined	degeneration.	Clinically,	it	is	
characterized	by	two	major	manifestations:

1.	Loss of position and vibration sensation	 (due	to	
degeneration	of	the	dorsal	columns)

2.	 Spastic paraparesis	 (due	 to	 degeneration	 of	 the	
corticospinal	tracts)

As	a	result	of	the	degeneration	of	the	dorsal	columns,	
there	will	be	ataxia	and	a	positive	Romberg’s	sign.

Fig. 5.58 Subacute combined degeneration.
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Learning Objectives

•	 Know	the	gross	anatomy	of	the	brainstem.
•	 Understand	how	brainstem	nuclei	are	organized	into	longitudinal	columns.
•	 Name,	localize,	and	know	the	function	of	the	two	ascending	and	two	descending	tracts	of	the	brainstem.
•	 Appreciate	the	anatomic	connections	between	the	brainstem	and	cerebellum,	and	understand	the		

functional	significance	of	these	connections.
•	 Describe	the	anatomy	and	function	of	the	reticular	formation	in	the	brainstem.
•	 Determine	the	brainstem’s	blood	supply.
•	 Develop	an	approach	to	the	localization	of	brainstem	lesions.
•	 Describe	the	seven	major	brainstem	vascular	syndromes.

6

The	 brainstem	 comprises	 the	medulla,	 pons,	 and	mid-

brain.	 Like	 the	 spinal	 cord,	 with	 which	 it	 is	 caudally	
contiguous,	it	contains	multiple	long	ascending	and	de-

scending	pathways	that	are	oriented	parallel	to	the	long	
axis	of	the	brainstem,	as	well	as	nuclei	whose	axons	are	
oriented	parallel	to	the	transverse	plane.	There	are	four	
major	 elements	 of	 the	 brainstem:	 (1)	 long	 ascending	
and	descending	tracts,	(2)	cranial	nerve	nuclei	and	their	
	fascicles,	(3)	cerebellar	nuclei	and	their	connections,	and	
(4)	reticular	neurons	and	their	processes.

Because	brainstem	dysfunction	 is	both	common	and	
potentially	life	threatening,	prompt	recognition	of	its	car-

dinal	manifestations	 is	 imperative.	An	understanding	of	
the	principles	of	the	brainstem’s	organization	simplifies	
the	study	of	its	complex	regional	anatomy	and	offers	the	
clinician	a	logical	approach	to	anatomic	diagnosis.

This	 chapter	 outlines	 the	 basic	 organization	 of	 the	
brainstem,	 then	 discusses	 the	 regional	 and	 functional	
anatomy	of	the	cranial	nerve	nuclei,	the	long	ascending	
and	 descending	 tracts,	 the	 cerebellar	 connections,	 and	
the	reticular	formation.	A	description	of	the	blood	supply	
of	the	brainstem	is	followed	by	a	discussion	of	the	local-
ization	of	brainstem	lesions,	and	finally	by	a	description	
of	classic	brainstem	syndromes.

The Brainstem Is Organized into Four 
Major Parts

Grossly,	four	major	parts	of	the	brainstem	are	contiguous	
throughout	 the	 length	 of	 the	medulla,	 pons,	 and	mid-

brain	(Figs. 6.1 and 6.2):
●	 Ventricular cavity	 The	ventricular	cavity	of	the	

brainstem	is	contiguous	with	the	central canal	of	the	

 Brainstem

spinal	cord.	It	comprises	the	central	canal	(caudal	
medulla),	the	fourth	ventricle	(rostral	medulla	and	
pons),	and	the	cerebral aqueduct	of	Sylvius	(mid-

brain).
●	 Roof	 Overlying	the	ventricular	cavity	is	the	roof	of	

the	brainstem,	which	comprises	the	choroid	plexus	
and	tela	choroidea	of	the	fourth	ventricle	(medulla),	
the	cerebellum	(pons),	and	the	tectum	(midbrain).	
The	tectum	consists	of	the	rostral	pretectum,	the	
paired	superior	colliculi	of	the	optic	system,	and	the	
paired	inferior	colliculi	of	the	auditory	system.	The	
superior	and	inferior	colliculi	are	collectively	known	
as	the	corpora	quadrigemina.

●	 Tegmentum	 Just	ventral	to	the	ventricular	cavity	
is	the	tegmentum	of	the	brainstem,	which	contains,	
among	other	structures,	the	cranial	nerves	and	their	
nuclei,	the	major	long	ascending	tracts,	and	the	retic-

ular	formation.
●	 Base	 The	basilar	part	of	the	brainstem	comprises	

the	pyramids of the medulla,	the	ventral pons,	and	the	
crura	cerebri	of	the	midbrain.	It	contains	the	major	
long	descending	tracts,	including	the	corticospinal,	
corticobulbar,	and	corticopontine	tracts.
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Fig. 6.1 Brainstem.

Fig. 6.2 Sagittal T1w 7T magnetic resonance imaging (MRI) 

showing brainstem.
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6 Brainstem 211

Cranial Nerve Nuclei Are Organized 
into Longitudinal Columns

Ten	of	the	12	cranial	nerves	have	their	nuclei	in	the	brain-

stem.	(Cranial	nerves	I	and	II	are	the	exceptions.)	Like	the	
spinal	gray	nuclei,	 the	cranial	nerve	nuclei	are	grouped	
into	longitudinal	columns.	These	columns	are	both	ana-

tomically	and	functionally	distinct:	medial	columns	con-

tain	exclusively	motor	nuclei,	and	lateral	columns	contain	
exclusively	sensory	nuclei.	This	organization	is	explained	
by	developmental	events,	as	follows.

The	 alar	 and	 basal	 plates	 of	 the	 developing	 neural	
tube	give	 rise	 to	sensory	afferents	and	motor	efferents,	
respectively.	Early	in	development,	these	plates	are	posi-
tioned	in	a	dorsal/ventral	orientation,	an	orientation	that	
is	maintained	in	the	mature	spinal	cord.	In	the	develop-

ing	brainstem,	however,	this	organization	is	changed:	the	
lateral	 spread	 of	 the	 fourth	 ventricle	 causes	 the	 dorsal	
alar	plate	to	rotate	laterally	in	relation	to	the	ventral	ba-

sal	plate.	As	a	 result,	 the	 lateral	columns	of	 the	mature	
brainstem	contain	strictly	sensory	cranial	nerve	nuclei;	
the	medial	columns	contain	strictly	motor	cranial	nerve	
nuclei.

Medial Columns Contain Three Types of 
Motor Nuclei

The	medial	 columns	 are	 composed	 of	 somatic	 and	 vis-

ceral	motor	nuclei.	Two	types	of	visceral	motor	nuclei	are	
distinguished	on	 the	basis	 of	 the	 two	 types	of	muscles	
their	 neurons	 innervate—striated	muscle	 derived	 from	
primitive	 branchial	 arches	 and	 smooth	 muscle	 associ-
ated	with	viscera	and	glands.	Three	types	of	motor	nu-

clei—one	somatic,	two	visceral—thus	comprise	the	three	
medial	 columns.	 The	 individual	 nuclei	 that	 form	 these	
columns,	in	medial	to	lateral	order,	are	described	in	the	
following	sections.

Column 1

See	Fig. 6.3.
This	column,	which	is	not	continuous	longitudinally,	is	

immediately	adjacent	to	the	midline,	just	below	the	floor	
of	the	ventricular	system.	It	contains	nuclei	composed	of	
neurons	that	innervate	the	striated	muscles	of	the	head	
and	 neck	 derived	 from	 embryonic	 myotomes	 (i.e.,	 the	
extraocular	muscles	and	 the	muscles	of	 the	 tongue).	 In	
rostrocaudal	order,	 the	nuclei	 contained	 in	 this	column	
include	the	following	four	structures:
●	 Oculomotor nucleus	(III)	 This	nucleus	contains	

neurons	that	project	to	the	oculomotor	nerve.	They	
innervate	four	of	the	six	extraocular	muscles	(i.e.,	all	
but	the	lateral	rectus	and	the	superior	oblique)	as	
well	as	the	levator	palpebrae	superioris.	The	oculo-

motor	nucleus	is	located	in	the	midbrain	at	the	level	
of	the	superior	colliculus,	just	ventral	to	the	cerebral	
aqueduct.

●	 Trochlear nucleus	(IV)	 This	nucleus	contains	neu-

rons	that	form	the	trochlear	nerve.	They	innervate	
the	superior	oblique	muscle.	The	trochlear	nucleus	
is	located	in	the	midbrain	at	the	level	of	the	inferior	
colliculus,	just	ventral	to	the	cerebral	aqueduct.

●	 Abducens nucleus	(VI)	 This	nucleus	contains	neurons	
that	form	the	abducens	nerve.	They	innervate	the	
lateral	rectus	muscle.	The	abducens	nucleus	is	located	
in	the	pons,	just	ventral	to	the	floor	of	the	fourth	ven-

tricle.
●	 Hypoglossal nucleus	(XII)	 This	nucleus	contains	neu-

rons	that	form	the	hypoglossal	nerve.	They	innervate	
the	muscles	of	the	tongue.	The	hypoglossal	nucleus	is	
located	in	the	medulla,	just	ventral	to	the	floor	of	the	
fourth	ventricle.

本书版权归Thieme所有



Oculomotor nucleus (III)

Trochlear nucleus (IV)

Abducens nucleus (VI)

Hypoglossal nucleus (XII)

Superior
rectus
muscle

Inferior
rectus
muscle

Medial
rectus 
muscle

 Inferior
 oblique
 muscle

Oculomotor
nucleus

Superior
colliculus

Levator
palpebrae
superior

Oculomotor 
nerve (III)

Superior
oblique
muscle

Trochlear
nucleus Trochlear

nerve

Inferior
colliculus

Midbrain

Midbrain

Lateral
rectus
muscle

Abducens
nucleus

Abducens
nerve

Fourth
ventricle

Medulla

Tongue

Hypoglossal
nucleus

Fourth
ventricle

Hypoglossal
nerve

Pons

II Regional Anatomy and Related Syndromes212

Fig. 6.3 Somatic motor nuclei.
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Column 2

See	Fig. 6.4.
This	column	 is	 located	 lateral	and	ventral	 to	column	

1.	It	contains	nuclei	composed	of	neurons	that	innervate	
the	striated	muscles	of	the	head	and	neck	derived	from	
the	branchial	arches	(i.e.,	the	muscles	of	mastication,	the	
muscles	of	facial	expression,	the	muscles	of	the	pharynx	
and	 larynx,	 and	 the	 sternocleidomastoid	 and	 trapezius	
muscles).	In	rostrocaudal	order,	the	nuclei	in	this	column	
include	the	following	four	structures:
●	 Motor nucleus of the trigeminal nerve	(V)	 This	nu-

cleus	contains	neurons	that	form	the	motor	com-

ponent	of	the	trigeminal	nerve.	They	innervate	the	
muscles	of	mastication.	The	motor	nucleus	of	the	
trigeminal	nerve	is	located	in	the	pons.

●	 Facial motor nucleus	(VII)	 This	nucleus	contains	
neurons	that	form	the	motor	component	of	the	facial	
nerve.	They	innervate	the	muscles	of	facial	expres-

sion.	The	motor	nucleus	of	the	facial	nerve	is	located	
in	the	pons.

●	 Nucleus ambiguus	(IX	and	X)	 This	nucleus	contains	
neurons	that	are	projected	in	the	glossopharyngeal	
(IX)	and	vagus	nerves.	They	innervate	the	muscles	of	
the	larynx	and	pharynx	responsible	for	speech	and	
swallowing.	The	nucleus	ambiguus,	so	called	because	
of	its	unclear	borders	in	histological	sections,	is	lo-

cated	in	the	medulla.
●	 Nucleus of the spinal accessory nerve	(XI)	 This	nu-

cleus	contains	neurons	that	form	the	spinal	accessory	
nerve.	They	innervate	the	sternocleidomastoid	and	
trapezius	muscles.	This	nucleus	extends	from	the	me-

dulla	into	the	cervical	regions	of	the	spinal	cord.
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Fig. 6.4 Visceral motor nuclei (striated muscle).
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Column 3

See	Fig. 6.5.
This	column	is	located	immediately	lateral	to	column	

1.	 It	 contains	 nuclei	 of	 preganglionic	 parasympathetic	
neurons	 that	 innervate	 the	 smooth	muscles	and	glands	
of	the	head	and	neck,	as	well	as	the	thoracic	and	parts	of	
the	abdominal	viscera.	 (Preganglionic	parasympathetics	
originating	in	sacral	segments	of	the	spinal	cord	supply	
the	rest	of	the	abdominal	and	pelvic	viscera.)	 In	rostro-

caudal	 order,	 these	 parasympathetic	 nuclei	 include	 the	
following	three	structures:
●	 Edinger-Westphal nucleus	(III)	 This	nucleus	contains	

preganglionic	parasympathetic	neurons	that	are	
projected	in	the	oculomotor	nerve	(III)	to	terminate	
in	the	ciliary	ganglion.	The	ciliary	ganglion	contains	
postganglionic	neurons	that	travel	in	the	short	ciliary	
nerve	to	innervate	the	pupillary	constrictor	and	cili-
ary	muscles	of	the	eye.	The	Edinger-Westphal	nucleus	
is	located	in	the	midbrain.

●	 Superior and inferior salivatory nuclei	(VII	and	IX,	
respectively)	 The	superior	salivatory	nucleus	con-

tains	preganglionic	parasympathetic	neurons	that	are	
projected	in	the	facial	nerve	(VII)	to	terminate	in	the	
submandibular	and	pterygopalatine	(sphenopalatine)	
ganglia.	The	submandibular	ganglion	contains	post-
ganglionic	neurons	that	innervate	the	sublingual	and	
submandibular	glands,	and	the	pterygopalatine	gan-

glion	contains	postganglionic	neurons	that	innervate	
the	lacrimal	gland.	The	inferior	salivatory	nucleus	
contains	preganglionic	parasympathetic	neurons	
that	are	projected	in	the	glossopharyngeal	nerve	(IX)	
to	terminate	in	the	otic	ganglion.	The	otic	ganglion	
contains	postganglionic	neurons	that	innervate	the	
parotid	gland.	The	superior	and	inferior	salivatory	
nuclei	are	located	in	the	medulla.

●	 Dorsal motor nucleus of the vagus	(X)	 This	nucleus	
projects	fibers	carried	in	the	vagus	nerve	that	inner-

vate	the	heart,	lungs,	and	gastrointestinal	tract.	It	is	
located	in	the	medulla.
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Fig. 6.5 Visceral motor nuclei (smooth muscle).
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Lateral Columns Contain Three Sensory 
Nuclei

The	 lateral	 columns	 are	 composed	 of	 sensory	 nuclei.	
Unlike	most	motor	nuclei,	whose	axons	are	carried	in	a	
single	corresponding	cranial	nerve,	each	sensory	nucleus	
receives	input	from	several	different	cranial	nerves.	There	
are	three	major	sensory	nuclei	in	the	brainstem	(Fig. 6.6):
●	 The	trigeminal sensory nucleus	comprises	three	dis-

tinct	nuclei:	the	mesencephalic nucleus,	the	main 

sensory nucleus,	and	the	spinal trigeminal tract nu-

cleus.	These	nuclei	receive	input	from	the	trigeminal	
(V),	facial	(VII),	glossopharyngeal	(IX),	and	vagus	(X)	

Fig. 6.6 Sensory nuclei.

nerves,	mediating	proprioceptive	(mesencephalic),	
light	touch	(main	sensory),	and	pain	and	temperature	
(spinal	trigeminal)	sensation.

●	 The	vestibular	and	cochlear nuclei	extend	from	the	
rostral	medulla	into	the	pons,	receiving	input	from	
fibers	of	the	vestibulocochlear	nerve	(VIII).

●	 The	solitary nucleus,	which	is	located	in	the	medulla,	
receives	general	and	special	visceral	afferents	carried	
in	the	facial	(VII),	glossopharyngeal	(IX),	and	vagus	
(X)	nerves.	These	nerves	mediate	taste	sensation	as	
well	as	general	visceral	sensations	of	the	heart,	lungs,	
and	gastrointestinal	tract.	The	cell	bodies	of	these	vis-

ceral	afferents	are	located	in	sensory	ganglia	outside	
the	brainstem;	they	possess	central	connections	with	
the	thalamus	(taste	sensation),	the	reticular	forma-

tion,	and	the	limbic	system	of	the	forebrain.
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Long Ascending and Descending Tracts 
Traverse the Brainstem

Four	long	tracts,	two	ascending,	two	descending,	provide	
landmarks	 along	 the	 transverse	 axis	 of	 the	 brainstem.	
The	 spinothalamic	 tract	 lies	 laterally	 in	 the	 brainstem,	
whereas	 the	medial	 lemniscus,	 the	 corticospinal	 tract,	
and	the	corticobulbar	tract	lie	medially.

Two Ascending Tracts Occur Laterally and Medially

Spinothalamic Tract

See	Figs. 6.7

The	 lateral	 and	 anterior	 spinothalamic	 tracts	 are	
	responsible	 for	 pain,	 temperature,	 and	 light	 touch	
	sensation.	 They	 are	 located	 in	 the	 lateral	 aspect	 of	 the	
tegmentum	 throughout	 the	 brainstem,	 adjacent	 to	 the	
descending	sympathetic	 tract.	They	occur	 in	essentially	
the	same	position	they	occupy	in	the	spinal	cord.	The	spi-
nothalamic	 tract	 consists	 of	 second-order	 neurons	 that	
originate	in	the	dorsal gray horn	of	the	spinal	cord,	cross	
the	midline	in	the	anterior white commissure,	and	project	
to	the	ventral posterolateral (VPL) nucleus of the thalamus.	
Third-order	neurons	in	the	VPL	thalamus	send	axons	to	
the	postcentral gyrus.	Because	of	 the	close	proximity	of	
the	 spinothalamic	 tract	 to	 the	 descending	 sympathetic	
fibers,	both	systems	are	typically	impaired	as	a	result	of	
damage	to	the	lateral	tegmentum,	where	they	represent	
important	 landmarks.	 An	 ipsilateral	 Horner	 syndrome	
(descending	sympathetic	lesion)	is	thus	often	associated	
with	a	contralateral	hemisensory	loss	(spinothalamic	le-

sion),	which	may	be	caused	by	a	lesion	in	the	lateral	me-

dulla	or	pons.
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Fig. 6.7 Magnetic resonance imaging at the cerebrum, midbrain, pons, medulla, 

cervical cord, and thoracic cord levels illustrating spinothalamic tracts.
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Medial Lemniscus

See	Fig. 6.8.
The	medial	lemniscus,	which	is	the	rostral	continua-

tion	of	 the	dorsal	 columns	of	 the	 spinal	 cord,	mediates	
position	 sense	 and	 discriminative	 touch.	 It	 consists	 of	
second-order	 neurons	 that	 originate	 in	 the	 nucleus cu-

neatus	 and	 nucleus gracilis.	 These	 nuclei	 receive	 input	
from	the	spinal	cord	via	the	cuneate	and	gracile	fasciculi	
(dorsal	columns),	which	carry	 impulses	from	the	upper	
and	lower	extremities,	respectively.	After	synapse	in	the	
ipsilateral	cuneate	and	gracile	nuclei,	these	axons	act	as	
the	internal	arcuate	fibers	and	ascend	to	the	contralateral	
VPL	thalamus.	From	here	they	ascend	to	the	sensory	cor-

tex.	The	medial	lemniscus	is	situated	in	the	medulla	close	
to	 the	midline	between	 the	posteriorly	 situated	medial	
longitudinal	fasciculus	(MLF)	and	the	anteriorly	situated	
corticospinal	and	corticopontine	tracts.	In	its	rostral	as-

cent,	 the	medial	 lemniscus	moves	 laterally	but	remains	
an	important	landmark	of	the	medial	aspect	of	the	me-

dulla	and	pons.

Fig. 6.8 Medial lemniscus.
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Two Descending Tracts Occur Medially

Corticospinal Tract

See	Fig. 6.9.
The	 corticospinal	 tract	 transmits	 motor-related	 im-

pulses	 from	 the	 cerebral	 cortex	 to	 laminae	 IV	 through	
IX	(few	fibers	synapse	directly	with	IX	motor	neurons	in	
laminae	 IX)	of	 the	spinal	gray	matter.	The	fibers	of	 this	
tract	 traverse	 the	corona radiata	 and	 the	posterior limb 

of the internal capsule	and	continue	in	the	middle	of	the	
midbrain	crura	cerebri,	flanked	by	more	numerous	cor-

ticopontine	fibers	on	each	side.	At	the	level	of	the	pons,	
the	corticospinal	tract	is	broken	up	into	small	bundles	by	
transverse	pontocerebellar	fibers,	which	 cross	 the	mid-

line	to	reach	the	contralateral	cerebellar	hemisphere	via	
the	middle	cerebellar	peduncle.	At	lower	pontine	levels,	
the	corticospinal	fibers	come	together	again	and	form	the	
medullary	pyramids.	 As	 they	 reach	 the	 caudal medulla,	
approximately	85%	of	corticospinal	fibers	cross	the	mid-

line	in	the	decussation	of	the	pyramids	to	form	the	lateral 

corticospinal tract	(the	other	15%	of	fibers	continue	in	the	
uncrossed	 anterior corticospinal tract,	 which	 later	 de-	
cussates	in	the	anterior	commissure	at	cervical	and	up-

per	thoracic	levels).	Separate	from	direct	corticopontine	
fibers,	numerous	collateral	branches	of	the	corticospinal	
fibers	innervate	the	pontine	nuclei,	including	those	of	the	
reticular	 formation.	Like	 the	medial	 lemniscus,	 the	cor-

ticospinal	tract	courses	close	to	the	midline	throughout	
the	 pons	 and	medulla,	 providing	 an	 important	medial	
brainstem	landmark.

Fig. 6.9 Corticospinal tract.
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Corticobulbar Tract

See	Fig. 6.10.
The	 corticobulbar	 tract	 comprises	 fibers	 projecting	

from	the	cerebral	cortex	to	the	lower	brainstem.	Among	
the	 neurons	 that	 receive	 these	 projections	 are	 several	
motor	cranial	nerve	nuclei,	 including	the	trigeminal,	fa-

cial,	and	hypoglossal	nuclei.	Except	for	part	of	the	facial	
motor	nucleus,	the	cortical	input	to	these	nuclei	is	more	
or	less	symmetrically	bilateral.	The	muscles	that	receive	
their	 supply	 from	 these	 nuclei	 include	 the	 laryngeal,	
pharyngeal,	 palatal,	 upper	 facial,	 extraocular,	 and	mus-

cles	of	mastication.	Because	of	their	bilateral	innervation,	
unilateral	lesions	interrupting	the	corticobulbar	supply	of	
these	muscles	cause	only	mild	signs	of	paresis,	whereas	
bilateral	 lesions	 are	 usually	 significant	 (pseudobulbar	
palsy).	 The	 clinically	 familiar	 contralateral	 paralysis	 of	
lower	 facial	muscles	 (sparing	 the	 forehead)	 is	 evidence	
of	 predominantly	 crossed	 corticobulbar	 innervation	 of	
part	of	the	facial	motor	nucleus.	In	addition	to	this	direct	
corticobulbar	 pathway,	 corticoreticular	 fibers	 innervate	
neurons	of	the	reticular	formation,	which	serve	to	relay	
impulses	indirectly	from	the	cortex	to	the	motor	cranial	
nerve	nuclei.	As	a	landmark	of	the	medial	brainstem,	the	
corticobulbar	tract	is	associated	with	the	medial	lemnis-

cus	and	the	corticospinal	tract.
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Fig. 6.10 Corticobulbar tract.
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Reciprocal Fibers Connect the 
Brainstem and Cerebellum

Three	 large	fiber	bundles,	or	 cerebellar	peduncles,	 con-

nect	the	cerebellum	to	the	brainstem.	The	superior,	mid-

dle,	 and	 inferior	 cerebellar	 peduncles	 contain	 afferent	
and	efferent	fibers	that	pass	between	the	cerebellum	and	
the	midbrain,	 pons,	 and	medulla,	 respectively.	 The	 fol-
lowing	brainstem	nuclei	are	divided	into	those	that	send	
afferents	to	the	cerebellum	and	those	that	receive	cere-

bellar	efferents.

Afferent Cerebellar Connections

The	brainstem	nuclei	that	send	afferents	to	the	cerebel-
lum	include	the	following	(Figs. 6.11 and 6.12):
●	 Pontine nuclei Corticopontine	fibers	originating	

in	widespread	areas	throughout	the	cerebral	cortex	
descend	through	the	internal capsule	and	the	cerebral 

peduncles	to	terminate	in	the	pontine nuclei.	These	
nuclei	project	crossed	fibers	that	proceed	through	the	
middle cerebellar peduncles	to	reach	the	contralateral	
cerebellar	hemisphere.	Impulses	from	the	cerebral	
cortex	are	concerned	with	the	initiation	and		
planning	of	movements.	The	pontine	nuclei	also		
relay	information	from	the	lateral	geniculate		
body,	the	superior	colliculus,	and	the	striate		
cortex	concerning	vision.

●	 Inferior olivary nucleus This	nucleus	is	located	in	the	
rostral	medulla.	It	receives	input	from	widespread		
areas	of	the	central	nervous	system,	including	the	
spinal	cord,	the	brainstem,	and	the	cerebral	cortex.	
This	input	involves	multiple	sensory	and	motor	im-

pulses	that	cross	the	midline	through	the	inferior  

cerebellar peduncle	to	reach	the	contralateral	cerebel-
lar	hemisphere.

●	 Vestibular nuclei These	nuclei	are	located	in	the	ros-

tral	medulla.	Vestibular	projections	traverse	the	infe-

rior	cerebellar	peduncle	to	terminate	in	the	ipsilateral	
cerebellar	hemisphere,	providing	information	about	
eye	movements,	head	movements,	and	changes	in	the	
position	of	the	head.

●	 Reticular formation Reticulocerebellar	fibers	origi-
nating	in	the	medulla	and	pons	project	through	the	
inferior	cerebellar	peduncles	to	both	the	ipsilateral	
and	contralateral	cerebellar	hemispheres.	They	serve	
to	integrate	and	relay	information	received	from	
widespread	parts	of	the	central	nervous	system,	
including	the	spinal	cord	and	higher	regions	of	the	
brain.

Fig. 6.11 Afferent cerebellar connections.
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Efferent Cerebellar Connections

The	 following	brainstem	nuclei	 receive	cerebellar	effer-

ents	(Figs. 6.12 and 6.13):
●	 Red nucleus This	nucleus	is	located	in	the	tegmen-

tum	of	the	midbrain	just	dorsal	to	the	substantia	
nigra.	It	receives	cerebellar	fibers	from	the	contra-	
lateral	cerebellar	hemisphere	that	cross	the	midline	
in	the	decussation	of	the	superior cerebellar pedun-

cles.	The	efferent	fibers	of	the	red	nucleus	descend	in	
the	crossed	rubrospinal tract	so	that	the	red	nucleus	
relays	cerebellar	impulses	that	influence	flexor	mus-

cle	tone	on	the	ipsilateral	side	of	the	body.

●	 Vestibular nuclei These	nuclei	receive	input	from	
the	ipsilateral	cerebellar	hemisphere	via	the	inferior	
cerebellar	peduncle.	They	influence,	in	turn,	(1)	equi-
librium	and	control	of	axial	musculature	(extensive	
muscle	tone)	via	the	uncrossed	vestibulospinal tract,	
and	(2)	the	coordination	of	eye	movements	via	the	
uncrossed	medial	longitudinal	fasciculus.

●	 Reticular formation	 Cerebelloreticular	fibers	reach	
the	ipsilateral	reticular	formation	in	the	pons	and	
medulla	via	the	inferior	cerebellar	peduncle.	The		
reticular	formation,	in	turn,	influences	extensor		
muscle	tone	via	the	uncrossed	pontine	and	medul-	
lary	reticulospinal tract.

Fig. 6.13 Efferent cerebellar connections.
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The Reticular Formation Is a Diffuse 
Aggregation of Cells in the Central 
Brainstem That Possesses an 
Unusually Wide Range of Neural 
Connections and Functions

Reticular	 neurons	may	 be	 viewed	 as	 the	 rostral	 exten-

sion	 of	 spinal	 interneurons.	 Their	widespread	 network	
of	axonal	projections	from	the	brainstem	are	distributed	
rostrally	as	far	as	higher	regions	of	the	brain,	and	caudally	
as	far	as	the	spinal	cord	(Figs. 6.14 and 6.15).
●	 The	magnocellular zone,	which	contains	large	cells	

that	give	rise	to	long	ascending	and	descending	path-

ways,	is	located	in	the	medial	two-thirds	of	the	retic-

ular	formation.
●	 The	parvocellular zone	contains	predominantly	small	

cells	that	send	axons	to	the	medial	central	nuclei.

The Reticular Formation Influences Several 
Functional Systems

Reticular	formation	(RF)	function	includes	the	following:
●	 Motor control Reticular	neurons	influence	muscle	

tone	by	innervating	alpha	and	gamma	spinal	motor	
neurons	via	the	descending	reticulospinal	tracts.	
These	tracts	originate	in	the	medial	portion	of	the	
medulla	and	pons	and	exert	both	facilitatory	and	
inhibitory	effects	on	extensor	muscle	tone.	Because	
they	receive	ascending	spinal	impulses	as	well	as	de-

scending	impulses	from	the	cerebellum	and	cerebral	
cortex,	reticular	neurons	integrate	and	exercise	a	
wide	array	of	influences	on	motor	control.	The	pon-

tine	reticular	spinal	tract	facilitates	extensive	tone	
but	is	held	in	check	by	the	medullary	reticular	spinal	
tract,	which	acts	to	inhibit	this	facilitatory	action.	The	
medullary	reticular	spinal	tract	is	under	facilitatory 

control	of	the	cerebral	cortex.	An	injury	to	the	brain-

stem	caudal	to	the	red	nucleus	but	rostral	to	the	ves-

tibular	and	reticular	spinal	nuclei	results	in	extensor	
posturing.	This	occurs	because	the	red	nuclei	projec-

tions	(reticular	spinal	tract,	flexor	facilitator)	are	sev-

ered,	and	the	cortical	input	to	the	medullary	reticular	
spinal	tract	is	also	severed.	This	results	in	unapposed	
extensor	tone	initiated	by	the	lateral	vestibulospinal	
and	pontine	reticulospinal	tracts.

●	 Control of respiratory and cardiovascular systems 

Respiratory-related	reticular	neurons	are	spread	

throughout	the	brainstem.	The	dorsal	respiratory	
center	is	located	in	the	dorsal	medulla	and	controls	
inspiration.	It	is	the	main	respiratory	center.	The	ven-

tral	respiratory	center	is	located	in	the	ventrolateral	
medulla.	It	controls	both	inspiration	and	expiration	
but	only	during	significant	respiratory	effects.	The	
pneumotaxic	center	controls	the	rate	and	pattern	of	
breathing	and	is	located	in	the	dorsal	rostral	pons.	
Reticular	neurons	receive	afferent	impulses	from	
many	sources	and	are	directly	influenced	as	well	by	
the	carbon	dioxide	content	of	the	blood	(more	accu-

rately	the	H+	content	of	the	blood).	They	send	efferent	
impulses	via	reticulospinal	pathways	to	end	on	spinal	
motor	neurons	that	innervate	the	respiratory	mus-

cles.	Cardiovascular–related	reticular	neurons	are	also	
involved	in	complex	polysynaptic	pathways.	They	re-

ceive	afferent	impulses	from	many	sources,	including	
peripheral	sensory	receptors	such	as	the	carotid	sinus	
and	higher	regions	of	the	brain	such	as	the	hypothal-
amus.	They	send	efferent	impulses	via	the	reticulo-

spinal	tracts	to	end	on	spinal	neurons	that	innervate	
both	the	heart	and	the	peripheral	circulation.

●	 Sensory control Reticulospinal	pathways	modulate	
the	sense	of	pain	at	the	level	of	the	dorsal	horn	of	the	
spinal	cord.

●	 Consciousness The	ascending	reticular	formation	
activating	system	(ARAS)	modulates	wakefulness	and	
arousal.	It	receives	collaterals	from	the	long	ascend-

ing	sensory	pathways,	including	the	medial	lemniscal	
and	spinothalamic	tracts.	Efferent	impulses	are	con-

ducted	via	thalamic	nuclei	to	widespread	areas	of	the	
cerebral	cortex.	Stimulation	of	the	reticular	neurons	
of	the	ARAS	induces	wakefulness.	These	changes	are	
reflected	in	the	electroencephalogram	(EEG),	which	
records	electrical	activity	in	the	cerebral	cortex.	The	
low	voltage–high	frequency	activity	of	arousal	re-

places	the	high	voltage–slow	wave	activity	of	somno-

lence.	Brainstem	lesions	affecting	the	ARAS	typically	
result	in	the	impairment	of	consciousness—in	the	
most	extreme	cases	causing	coma.
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Fig. 6.14 Reticular formation (RF).

Fig. 6.15 Sagittal T1-weighted 7T MRI showing reticular forma-

tion. Note: there are no reliable imaging features to delineate 

the reticular formation and the dashed red line shows the ex-

pected location and connections. 
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The Blood Supply of the Brainstem 
Is Derived from Branches of the 
Vertebral and Basilar Arteries

See	Figs. 6.16 and 6.17.
Branches	of	the	vertebral	and	basilar	arteries	may	be	

conceptually	subdivided	into	paramedian,	short	circum-

ferential,	and	long	circumferential	branches.	They	supply	
the	medial,	 anterolateral,	 and	 posterolateral	 brainstem,	
respectively.

Intracranially,	each	vertebral	artery,	which	takes	ori-
gin	in	the	subclavian	artery	on	the	same	side	of	the	body,	
gives	rise	 to	 (1)	a	posterior	spinal	artery	(not	shown	in	
figure),	(2)	an	anterior spinal artery,	and	(3)	a	posteroinfe-

rior cerebellar artery.
At	the	level	of	the	pontomedullary	junction,	the	two	

vertebral	arteries	come	together	 to	 form	the	basilar	ar-

tery,	which	gives	rise	to	(1)	the	anteroinferior cerebellar 

arteries,	 (2)	 the	 superior cerebellar arteries,	 and	 (3)	 the	
posterior cerebral arteries.	Numerous	 small	 paramedian	
and	circumferential	pontine	branches	also	arise	from	the	
basilar	artery.

Fig. 6.16 Arterial supply.
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Fig. 6.17 Surface reconstruction of T1w 7T magnetic resonance 

imaging (MRI) showing arterial supply of the brainstem.

Middle cerebral artery

Posterior 
cerebral artery

Superior
cerebellar artery

Basilar artery

Posterior interior
cerebellar artery

Left vertebral
artery

本书版权归Thieme所有



Paramedian branches
of posterior
cerebral artery

Posterior
communicating
artery

Long circumferential
branches of posterior
cerebral artery

Superior
cerebellar 
artery

Short
circumferential
branches of 
posterior
cerebral
artery

Basilar
artery

Posterior
cerebral artery

6 Brainstem 231

Most of the Midbrain Is Supplied by 
Branches of the Basilar Artery

See	Fig. 6.18.
The	 predominant	 branch	 of	 the	 basilar	 artery	 that	

supplies	 the	 midbrain,	 the	 posterior cerebral artery,	
contributes	 paramedian,	 short circumferential,	 and	 long 

circumferential branches.	 The	 superior cerebellar artery,	
which	takes	off	from	the	basilar	artery	just	proximal	to	
its	 bifurcation	 as	 the	paired	posterior	 cerebral	 arteries,	
also	contributes	short	and	long	circumferential	branches.	
As	an	exception	to	the	otherwise	exclusive	supply	of	the	
brainstem	by	the	vertebrobasilar	system,	the	rostralmost	
midbrain	receives	supply	from	the	internal	carotid	artery	
system	via	the	posterior	communicating	artery.

Fig. 6.18 Arterial supply of the midbrain.
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The Pons Is Supplied by Branches of the 
Basilar Artery

See	Fig. 6.19.
The	 medial	 basal	 pons,	 including	 the	 corticospinal	

tract	and	the	medial	lemniscus,	is	supplied	by	paramed-

ian branches of the basilar artery.
The	 lateral	 pons,	 including	 the	 spinothalamic	 tract,	

the	descending	 sympathetic	fibers,	 and	 the	 spinal	 tract	
and	nucleus	of	 the	 trigeminal	nerve,	 is	 supplied	by	 the	
superior	cerebellar	artery	rostrally	and	the	anteroinferior	
cerebellar	 artery	 caudally.	 Like	 the	 paramedian	 vessels,	
both	of	these	arteries	arise	from	the	basilar	artery.

Fig. 6.19 Arterial supply of the pons.
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The Medulla Is Supplied by Branches of the 
Vertebral Artery

See	Fig. 6.20.

The	medial	portion	of	the	medulla,	including	the	cor-

ticospinal	tract	and	the	medial	lemniscus,	is	supplied	by	
the	vertebral	artery	or,	at	lower	medullary	levels,	the	an-

terior	spinal	artery.
The	lateral	portion	of	the	medulla,	including	the	spi-

nothalamic	tract,	the	descending	sympathetic	fibers,	and	
the	 spinal	 tract	 and	nucleus	 of	 the	 trigeminal	 nerve,	 is	
supplied	by	the	vertebral	artery	or	the	posterior	inferior	
cerebellar	artery.

Fig. 6.20 Arterial supply of the medulla.
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Constellations of Cranial Nerve and 
Long Tract Signs Provide Clues to the 
Localization of Brainstem Lesions

See	Fig. 6.21.
Brainstem	lesions	are	a	common	cause	of	neurologic	

dysfunction.	 Because	 both	 ascending	 and	 descending	
tracts	and	brainstem	nuclei	are	located	in	the	brainstem	
in	close	relation	to	one	another,	brainstem	lesions	typi-
cally	damage	several	structures	simultaneously.

A	 logical	 approach	 to	 the	 localization	 of	 brainstem	
lesions	rests	on	four	organizational	principles:	(1)	func-

tionally	 distinct	 ascending	 and	 descending	 tracts	 are	
spread	along	the	transverse	axis,	(2)	functionally	distinct	
cranial	 nerve	 nuclei	 are	 spread	 along	 the	 rostrocaudal	
axis,	(3)	long	tract	signs	occur	contralateral	to	the	lesion,	
and	(4)	cranial	nerve	signs	occur	ipsilateral	to	the	lesion.

Three	groups	of	cranial	nerve	nuclei	aid	in	localizing	
the	level	of	a	brainstem	lesion:
●	 The	oculomotor	and	trochlear nuclei,	which	produce	

diplopia	and	ipsilateral	pupillary	disturbances	with	
ptosis	(oculomotor	nerve),	are	located	at	the	level	of	
the	midbrain.

●	 The	abducens nucleus	and	the	facial nucleus,	which	
produce	diplopia	(abducens	nerve)	and	ipsilateral		
facial	weakness	(facial	nerve),	are	located	at	the	level	
of	the	pons.

●	 The	nucleus ambiguus	(IX,	X,	and	XI),	the	dorsal mo-

tor nucleus of	the	vagus,	and	the	hypoglossal nucleus,	
which	produce	disturbances	of	speech	and	swallow-

ing,	are	located	at	the	level	of	the	medulla.
Localizing	long	tracts	include	the	following:

●	 The	corticospinal tract	and	the	medial lemniscus,	
which	produce	hemiplegia	(corticospinal	tract)	and	
loss	of	vibratory	and	position	sensation	(medial	lem-

niscus)	on	the	side	opposite	the	lesion,	are	located	
medial	in	the	brainstem.

●	 The	lateral spinothalamic tract	and	the	descending	
sympathetic	fibers,	which	produce	contralateral	loss	
of	pain	and	temperature	sensation	(spinothalamic	
tract)	and	an	ipsilateral	Horner	syndrome	(descend-

ing	sympathetic	fibers),	are	located	lateral	in	the	
brainstem.
The	sine	qua	non	of	a	lesion	in	the	brainstem	is	thus	

the	 “crossed	motor/sensory	 syndrome”:	motor/sensory	
loss	affecting	one	side	of	the	face	and	the	opposite	side	
of	the	body.	This	results	because	cranial	nerve	nuclei	and	
long	ascending	and	descending	tracts	produce	ipsilateral	
and	contralateral	signs,	respectively.

Two	questions	should	arise	regarding	the	patient	with	
a	crossed	motor/sensory	syndrome:
●	 What	cranial	nerves	are	involved?
●	 What	long	tracts	are	involved?

The	answer	to	the	first	question	identifies	the	level	of	
the	lesion;	the	answer	to	the	second	question	identifies	
the	lesion	as	being	medial	or	lateral.	Localization	of	the	
lesion	may	then	be	deduced	from	these	two	pieces	of	in-

formation.
Finally,	in	the	clinical	context	of	a	vascular	lesion	(i.e.,	

abrupt	 onset),	 the	 distribution	 of	 the	 lesion	 should	 be	
compared	with	the	brainstem	blood	supply	to	determine	
which	vessel	has	been	occluded.
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There Are Seven Major Vascular 
Brainstem Syndromes

See	Fig. 6.21.
Identifying	syndromes	is	an	integral	part	of	neurologic	

diagnosis.	This	 is	particularly	true	 in	the	 localization	of	
brainstem	 lesions,	 which	 rarely	 result	 in	 only	 a	 single	
symptom.

Prompt	syndrome	identification	lends	efficiency	to	ac-

curate	anatomic	diagnosis,	and	this	is	best	accomplished	
by	the	application	of	 the	principles	already	outlined,	 in	

addition	 to	 familiarity	 with	 common	 brainstem	 syn-

dromes.	Two	medullary,	two	pontine,	and	three	midbrain	
syndromes	are	described	 following	here.	 In	most	cases,	
these	 syndromes	 are	manifestations	 of	 ischemia	 or	 in-	
farction,	and	where	appropriate	the	responsible	artery	is	
identified.

A	word	of	caution:	syndromes	rarely	occur	in	textbook	
form.	A	flexible	mind	is	needed	to	correctly	analyze	and	
interpret	 the	constellation	of	 signs	and	 symptoms	with	
which	patients,	in	the	real	world,	present.

Fig. 6.21 Brainstem localization.
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Lateral Medullary Syndrome  
(Wallenberg Syndrome)

See	Fig. 6.22.
The	lateral	medulla	is	supplied	by	the	vertebral		artery	

or	the	posteroinferior	cerebellar	artery.	Occlusion	of	these	
arteries	produces	the	following	signs	and	symptoms:
●	 Ipsilateral impairment of facial pain and 

 temperature sensation	(due	to	involvement	of	the	
spinal tract and nucleus of the trigeminal nerve)

●	 Contralateral impairment of body pain and 

 temperature sensation	(due	to	involvement	of	the	
spinothalamic	tract)

●	 Ipsilateral limb and gait ataxia	(due	to	involvement	
of	cerebellar connections)

●	 Ipsilateral Horner syndrome: ptosis, miosis, 

 anhydrosis	(due	to	involvement	of	the	descending 

sympathetic fibers)
●	 Nausea, vomiting, vertigo, and nystagmus	(due	to	

involvement	of	the	vestibular nuclei and connections)
●	 Dysphagia and dysarthria	(due	to	involvement	of	the	

nucleus ambiguus)

Fig. 6.22 Lateral medullary syndrome (Wallenberg syndrome).
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Medial Medullary Syndrome  
(Dejerine’s Syndrome)

See	Fig. 6.23.
The	medial	medulla	 contains	 the	 corticospinal	 tract,	

the	medial	lemniscus,	and	the	hypoglossal	nucleus.	It	is	
supplied	by	the	vertebral	artery	or	the	anterior	spinal	ar-

tery.	Occlusion	of	 these	arteries	produces	 the	 following	
signs	and	symptoms:
●	 Contralateral hemiparesis	(due	to	involvement	of	

the	corticospinal tract)
●	 Contralateral loss of vibratory and position sense	

(due	to	involvement	of	the	medial lemniscus)
●	 Ipsilateral paralysis of the tongue	(tongue	deviates	

to	side	of	lesion	due	to	involvement	of	the	hypoglossal 

nucleus)
Note	 that	 the	dorsolateral	 spinothalamic	 tract	 is	not	

affected.	 Therefore,	 pain	 and	 temperature	 sensation	 is	
spared.	Bilateral	 lesions	of	 the	medial	medulla	result	 in	
quadriplegia	 (with	 facial	 sparing),	complete	paralysis	of	
the	tongue,	and	complete	loss	of	vibratory	and	position	
sensation	below	the	head.

Fig. 6.23 Medial medullary syndrome (Dejerine’s syndrome).
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Lateral Pontine Syndrome  
(Millard-Gubler Syndrome)

See	Fig. 6.24.
The	lateral	pons	is	supplied	by	the	anteroinferior	cer-

ebellar	artery	caudally	and	the	superior	cerebellar	artery	
rostrally.	Occlusion	of	one	or	the	other	of	these	arteries	
causes	the	following	signs	and	symptoms:
●	 Ipsilateral impairment of facial pain and temper-

ature sensation	(due	to	involvement	of	the	spinal 

tract and nucleus of the trigeminal nerve)
●	 Contralateral impairment of body pain and tem-

perature sensation	(due	to	involvement	of	the	spi-

nothalamic tract)

●	 Ipsilateral Horner syndrome	(due	to	involvement	of	
descending sympathetic fibers)

●	 Nausea, vomiting, vertigo, and nystagmus	(due	to	
involvement	of	vestibular nuclei and connections)

●	 Ipsilateral limb and gait ataxia	(due	to	involvement	
of	inferior cerebellar peduncle)

●	 Ipsilateral facial paralysis	(due	to	involvement	of	the	
facial nerve)

●	 Paralysis of gaze to the side of the lesion	(due	to	
involvement	of	the	paramedian pontine reticular for-

mation)
●	 Deafness and tinnitus	(due	to	involvement	of	the	

cochlear nerve or nucleus)

Fig. 6.24 Lateral pontine syndrome  

(Millard-Gubler syndrome).
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Medial Pontine Syndrome

See	Fig. 6.25.
The	medial	pons	is	supplied	by	paramedian	branches	

of	the	basilar	artery.	Occlusion	of	these	arteries	produces	
the	following	signs	and	symptoms:
●	 Contralateral hemiparesis	(due	to	involvement	of	

the	corticospinal tract)
●	 Contralateral loss of vibratory and position sense	

(due	to	involvement	of	the	medial lemniscus)
●	 Ipsilateral limb and gait ataxia	(due	to	involvement	

of	cerebellar connections)
●	 Paralysis of the ipsilateral lateral rectus muscle	

(due	to	involvement	of	the	abducens nerve)

●	 Internuclear ophthalmoplegia	(due	to	involvement	
of	the	medial longitudinal fasciculus)

●	 Paralysis of gaze to the side of the lesion	(due	to	
involvement	of	the	paramedian pontine reticular for-

mation)
Bilateral	 ventral	 pontine	 lesions	 (secondary	 to	

thrombosis	of	 the	basilar	artery)	 result	 in	 the	dramatic	
“locked-in	syndrome.”	This	consists	of	quadriplegia	and	
complete	aphonia	due	to	interruption	of	the	corticospinal	
and	corticopontine	pathways.	The	patient	remains	alert	
but	is	rendered	immobile	(with	sparing	of	the	oculomo-

tor	system)	and	noncommunicative.

Fig. 6.25 Medial pontine syndrome.
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Ventral Midbrain Syndrome  
(Weber’s Syndrome)

See	Fig. 6.26.
A	 lesion	of	the	cerebral	peduncle	affects	the	cortico-	

spinal	tract	and	fibers	of	the	oculomotor	nerve.	This	re-

sults	in	the	following	signs	and	symptoms:
●	 Contralateral hemiparesis	(due	to	involvement	of	

the	corticospinal tract)
●	 Ipsilateral third nerve palsy	(due	to	involvement	of	

the	oculomotor	nucleus	and	nerve,	including	its	para-

sympathetic	fibers)

Fig. 6.26 Ventral midbrain syndrome (Weber’s syndrome).
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Central (Tegmental) Midbrain Syndrome 
(Benedikt’s Syndrome)

See	Fig. 6.27.
A	lesion	of	the	tegmentum	of	the	midbrain	affects	the	

oculomotor	nerve,	the	red	nucleus,	and	the	medial	lem-

niscus.	This	results	in	the	following	signs	and	symptoms:
●	 Ipsilateral third nerve palsy	(due	to	involvement	of	

the	oculomotor	nucleus	and	nerve,	including	its	para-

sympathetic	fibers)
●	 Tremor or involuntary movements of the contra- 

lateral limbs	(due	to	involvement	of	the	red nucleus)
●	 Impairment of contralateral vibratory and  

position sensation	(due	to	involvement	of	the		
medial lemniscus)

Fig. 6.27 Central (tegmental) midbrain syndrome  

(Benedikt’s syndrome).
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Fig. 6.28 Dorsal midbrain syndrome (Parinaud’s syndrome).

Dorsal Midbrain Syndrome  
(Parinaud’s Syndrome)

See	Fig. 6.28.
The	responsible	lesion,	usually	a	tumor	in	the	pineal	

region	 or	 hydrocephalus,	 results	 in	 compression	 of	 the	
superior colliculi and tectum,	 causing	 isolated paraly-

sis of upward gaze,	 pupillary dilation,	 lid retraction,	 
convergence-retraction nystagmus,	 and	 dissoci-

ated near-light response (near	 objects	 cause	 pupil	 to		
respond—accommodation—but	 there	 is	no	pupillary	re-

sponse	to	light).
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7

Because of the density of their distribution throughout 

the brainstem, their heavy cortical supply, and their 

 extracranial extension, the cranial nerves are sensitive 

indicators of both central and peripheral nervous system 

dysfunction. As such, an assessment of their integrity 

based on a knowledge of their anatomy is an important 

aspect of even a brief neurologic examination.

Collectively, the cranial nerves serve three functions:

● They supply motor and sensory input to the head and 

neck.

● They innervate the special sense organs.

●	 They	carry	parasympathetic	nerve	fibers	responsible	
for visceral functions, such as pupillary constriction, 

gland secretion, breathing, blood pressure, and swal-

lowing.

Cranial	nerves	are	identified	by	their	functional	com-

ponents, which indicate their function (sensory or mo-

tor) and the embryological origin of the target organ they 

innervate (visceral or somatic). Five functional compo-

nents are distinguished: somatic sensory, somatic motor, 

visceral sensory, visceral motor, and special sense, the 

latter of which includes vision (II), hearing (VIII), taste 

(VII, IX, X), and smell (I). On the basis of their functional 

components,	cranial	nerves	are	classified	as	purely	sen-

 Cranial Nerves

sory (I, II, and VIII), purely motor (III, IV, VI, XI, and XII), or 

mixed (V, VII, IX, and X).

This chapter describes (1) the structure and function 

of the 12 cranial nerves, (2) the common signs and symp-

toms of cranial nerve dysfunction, and (3) the methods 

of cranial nerve testing. Subsequent chapters provide 

further discussion of the special senses, the somatic sen-

sation of the face and head, and the autonomic nervous 

system.

The Olfactory Nerve

See Figs. 7.1 and 7.2.

The first-order sensory neurons of the olfactory system 

reside in the nasal cavity. They transduce chemical stim-

uli into impulses that travel via unmyelinated central pro- 

cesses across the cribriform plate of the ethmoid bone to 

synapse on second-order sensory neurons that make up 

the olfactory bulb. Because the olfactory bulb is composed 

of secondary, rather than primary, sensory neurons, it is, 

strictly speaking, a central nervous system (CNS) tract 

and not a cranial nerve.

Lesions of the olfactory nerve result from head trauma, 

tumors, tobacco smoking, and the common cold.

Learning Objectives

•	 Understand the special cases of the olfactory and optic nerves.

•	 Describe	the	anatomy	of	the	retina,	and	the	anatomy	and	significance	of	papilledema.
•	 Know the components, anatomic origin, course, target structures, and palsy of the oculomotor nerve.

•	 Describe	the	pupillary	light	and	accommodation	reflexes.
•	 Identify which cranial nerves pass through the annulus of Zinn.

•	 Know	which	cranial	nerves	exit	the	skull	through	the	superior	orbital	fissure.
•	 Understand the anatomic origin, course, target structures, and palsies of the trochlear and abducens nerves.

•	 Describe the anatomy of horizontal gaze, and the palsies produced by supranuclear, nuclear,  

and internuclear lesions.

•	 Know the components of the trigeminal nerve, the three divisions of the nerve, the anatomic origins and  

courses of the various parts of the nerve, and their target organs and functions.

•	 Correlate the divisions of the trigeminal nerve with their point of exit through the skull.

•	 Determine	the	anatomic	basis	of	the	corneal	reflex.
•	 Define	the	components,	origins,	anatomic	courses,	target	organs,	functions,	and	palsies	 

associated with the facial, glossopharyngeal, and vagus nerves.

•	 Understand the anatomy and functions of the vestibulocochlear, accessory, and hypoglossal nerves.

•	 Know which cranial nerves contain components of the autonomic nervous system, and identify  

those components.

•	 Describe	the	major	cranial	nerve	syndromes,	correlating	anatomy	with	deficits.
•	 Develop an approach to cranial nerve testing.
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Fig. 7.1 Olfactory nerve.
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a b

Olfactory nerve
Olfactory nerve

Fig. 7.2 Sagittal and coronal T2w magnetic resonance imaging (MRI) showing olfactory nerve (arrows). 

7 Cranial Nerves 245

本书版权归Thieme所有



Pigment
epithelium

Cone

Rod

Photo-
receptors

Bipolar
cells

Ganglion
cells

Horizontal
cell

Amacrine
cell

Light
Light

Retina

To
 o

p
tic  n erve

Optic
nerve

Optic
disc

D
ir

ec
ti

o
n

 o
f 

lig
h

t

D
ir

ec
ti

o
n

 o
f 

n
eu

tr
al

 t
ra

n
sm

is
si

o
n

II Regional Anatomy and Related Syndromes246

The Optic Nerve and the Retina

See Fig. 7.3.

Like the olfactory nerve, the optic nerve is not com-

posed of primary sensory neurons and is therefore, 

strictly speaking, not a peripheral nerve but a CNS tract. 

Axons in this tract originate in retinal ganglion cells, 

which carry impulses generated in the photoreceptor cell 

layer (rods and cones) that are relayed by the intermedi-

ary	bipolar	cells.	Projected	ganglion	cell	fibers	converge	
on the optic disc, turn dorsally, penetrate the sclera, and 

form the optic nerve.

From the eyeball, the optic nerve exits the orbit 

through the optic canal to enter the middle cranial fossa, 

where it joins the contralateral optic nerve to form the 

optic chiasm. Central connections of the optic chiasm are 

described in Chapter 15.

Fig. 7.3 Retina.

本书版权归Thieme所有



Sclera
Choroid

Optic nerve (II)

Central artery
and vein

Optic
tractOptic chiasm

Optic nerve

Macula

Optic disc

Lens

Iris

Early
papilledema

Normal

                Late
papilledema

Fig. 7.5 Axial T2w magnetic resonance imaging (MRI) of the 

left globe and optic nerve (zoomed in) showing papilledema, 

showing elevation of the optic nerve head and increased CSF 

surrounding the proximal optic nerve.
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Papilledema

See Figs. 7.4 and 7.5.

The central retinal artery and vein pass through the 

ventral aspect of the optic nerve, which is surrounded by 

the three meningeal layers and bathed within the cere-

brospinal	fluid	(CSF)–containing	subarachnoid	space.	Be-

cause	the	optic	nerve	is	confluent	with	the	CSF,	elevated	
CSF pressure secondary to elevated intracranial pressure 

is transmitted to the optic nerve and disc. The fundus-

copic picture that develops in this setting of increased 

intracranial pressure, known as papilledema, consists of 

(1) retinal vein engorgement and (2) blurring of the mar-

gins of the optic discs.

In addition to increased intracranial pressure, the op-

tic nerve is subject to a variety of pathological processes, 

including tumors and infections, as well as toxins such 

as methyl alcohol. Optic neuritis, a remitting relapsing 

inflammatory	process	 causing	visual	 loss	 and	pain,	 is	 a	
common complication of multiple sclerosis.

Fig. 7.4 Pathophysiology of papilledema.
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The Oculomotor Nerve

See Figs. 7.6 and 7.7.

The oculomotor nucleus is located in the midbrain at 

the level of the superior colliculus. Peripheral axons pass 

ventrally in the tegmentum of the midbrain. They pene-

trate the red nucleus and the cerebral peduncles to emerge 

between the posterior cerebral and superior cerebellar 
arteries in the interpeduncular fossa at the junction of 

the midbrain and the pons. After penetrating the dura, the 

oculomotor nerve courses laterally along the wall of the 

cavernous sinus and enters the orbit through the superior 
orbital fissure. At the orbital apex, the oculomotor nerve 

passes through the annulus of Zinn, which is the common 

tendinous origin of the extraocular muscles.

Somatic motor components of the oculomotor nerve 

innervate the levator palpebrae superioris, which is re-

sponsible for the elevation of the upper eyelid, and four of 

the six extraocular muscles: the medial, superior, and in-

ferior recti and the inferior oblique (the abducens nerve 

supplies the lateral rectus, and the trochlear nerve sup-

plies the superior oblique).

Fig. 7.6 Anatomy of oculomotor nerve (III).
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Fig. 7.7 a,b Sagittal and coronal views of right  extraocular muscles  from T1w magnetic resonance imaging (MRI).
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Parasympathetic Components

See Fig. 7.8.

Visceral motor components, which originate in the 

Edinger-Westphal nucleus of the oculomotor complex, 

consist of preganglionic parasympathetic fibers. These 

fibers	 synapse	 in	 the	 ciliary ganglion on postganglionic 

neurons that form the short ciliary nerves. The short cil-

iary nerves supply the ciliary and constrictor pupillae 

muscles, which cause (1) curvature of the lens (accom-

modation) and (2) constriction of the pupils, respectively. 

Pupillary dilatation is induced by the sympathetic stim-

ulation.

The major functional components of the oculomotor 

nerve are summarized in Table 7.1.

Fig. 7.8 Parasympathetic components of oculomotor nerve.

Table 7.1 Functional Components of the Oculomotor Nerve (III)

Components Ganglion Nuclei Exit through Skull Target Organ Function

Somatic motor Oculomotor Superior orbital fissure Levator palpebrae 

superioris

Medial rectus muscle

Inferior oblique 

Superior rectus muscle 

Inferior rectus muscle

Elevates upper eyelid 

Adducts eye

Elevates, abducts, and 

externally rotates eye

Depresses, abducts, and 

internally rotates eye

Elevates, abducts, and 

externally rotates eye

Visceral motor Ciliary Edinger-Westphal Superior orbital fissure Ciliary and constrictor 

pupillae muscles

Curvature of the lens and 

constriction of the pupils
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Oculomotor Nerve Palsy

Oculomotor nerve palsy is relatively common in clinical 

practice. It usually presents with the following signs and 

symptoms (Fig. 7.9):

● Inhibition of medial and vertical gaze with double 

vision (diplopia) due to involvement of the extraocu-

lar muscles (the eye is therefore “down and out”)

● Drooping of the upper eyelid (ptosis) due to paresis 

of the levator palpebrae superioris

● Dilated pupil (mydriasis) and absent pupillary light 

reflex due to involvement of the constrictor pupillae

● Absent accommodation reflex due to ciliary muscle 

involvement

Oculomotor nerve palsy is associated with four patho-

logical processes (Fig. 7.10):

● Aneurysms of the posterior communicating artery, 

which compress the oculomotor nerve

● Uncal herniation due to increased intracranial pres-

sure (tumor, abscess, hemorrhage), causing compres-

sion of the oculomotor nerve

● Cavernous sinus thrombosis, which may involve the 

oculomotor nerve

● Midbrain infarction, involving

C The basal midbrain, which may cause ipsilateral 

ophthalmoplegia and contralateral hemiplegia 

(Weber’s syndrome) following interruption of the 

oculomotor nerve and adjacent corticospinal  

fibers
C The region of the red nucleus, which may cause  

ipsilateral ophthalmoplegia and contralateral 

intention tremor (Benedikt’s syndrome) due to le-

sions in the oculomotor nerve and the red nucleus

C	 Peripheral	fibers	of	the	oculomotor	nerve	as	a	
complication of diabetes mellitus, which com-

monly causes paralysis of the extraocular muscles 

with sparing of pupillary constriction

Fig. 7.9 Four clinical features of oculomotor nerve palsy.
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Fig. 7.10 Four common lesions of oculomotor nerve.
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The Pupillary Light Reflex

The	pupillary	light	reflex	involves	a	reflex	arc	whereby	a	
light stimulus elicits pupillary constriction. When light 

falls on the retina, impulses are generated that run along 

the optic nerve and tract to reach the ipsilateral pretectal 

nucleus. These impulses are passed on to the ipsilateral 

and contralateral Edinger-Westphal nuclei; from there 

they travel, via the ciliary ganglia, in preganglionic and 

postganglionic	 parasympathetic	 fibers	 to	 terminate	 in	
the constrictor pupillae. Impulses that cross the midline 

in their course from the pretectal region to the Eding-

er-Westphal nucleus constrict the contralateral pupil 

(indirect or consensual response); uncrossed impulses 

constrict the ipsilateral pupil (direct response).

Lesions of the Pupillary Light Reflex

See Fig. 7.11.

● A lesion of the ipsilateral oculomotor nerve results in a 

loss of the direct response.

● A lesion of the contralateral oculomotor nerve results 

in a loss of the consensual response.

● A lesion of the ipsilateral optic nerve results in a loss 

of both the direct and consensual responses.

● A lesion of the contralateral optic nerve does not 

	affect	the	ipsilateral	pupillary	responses.

The Accommodation Reflex

The	 accommodation	 reflex	 occurs	 as	 a	 part	 of	 the	
 adaptation of the eyes to near vision.

It	 involves	 a	 complex	 arc	 whose	 afferent	 limb	
	terminates	in	the	visual	cortex	and	whose	efferent	limb	
terminates in the constrictor pupillae, medial rectus, and 

ciliary muscles by way of the pretectal region. Visual 

 responses include pupillary constriction (constrictor 

 pupillae), ocular convergence (pretectal nuclei, motor  

nuclei), and an increase in the curvature of the lens 

 (contraction of the ciliary muscle), respectively.

Fig. 7.11 Lesions of pupillary light reflex.
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The Trochlear Nerve

See Fig. 7.12.

The trochlear nucleus is located in the midbrain 

just caudal to the oculomotor nucleus at the level of 

the  inferior colliculus. After leaving the brainstem, the 

fibers	 of	 this	 nucleus	 pass	 through	 the	 cavernous sinus 

accompanying cranial nerves III, V1, V2, and VI and the 

internal carotid artery, to enter the orbit via the superior 
orbital fissure. The nerve then passes laterally to medially 

 outside the annulus of Zinn, to innervate the superior 
oblique muscle. The superior oblique muscle causes 

inward rotation (intorsion) and downward movement of 

the adducted eye.

As compared with the other cranial nerves, two  aspects 

of the anatomy of the trochlear nerve are  exceptional: 

(1) it exits the dorsal (immediately caudal to the inferior 

colliculus), rather than the ventral, brainstem, and (2) its 

peripheral	 fibers	 decussate	 (in	 the	 superior	medullary	
vellum) before they supply their target.

Table 7.2 summarizes the major functional compo-

nents of the trochlear nerve.

Fig. 7.12 Anatomy of trochlear nerve (IV).

Table 7.2 Functional Components of the Trochlear Nerve (IV)

Component Nucleus Exit through Skull Target Organ Function

Somatic motor Trochlear Superior orbital fissure Superior oblique muscle Depresses, abducts, and 

internally rotates eye
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Trochlear Nerve Palsy

See Fig. 7.13.

Isolated paralysis of the trochlear nerve, an uncom-

mon event, forces the eye to rotate upward and inward. 

Clinically, this results in vertical diplopia, which is made 

worse when the eye is directed downward and inward. 

Classically,	 such	 patients	 complain	 of	 difficulty	 while	
walking downstairs, the head often tilted down and to-

ward the contralateral shoulder.

Fig. 7.13 Trochlear nerve palsy.
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The Abducens Nerve

See Fig. 7.14.

The abducens nucleus is located in the pons just be-

neath the fourth ventricle. Dorsally, it is surrounded by 

the facial nerve, which drapes around the abducens nu-

cleus, forming a bulge in the fourth ventricle called the 

facial colliculus.

After it emerges from the brainstem between the 

pons and the medullary pyramids, the abducens nerve 

courses through the cavernous sinus to enter the orbit 

via the superior orbital fissure. In the orbit, the abducens 

nerve passes through the annulus of Zinn to innervate the 

lateral rectus muscle. The lateral rectus muscle causes ab-

duction of the eye.

Table 7.3 summarizes the major functional compo-

nents of the abducens nerve.

Fig. 7.14 Anatomy of abducens nerve (VI).

Table 7.3 Functional Components of the Abducens Nerve (VI)

Component Nucleus Exit through Skull Target Organ Function

Somatic motor Abducens Superior orbital fissure Lateral rectus muscle Abducts eye

本书版权归Thieme所有



Lateral
rectus
muscle

Abducens
nucleus

Fourth
ventricle

e
s i

o
n

L

Abducens nerve (VI)

Eye is in

7 Cranial Nerves 257

Abducens Nerve Palsy

See Fig. 7.15.

Isolated paralysis of the abducens nerve causes hori-

zontal	diplopia,	forcing	the	affected	eye	to	orient	inward,	
(i.e.,	medial	 deviation	 of	 the	 eye).	 The	 affected	 patient	
turns the head horizontally toward the ipsilateral shoul-

der for forward vision.

Fig. 7.15 Abducens nerve palsy.
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nucleus, the latter via the medial longitudinal fasciculus 

(MLF). The synchronous discharge that is produced in 

the ipsilateral lateral rectus and the contralateral medial 
rectus muscles results in voluntary conjugate horizontal 

gaze.	 Activation	 of	 the	 left	 frontal	 eye	 fields	 results	 in	
conjugate horizontal gaze to the right. When rapid and 

precise, these voluntary conjugate eye movements are 

called saccades. Saccades permit the eyes to repeatedly 

sample	the	horizontal	visual	world	to	find	and	fixate	on	
an object. A less characterized horizontal gaze center is 

located in the occipital lobe. This center permits volun-

tary smooth pursuit movements following objects mov-

ing in space.

Conjugate Voluntary  
Horizontal Gaze

See Figs. 7.16 and 7.17.

A combination of voluntary and involuntary eye 

movements	allows	us	to	find,	fixate	on,	and	track	visible	
objects in space. Conjugate voluntary eye movements are 

initiated	 in	 the	 frontal	 eye	 field,	which	 lies	 anterior	 to	
the motor cortex in Brodmann’s area 8 along the middle 

frontal	gyrus.	Frontal	eye	field	fibers	traverse	the	poste-

rior limb of the internal capsule and the cerebral pedun-

cle to terminate in the contralateral paramedian pontine 
reticular formation (PPRF), also known as the horizontal 

gaze center. PPRF neurons send axons in turn to the ipsi-

lateral abducens nucleus and the contralateral oculomotor 

Fig. 7.16 Pathway for conjugate horizontal gaze.
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Fig. 7.17 a,b Left: Surface reconstruction of T1w magnetic resonance imaging (MRI) to show extraocular muscles (EOMs), eyes and 

face. Right: 7T ex vivo scan (170 μm resolution) of the brainstem.
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Supranuclear Palsies of Conjugate 
Horizontal Gaze

See Fig. 7.18.

The palsies of conjugate horizontal gaze are divided 

into three clinically distinct abnormalities in conjugate 

gaze, based on the site of the responsible lesion. Thus (1) 

a supranuclear palsy is produced by a lesion that is lo-

cated “above” the oculomotor nuclear complex, (2) a nu-

clear palsy is produced by a lesion that is located within 

the oculomotor nuclear complex, and (3) an internuclear 

palsy is produced by a lesion that is located in the midline 

between the oculomotor complex on either side.

Supranuclear	 palsies	 involving	 the	 frontal	 eye	 field	
produce (1) ocular deviation in the direction of the lesion 

and (2) contralateral hemiplegia. Supranuclear ablation 

of	right-sided	cortical	fibers	in	the	frontal	eye	fields	leads	

to	unopposed	action	of	left-sided	fibers,	which	terminate	
on	the	right	PPRF.	These	PPRF	neurons	project	fibers,	in	
turn, to the ipsilateral abducens nucleus	as	well	as		fibers	
that cross the midline in the MLF to reach the contralat-

eral oculomotor nucleus. Activation of the left oculomotor 

nucleus and the right abducens nucleus evokes  conjugate 

deviation of the eyes to the right, so that the patient “looks 

at	 his	 lesion.”	 Because	 corticospinal	 fibers	 located	 near	
the	frontal	eye	fields	may	also	be	involved,	a		contralateral	
hemiplegia often accompanies the ophthalmoplegia.

In contrast to an ablative lesion, irritative stimulation 

of area 8, as occurs during an epileptic seizure, produces 

ocular	deviation	away	from	the	affected	side	so	that	the	
patient “looks away from his lesion.”
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Fig. 7.18 Supranuclear palsies of conjugate horizontal gaze.
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Nuclear Palsy of Conjugate Horizontal Gaze

See Fig. 7.19.

A nuclear palsy involving the pons produces (1)  ocular 

deviation away from the lesion and (2) contralateral 

hemiplegia.	Interruption	of	right-sided	PPRF	fibers	leads	
to  unopposed activation of the left PPRF, which  activates 

the left abducens nucleus and the right oculomotor  nucleus, 

the latter via the crossed MLF. Activation of these nuclei 

results in conjugate deviation of the eyes to the left, so 

that the patient “looks away from his lesion.” Because 

corticospinal	fibers	 located	 in	 the	pons	may	 also	be	 in-

volved, contralateral hemiplegia frequently accompanies 

the ophthalmoplegia.

Fig. 7.19 Nuclear palsy of conjugate horizontal gaze.
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Internuclear Palsy of Conjugate  
Horizontal Gaze

See Fig. 7.20.

An internuclear palsy involving the MLF interrupts the 

oculomotor nucleus and results in loss of adduction of 

the ipsilateral eye. The contralateral eye often exhibits 

nystagmus (spontaneous rapid alternating movements). 

A lesion of the right MLF results in the left eye moving to 

the left (abduction), often with nystagmus, whereas the 

right eye cannot cross midline (i.e., cannot adduct). Bi-

lateral MLF lesions are characteristically seen in patients 

with multiple sclerosis.

Fig. 7.20 Internuclear palsy of conjugate horizontal gaze.

本书版权归Thieme所有



II Regional Anatomy and Related Syndromes264

The Trigeminal Nerve

See Fig. 7.21.

The trigeminal nerve emerges from the brainstem at 

the level of the pons. It passes forward and laterally in 

the subarachnoid space from the posterior cranial fossa 

to the middle cranial fossa via Meckel’s cave over the 

petrous portion of the temporal bone. Functionally, it 

contains	 somatic	 sensory	 fibers,	 proprioceptive	 fibers,	
and	somatic	motor	fibers.

Somatic sensory fibers of cranial nerve V have their cell 

bodies in the trigeminal (gasserian) ganglion, which is 

situated in the middle cranial fossa. They innervate the 

skin of the face and forehead; the oral, nasal, and para-

nasal mucosa; and the teeth. In addition, they carry gen-

eral sensory impulses from the anterior two-thirds of 

the tongue (the posterior third is supplied by the glos-

sopharyngeal nerve).

Peripheral	processes	of	these	fibers	are	distributed	in	
three divisions: the ophthalmic (V1), maxillary (V2), and 

mandibular (V3) branches, which exit the skull via the 

superior	orbital	fissure,	the	foramen	rotundum,	and	the	
foramen ovale, respectively (mnemonic: standing room 

only). The ophthalmic and (sometimes) the maxillary 

divisions reach the skull via the cavernous sinus in com-

pany with cranial nerves III and VI and the internal ca-

rotid artery.

Central	processes	of	these	sensory	fibers	continue	into	
the brainstem, where they terminate on two trigeminal 

nuclei: the main sensory nucleus, which is responsible 

for light and discriminative touch, and the nucleus of the 
spinal trigeminal tract, which receives messages carrying 

pain and temperature information.

Proprioceptive fibers are carried in the mandibular di-

vision of the trigeminal nerve. They bypass the trigemi-

nal ganglion and continue into the brainstem to synapse 

directly on the mesencephalic nucleus. This nucleus may 

be viewed as a sensory ganglion that has been displaced 

into the brainstem because the cell body of the nucleus 

actually lies within the brainstem.

Somatic motor fibers of cranial nerve V have their cell 

bodies in the motor trigeminal nucleus. Like the propri-

oceptive	fibers,	they	are	carried	exclusively	in	the	man-

dibular nerve. They innervate the muscles of mastication 

(the masseter, temporal, and pterygoids), the anterior 

digastric, the tensor tympani, and the tensor veli palat-

ini	muscles.	As	part	of	the	jaw	reflex	(contraction	of	the	
muscles of mastication in response to a tap on the slightly 

relaxed jaw), the mesencephalic nucleus projects collat-

erals to the motor trigeminal nucleus, providing proprio-

ceptive information on the muscles of mastication.

Table 7.4 summarizes the major functional compo-

nents of the trigeminal nerve.

Clinically, several disease states may involve the 

trigeminal nerve. Trigeminal neuralgia (tic douloureux) 

refers to paroxysms of lancinating facial pain of unknown 

etiology in the territory of one or more branches of the 

trigeminal nerve, most often a combination of V2 and V3. 

The etiology is most often due to vascular compression of 

the nerve, usually by a loop of the superior cerebellar ar-

tery. Herpes zoster virus may infect the trigeminal nerve 

(most frequently the ophthalmic division). This results in 

shingles and often postherpetic neuralgia with trigem-

inal pain. A vasculitis may also occur and may result in 

blindness.

Table 7.4 Functional Components of the Trigeminal Nerve (V)

Components Ganglion Nuclei Exit through Skull Target Organ Function

Somatic 

sensory

Trigeminal 

(gasserian)

Main sensory Superior orbital fissure (V1); 

foramen rotundum (V2); 

foramen ovale (V3)

Skin of the face and 

forehead; oral, nasal, 

paranasal, mucosa; teeth

Light and 

discriminative touch 

sensation

 Spinal 

trigeminal  

tract

Pain and temperature 

sensation

Mesencephalic Foramen ovale (V3) Mechanoreceptors in the 

muscles of mastication; 

collaterals to motor 

trigeminal nucleus

Proprioceptive 

sensation

Somatic  

motor

Motor 

trigeminal

Muscles of mastication, 

anterior digastric, tensor 

tympani, tensor veli 

palatini

Motor supply 

to masticators, 

temporomandibular 

joint, tympanic 

membrane, soft palate
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Fig. 7.21 Trigeminal nerve.
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The Corneal Reflex

See Fig. 7.22.

The	 corneal	 reflex	 consists	 of	 bilateral	 forced	 eye	
 closure in response to stimulation of either cornea. The 

afferent	 limb	 of	 this	 reflex	 comprises	 somatic	 sensory	
fibers	of	the	ophthalmic	branch	of	the	trigeminal	nerve	
that synapse on the trigeminal sensory nucleus. The 

	efferent	limb	comprises	somatic	motor	fibers	that	begin	
in the trigeminal sensory nucleus of the stimulated side, 

project bilaterally on the facial motor nuclei, and con-

tinue in the facial nerves to terminate in the orbicularis 

oculi muscles.

Normally, stimulation of one eye causes simultane-

ous closure of both the ipsilateral (direct response) and 

contralateral (indirect response) eyes. A lesion of the 

trigeminal nerve abolishes both the direct and indirect 

responses when the ipsilateral eye is stimulated. By con-

trast, a lesion of the facial nerve abolishes the corneal re-

flex	on	the	side	of	the	affected	facial	nerve	only	(absence	
of direct or indirect response).
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Fig. 7.22 Corneal reflex.
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The Facial Nerve

See Fig. 7.23.

Cranial nerve VII, the facial nerve, contributes mixed 

fibers	to	the	face,	comprising	somatic	motor,	visceral	mo-

tor, and special sensory components. These components 

supply the muscles of facial expression (somatic motor), 

the lacrimal and salivary glands (visceral motor), and the 

taste buds (special sense) of the anterior two-thirds of 

the tongue.

Peripheral processes are distributed in the facial nerve, 

which emerges from the brainstem in two adjacent roots: 

one	carrying	somatic	motor	fibers	 (facial nerve proper), 

the	other	carrying	visceral	motor	and	special	sense	fibers	
(intermediate nerve). Both roots enter the internal audi-
tory meatus upon exiting the brainstem and continue to-

gether in the facial canal.

The Somatic Motor Component

The somatic motor component of the facial nerve origi-

nates in the facial motor nucleus situated in the caudal 

pontine tegmentum.

Efferent	fibers	project	dorsomedially	toward	the	floor	
of the fourth ventricle, where they loop around the abdu-
cens nucleus (forming the genu of the facial nerve and the 

facial colliculus), then project ventrolaterally to exit the 

brainstem between the pons and medulla.

After	leaving	the	brainstem,	these	fibers	enter	the	in-

ternal auditory meatus, accompanied by the intermedi-

ate nerve and the vestibulocochlear nerve (not shown in 

figure).	They	then	continue	in	the	facial	canal	and	exit	the	
skull via the stylomastoid foramen.

Outside	 the	 skull,	 the	 fibers	 penetrate	 the	 parotid	
gland, where they distribute peripherally to supply the 

muscles of facial expression, the stylohyoid, the posterior 

digastric muscles, and the platysma.

The Intermediate Nerve

During its course in the facial canal, the intermediate 

nerve	 carries	 fibers	 that	 distribute	 peripherally,	 in	 two	
branches: the greater superficial petrosal nerve and the 

chorda tympani nerve.

The	greater	superficial	petrosal	nerve	contains	pregan-

glionic	parasympathetic	fibers	that	originate	in	the	supe-
rior salivatory nucleus. They supply the lacrimal gland via 

the pterygopalatine (sphenopalatine) ganglion.

The chorda tympani nerve contains preganglionic par-

asympathetic	fibers	that	originate	in	the	superior	saliva-

tory nucleus. They supply the sublingual and submandib-
ular salivary glands via the submandibular ganglion.

The chorda tympani also carries pseudounipolar gus-

tatory neurons whose cell bodies are located in the genic-

ulate ganglion. The peripheral processes of these neurons 

supply the taste buds in the anterior two-thirds of the 

tongue (the dorsal third is supplied by the glossopharyn-

geal nerve). Central processes of the gustatory neurons 

are carried in the intermediate nerve and projected on 

the brainstem, where they terminate in the nucleus of 

the solitary tract.

Table 7.5 summarizes the major functional compo-

nents of the facial nerve.

Table 7.5 Functional Components of the Facial Nerve (VII)

Components Ganglia Nuclei Exit through Skull Target Organ Function

Somatic motor Facial motor Internal auditory 

meatus

Muscles of facial expression; 

stylohyoid, posterior digastric 

muscles; platysma

Multiple actions in 

the face and neck

Visceral motor

 

Pterygopalatine Superior salivatory Lacrimal gland Gland secretion

Submandibular Submandibular and  

sublingual glands

Special sense Geniculate Solitary tract Taste buds in the anterior  

two-thirds of the tongue

Taste
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Fig. 7.23 Facial nerve.
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Facial Nerve Palsy Syndromes

See Fig. 7.24.

The following signs and symptoms of facial nerve pal-

sies help localize the lesions that cause them:

● Isolated unilateral facial paralysis (somatic motor 

components), which results from lesions distal to the 

stylomastoid foramen

● Unilateral facial paralysis and loss of taste sen-

sation in the anterior two-thirds of the tongue 

(chorda tympani), which result from lesions within 

the	facial	canal	proximal	to	the	takeoff	of	the	chorda	
tympani

Fig. 7.24 Facial nerve palsy syndromes.

● Unilateral facial paralysis, loss of taste sensation in 

the anterior two-thirds of the tongue, tinnitus, and 

deafness (vestibulocochlear nerve) and loss of tear-

ing (greater petrosal nerve), which result from lesions 

within the internal auditory meatus
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Upper and Lower Facial Palsies

See Fig. 7.25.

It	is	important	to	observe	that	the	corticobulbar	fibers	
that supply the face provide contralateral innervation of 

the lower face and bilateral innervation of the upper face. 

By contrast, the facial nerve supplies the ipsilateral upper 

and lower face. Thus, supranuclear palsies (interruption 

of the corticobulbar tract) result in lower facial paralysis 

on the side opposite the lesion (“central VII”), whereas 

nuclear or infranuclear palsies (interruption of the facial 

nucleus or nerve) result in ipsilateral involvement of both 

the upper and the lower face.

Fig. 7.25 Upper and lower facial palsies.

Clinical entities commonly associated with facial 

nerve palsies include fractures of the petrous bone, mid-

dle ear infections, tumors in the cerebellopontine angle 

(CPA)	(e.g.,	 the	vestibular	schwannoma),	and	inflamma-

tion of the parotid gland. Idiopathic Bell’s palsy is the 

most frequently occurring lesion of the facial nerve.
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The Vestibulocochlear Nerve

See Fig. 7.26.

The vestibulocochlear nerve conducts auditory and 

vestibular-related impulses from the organ of Corti, the 

semicircular ducts, the utricle, and the saccule. Vestibular 

and cochlear ganglia contain the cell bodies of these neu-

rons, the central processes of which traverse the inter-

nal auditory meatus, accompanied by the seventh cranial 

nerve. After exiting the internal auditory meatus, these 

neurons enter the pons, where they synapse in vestibular 

and cochlear nuclei.
Table 7.6 summarizes the major functional compo-

nents of the vestibulocochlear nerve.

A variety of pathological processes, such as skull frac-

tures,	 toxic	 drug	 effects,	 and	 infections	 in	 the	 ear,	may	
produce symptoms of tinnitus, deafness, and vertigo sec-

ondary to involvement of the vestibulocochlear nerve; 

the most common tumor of the vestibulocochlear nerve, 

the vestibular schwannoma, frequently impairs the facial 

nerve as well.

Table 7.6 Functional Components of the Vestibulocochlear Nerve (VIII)

Components Ganglia Nuclei Exit through Skull Target Organ Function

Special sense

 

Vestibular Vestibular Internal auditory meatus Semicircular ducts; utricle  

and saccule

Equilibrium

Cochlear Cochlear Organ of Corti Hearing
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Fig. 7.26 Vestibulocochlear nerve.
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The Glossopharyngeal Nerve

See Fig. 7.27.

The glossopharyngeal nerve emerges from the me-

dulla with the vagus and hypoglossal nerves and exits the 

skull via the jugular foramen, accompanied by the vagus 

and accessory nerves. Five functional components make 

up the glossopharyngeal nerve:

● Somatic motor	fibers	have	their	cell	bodies	in	the	
nucleus ambiguus. They supply the stylopharyngeus 

muscle, which serves to elevate the pharynx.

● Visceral motor	fibers	have	their	cell	bodies	in	the	infe-
rior salivatory nucleus. They supply the parotid gland 

via the otic ganglion.

● Somatic sensory	fibers	have	their	cell	bodies	in	the	
superior glossopharyngeal ganglion. They supply the 

skin of the external ear and terminate in the nucleus 

of the spinal trigeminal tract.

● Visceral sensory	fibers	have	their	cell	bodies	in	the	
inferior glossopharyngeal ganglion. They carry pain, 

temperature, and touch-related impulses from 

the posterior third of the tongue, the pharynx, 

and the eustachian tube, as well as chemo- and 

 baroreceptive-related impulses from the carotid sinus 

and carotid body.	The	fibers	that	carry	these	impulses	
terminate in the solitary tract nucleus.

● Special sensory	fibers	have	their	cell	bodies	in	the	
inferior glossopharyngeal ganglion. They supply the 

taste buds in the posterior third of the tongue and 

terminate in the nucleus of the solitary tract.

Table 7.7 summarizes the major features of the glos-

sopharyngeal nerve.

Clinically, a lesion of the glossopharyngeal nerve, 

which rarely occurs in isolation, results in (1) a hoarse 

voice, (2) dysphagia, and (3) a loss of the gag reflex. 

Glossopharyngeal neuralgia, a syndrome of agonizing ear 

and throat pain, is similar in character to trigeminal neu-

ralgia but less common.

Table 7.7 Functional Components of the Glossopharyngeal Nerve (IX)

Components Ganglia Nuclei Exit through Skull Target Organ Function

Somatic motor Nucleus ambiguus Jugular foramen Stylopharyngeus Elevates pharynx

Visceral motor Otic Inferior salivatory Parotid gland Gland secretion

Somatic sensory Superior 

glossopharyngeal

Spinal trigeminal 

tract

External ear Somatic sensation

Visceral sensory Inferior 

glossopharyngeal

Solitary tract Carotid sinus and body; 

pharynx and posterior 

third of tongue

Baro- and 

chemoreceptor 

reflexes; pain, 

temperature, and 

touch sensation

Special sense Taste buds in posterior 

third of tongue

Taste
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Fig. 7.27 Glossopharyngeal nerve.
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The Vagus Nerve

See Fig. 7.28.

The vagus nerve emerges from the medulla to exit the 

skull through the jugular foramen, accompanied by the 

glossopharyngeal and accessory nerves. The cell bodies of 

its	sensory	fibers	are	located	in	the	superior and inferior 
ganglia, which lie within the jugular fossa of the petrous 

(temporal) bone. As it descends into the neck, the vagus 

passes through the carotid sheath (dorsal), alongside the 

internal jugular vein (ventrolateral) and the internal ca-

rotid artery (ventromedial). The important role of the va-

gus nerve in the autonomic nervous system is discussed 

in Chapter 20.

Five functional components make up the vagus nerve:

● Somatic motor	fibers	have	their	cell	bodies	in	the	
 nucleus ambiguus. They supply the majority of the 

muscles of the pharynx and larynx, which are respon-

sible for swallowing and the production of speech 

(exceptions: the glossopharyngeal nerve supplies 

the stylopharyngeus muscle, which elevates the 

 pharynx but does not participate in swallowing; and 

the trigeminal nerve supplies the tensor veli  palatini, 

which tenses the soft palate, thus opening the 

 auditory tube, as occurs in the act of yawning).

● Visceral motor	fibers	have	their	cell	bodies	in	the	
dorsal motor nucleus of the vagus. They supply the 

viscera of the thoracic and abdominal cavities.

● Somatic sensory	fibers	have	their	cell	bodies	in	the	
superior ganglion. They carry pain, temperature, and 

touch-related impulses from the external ear to the 

nucleus of the spinal trigeminal tract.
● Visceral sensory	fibers	have	their	cell	bodies	in	the	in-

ferior ganglion. They carry impulses from the pharynx 

and larynx, the aortic arch and body, and the thoracic 

and abdominal viscera. Central processes are pro-

jected to the solitary tract nucleus.

● Special sensory	fibers	have	their	cell	bodies	in	the	
inferior ganglion. They carry taste-related impulses 

from the posterior pharynx that terminate in the nu-

cleus of the solitary tract.

Table 7.8 summarizes the major features of the vagus 

nerve.

Unilateral lesions of the nucleus ambiguus cause 

hoarseness, dysphagia, tachycardia, and deviation of 

the uvula to the side opposite the lesion. Unilateral le-

sions of the dorsal motor nucleus are not manifested clin-

ically, although bilateral lesions are life threatening. The 

recurrent laryngeal nerve supplies all the intrinsic mus-

cles of the larynx except the cricothyroid muscle. Para-

tracheal lymphadenopathy or an aortic aneurysm may 

compress the recurrent laryngeal nerve, causing hoarse-

ness secondary to paralysis of the vocal cords.

Table 7.8 Functional Components of the Vagus Nerve (X)

Components Ganglia Nuclei Exit through Skull Target Organ Function

Somatic motor Nucleus ambiguus Jugular foramen Muscles of the larynx  

and pharynx

Speech and 

swallowing

Visceral motor Various Dorsal motor nucleus  

of the vagus

Thoracic and abdominal 

viscera

Various autonomic 

(parasympathetic) 

effects on visceral 

organs

Somatic sensory Superior Spinal trigeminal tract External ear Somatic sensation

Visceral sensory Inferior

 

Solitary tract Pharynx, larynx, aortic 

arch and body, thoracic 

and abdominal viscera

Visceral sensation

Special sense Pharynx Taste

本书版权归Thieme所有



Inferior
olivary
nucleus

Dorsal
motor
nucleus

Solitary
tract
nucleus

Inferior
ganglion

Superior
ganglion

Pyramid

Spinal
trigeminal
tract
nucleus

Medulla

Tongue

Larynx

Pharynx

Somatic m
oto

r

Visceral m
oto

r

Special sensory

Visceral sensory

So
m

at
ic

 s
en

so
ry

Vagus
nerve (X)

Jugular
foramen

Aortic
arch

Thoracic
viscera

Abdominal
viscera

Nucleus
ambiguus

L e

s

i
o

n

s

Hoarse voice  
Dysphagia  Tachycardia  

Signs and symptoms
 

Uvula deviated also:

7 Cranial Nerves 277

Fig. 7.28 Vagus nerve.
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The Accessory Nerve

See Fig. 7.29.

The accessory nerve supplies the sternocleidomastoid 
and trapezius muscles. The cell bodies of the nerve are 

situated	 in	the	ventral	horn	of	 the	upper	five	segments	
of	the	spinal	cord.	They	send	fibers	through	the	foramen 
magnum, which then exit the skull with cranial nerves IX 

and X through the jugular foramen.

Table 7.9 summarizes the major functional compo-

nents  of the accessory nerve.

Paralysis of the accessory nerve results in difficulty 
rotating the head to the side opposite the lesion (ster-

nocleidomastoid muscle) and inability to shrug the ip-

silateral shoulder (trapezius muscle).

Table 7.9 Functional Components of the Accessory Nerve (XI)

Component Nuclei Exit through Skull Target Organ Function

Somatic motor Anterior gray horn of  

spinal cord level C1–C5

Jugular foramen Sternocleidomastoid; 

trapezius

Rotate head; elevate 

shoulder
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Fig. 7.29 Accessory nerve.
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The Hypoglossal Nerve

See Fig. 7.30.

The hypoglossal nerve supplies the intrinsic and ex-

trinsic muscles of the tongue. Its cell bodies are located 

in the hypoglossal nucleus, which lies between the dorsal 

motor nucleus of the vagus and the midline of the  medulla. 

Fibers from the hypoglossal nucleus pass ventrally along 

the lateral side of the medial lemniscus to emerge from 

the medulla as a series of rootlets in the ventrolat- 

eral sulcus between the pyramid and the inferior olivary 
nucleus. These rootlets converge to form the hypoglos-

sal nerve, which exits the skull through the hypoglossal 
canal.

Table 7.10 summarizes the major functional 

 components of the hypoglossal nerve.

Upper motor neuron lesions involving the crossed 

 corticobulbar supply of the hypoglossal nucleus cause 

deviation of the tongue to the side opposite the lesion; 

lower motor neuron lesions involving the hypoglossal 

nerve cause deviation of the tongue to the ipsilateral side.

Tables 7.11, 7.12, and 7.13 present comparative fea-

tures of the cranial nerves.

Table 7.13 Foramina through which Cranial Nerves Exit Skull

Foramina Cranial Nerves

Superior orbital fissure Oculomotor (III)

Trochlear (IV)

Ophthalmic (V1)

Abducens (VI)

Foramen rotundum Maxillary (V2)

Foramen ovale Mandibular (V3)

Internal auditory meatus Facial (VII)

Vestibulocochlear (VIII)

Jugular foramen Glossopharyngeal (IX)

Vagus (X)

Accessory (XI)

Hypoglossal canal Hypoglossal (XII)

Table 7.10 Functional Components of the Hypoglossal Nerve (XII)

Components Nucleus Exit through Skull Target Organ Function

Somatic motor Hypoglossal Hypoglossal canal Extrinsic and intrinsic 

muscles of the tongue

Movement of the tongue

Table 7.11 Comparison of Cranial Nerve Components

Sensory Motor Mixed Sensory/Motor

Olfactory (I) Oculomotor (III) Trigeminal (V)

Optic (II) Trochlear (IV) Facial (VII)

Vestibulocochlear (VIII) Abducens (VI) Glossopharyngeal (IX)

Accessory (XI) Vagus (X)

Hypoglossal (XII)

Table 7.12 Cranial Nerves with 
Parasympathetic Components

Cranial Nerves

Oculomotor (III)

Facial (VII)

Glossopharyngeal (IX)

Vagus (X)
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Fig. 7.30 Hypoglossal nerve.
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Fig. 7.32 Axial T1w magnetic resonance imaging (MRI) (post-contrast) showing planum sphenoidale meningioma.
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masses, often meningiomas. It has three signs and 

 symptoms:

● Ipsilateral anosmia (due to compression of the 

 olfactory bulb or tract)

● Ipsilateral optic atrophy (due to compression of the 

ipsilateral optic nerve)

● Contralateral papilledema (due to increased 

 intra-cranial pressure)

Cranial Nerve Syndromes

Foster Kennedy Syndrome

See Figs. 7.31 and 7.32.

Foster Kennedy syndrome is most commonly 

 associated with olfactory groove or sphenoid ridge 

Fig. 7.31 Foster Kennedy syndrome.
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Fig. 7.34 Axial T2-weighted MRI showing large elongated 

 tumor along left trigeminal nerve, most likely a schwannoma.
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Raeder Paratrigeminal Syndrome

See Figs. 7.33 and 7.34.

Raeder paratrigeminal syndrome is usually due to 

lesions in the middle cranial fossa, most commonly be-

tween the trigeminal ganglion and the internal carotid 
artery. It has two signs and symptoms:

● Pain in the distribution of V1 and V2

● Oculosympathetic paresis (ptosis and miosis), but 

with preservation of sweating

Other less frequent symptoms include loss of sensa-

tion in a trigeminal nerve distribution and weakness of 

muscles	innervated	by	the	fifth	nerve.

Fig. 7.33 Raeder paratrigeminal syndrome.
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Gradenigo’s Syndrome

See Figs. 7.35 and 7.36.

Gradenigo’s syndrome is usually due to an 

	inflammatory	 lesion	 at	 the	 apex	 of	 the	 petrous	 bone	
(petrous apicitis). It has two signs and symptoms:

● Pain and sensory disturbance in the V1 distribution 

(due to impairment of the ophthalmic nerve)

● Ipsilateral lateral rectus palsy (due to impairment of 

the abducens nerve)

Oculosympathetic paresis, with preservation of facial 

sweating, may also occur.

Fig. 7.35 Gradenigo’s syndrome.

本书版权归Thieme所有



Signs and symptoms

Anterior cerebral
artery

Optic nerve

Posterior
communicating
artery

Posterior
cerebral
artery

Substantia
nigra

Red nucleus

Nucleus of
oculomotor
nerve

Ophthalmic artery

Internal carotid artery

Oculomotor nerve

Abducens nerve

Trigeminal
ganglion

Trochlear
nerve

Superior
cerebellar
artery

Trigeminal
nerve

Pain and sensory disturbance
in the V1 and (less often)
V2 distribution

Ipsilateral ophthalmoplegia
(due to impairment of the oculomotor,
trochlear, and abducens nerves)

Dural roof of
cavernous sinus (cut edge)

C
av

er
n

o
u

s
Si

n
u

s
Le

si
o

n

7 Cranial Nerves 285

Cavernous Sinus Syndrome

See Figs. 7.37 and 7.38.

Cavernous sinus syndrome is due to lesions involving 

the cavernous sinus. The syndrome has two signs and 

symptoms:

● Pain and sensory disturbance in the V1 and (less 

often) V2 distribution

● Ipsilateral ophthalmoplegia (due to impairment of 

the oculomotor, trochlear, and abducens nerves)

Fig. 7.37 Cavernous sinus syndrome.

Oculosympathetic paresis, with preservation of facial 

sweating, may also occur. The eye may appear proptotic 

and injected.
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Fig. 7.38 Axial T1w magnetic resonance imaging (MRI) 

(post-contrast) showing cavernous sinus lesion.
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Superior Orbital Fissure Syndrome

See Fig. 7.39.

Superior	 orbital	 fissure	 syndrome	 is	 due	 to	 a	 lesion	
in	the	superior	orbital	fissure.	It	has	two	symptoms	that	
are clinically indistinguishable from the cavernous sinus 

syndrome:

● Pain and sensory disturbance in the V1 distribu-

tion

● Ipsilateral ophthalmoplegia (due to involvement of 

oculomotor, trochlear, and abducens nerve)

Oculosympathetic paresis, with preservation of facial 

sweating, may also occur.

Fig. 7.39 Superior orbital fissure syndrome.
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Tolosa-Hunt Syndrome

See Figs. 7.40 and 7.41.

Tolosa-Hunt syndrome is due to a granulomatous le-

sion	of	the	cavernous	sinus	or	the	superior	orbital	fissure.	
It has the following two signs and symptoms:

● Retro-orbital pain and sensory loss in the V1 dis-

tribution

● Ipsilateral ophthalmoplegia

Fig. 7.40 Tolosa-Hunt syndrome.
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Millard-Gubler Syndrome

See Fig. 7.42.

Millard-Gubler syndrome is due to a lesion in the ven-

tral pons. It has the following three signs and symptoms:

● Ipsilateral facial paralysis (due to interruption of the 

facial nerve)

● Ipsilateral lateral rectus palsy (due to interruption 

of the abducens nerve)

● Contralateral hemiplegia (due to interruption of the 

corticospinal tract)

Fig. 7.42 Millard-Gubler syndrome.
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Foville’s Syndrome

See Fig. 7.43.

Foville’s syndrome is due to a lesion in the pontine 

tegmentum. It has the following three signs and symp-

toms:

● Ipsilateral facial paralysis (due to involvement of the 

facial nerve)

● Paralysis of conjugate gaze to the side of the lesion 

(due to involvement of the abducens nerve and the 

PPRF)

● Contralateral hemiplegia (due to involvement of the 

corticospinal tract)

Fig. 7.43 Foville’s syndrome.
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Cerebellopontine Angle Syndrome

See Figs. 7.44 and 7.45.

Cerebellopontine angle (CPA) syndrome is due to 

a mass in the CPA. This is most commonly a vestibular 

schwannoma (acoustic neuroma) and less commonly a 

meningioma. The syndrome has the following signs and 

symptoms:

● Progressive sensorineural hearing loss

● Tinnitus

● Dizziness

● Unsteadiness

● Facial nerve palsy

● Facial pain and sensory loss and depressed corneal 

reflex

Symptomatology in this syndrome is variable. In part, 

it is dependent on whether the lesion is a vestibular 

schwannoma or a meningioma. Vestibular schwannomas 

are associated with prominent early hearing loss, late fa-

cial nerve palsy, late trigeminal nerve involvement, and 

infrequent lower cranial nerve involvement. By contrast, 

meningiomas are associated with early facial nerve palsy, 

early trigeminal nerve involvement, late hearing loss, 

and, more commonly, involvement of the lower cranial 

nerves.

Fig. 7.44 Cerebellopontine angle syndrome.
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Fig. 7.45 Axial T1-weighted contrast-enhanced MRI image showing a 

left CPA mass most consistent with a vestibular schwannoma.
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Topography of Cerebellopontine Angle Tumor

See Fig. 7.46.

The facial and the vestibulocochlear nerves are ar-

ranged within the internal auditory canal as follows. The 

facial nerve is located ventral and rostral; the cochlear 
nerve is located ventral and caudal; the superior vestibu-
lar nerve is located dorsal and superior; and the inferior 
vestibular nerve is located dorsal and caudal (remember: 

7-Up, Coke down). Because acoustic neuromas most fre-

quently arise in the dorsally situated vestibular nerves, 

they usually displace the facial and cochlear nerves ven-

trally. Variation in the direction of growth of these tu-

mors may result in the displacement of the facial nerve 

anterosuperiorly or anteroinferiorly, rather than directly 

anteriorly. Fig. 7.46 Topography of cerebellopontine angle tumor.
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● Hyperacusis (due to involvement of the stapedius 

branch of the facial nerve)

● Loss of taste (due to involvement of the geniculate 

ganglion)

● Herpetic vesicles on the eardrum, the external audi-

tory canal, or palate

Ramsay Hunt Syndrome

See Figs. 7.47 and 7.48.

Ramsay Hunt syndrome is due to a viral infection of 

the geniculate ganglion by herpes zoster. It has the fol-

lowing four signs and symptoms:

● Ipsilateral facial paralysis (due to involvement of the 

motor division of the facial nerve)

Fig. 7.47 Ramsay Hunt syndrome.
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● Paralysis of vocal cords and palate, anesthesia of 

larynx and pharynx (due to involvement of the va-

gus nerve)

● Ipsilateral trapezius and sternocleidomastoid mus-

cle weakness and atrophy (due to involvement of 

the accessory nerve)

Jugular Foramen Syndrome  
(Vernet’s Syndrome)

See Figs. 7.49 and 7.50.

Vernet’s syndrome is due to a lesion in the jugular fo-

ramen, most commonly a glomus jugulare tumor. It has 

the following signs and symptoms:

● Loss of taste sensation in the posterior third of the 

tongue (due to involvement of the glossopharyngeal 

nerve)

Fig. 7.49 Jugular foramen syndrome (Vernet’s syndrome).
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Cranial Nerve Testing

Cranial nerve testing constitutes an integral part of the 

traditional	five-part	neurologic	examination.	An	orderly	
procedure, as described here, is suggested.

Olfactory Nerve

Ask the patient to close one nostril and use the other nos-

tril	to	identify	a	common	odor,	such	as	coffee,	cloves,	or	
tobacco. Ensure the patency of each nostril by compress-

ing	them	one	at	a	time,	asking	the	patient	to	sniff	through	
the opposite nostril.

Avoid ammonia and other noxious substances, which 

test other functions as well. A normal response includes 

appreciation	without	identification	of	the	odor.

Optic Nerve

Visual Acuity

Test distant vision with the Snellen eye chart. Have the 

patient, positioned 20 feet from the chart, read the small-

est line of print possible, covering one eye at a time. In 

recording visual acuity, which is expressed as a fraction 

where the numerator represents the patient’s distance 

from the chart and the denominator represents the 

normal distance required to read a given line, indicate 

whether vision was corrected with eyeglasses.

Near vision may be similarly tested using a handheld 

chart positioned 14 inches from the patient’s face.

Fundus

To begin, examine the optic disc, noting its color, the clar-

ity of its margins, and the size of its central physiological 

cup.

Next, examine the arterioles and veins. Arterioles 

are distinguished from veins by their lighter red color, 

their smaller diameter, and their central white stripe or 

light	reflex.	Note	any	narrowed	segments	or	aneurysmal	
	dilatations	affecting	the	arterioles	and	any	nicking	of	the	
veins (compression by thickened arterioles at arterio- 

venous crossings). Pulsations should be visualized.

Next, examine the macular area, which is located two 

to three disc diameters temporal to the optic disc, noting 

any hemorrhages or exudates.

Finally, note any hemorrhages, exudates, or abnormal 

pigmentation	in	the	undifferentiated	retina.

Visual Fields

Testing	of	visual	fields	by	confrontation	provides	only	a	
gross measure of peripheral vision but is valuable never-

theless in revealing a variety of cerebral lesions.

First, position the patient’s face directly opposite 

yours and hold up both hands in the outer parts of oppo-

site	visual	fields.	Moving	one	hand,	then	the	other,	then	
both simultaneously, ask the patient to indicate which 

hand is moving. Patients with parietal lobe lesions may 

correctly identify movement in each hand individually 

but	then	preferentially	neglect	a	field	when	both	hands	
move simultaneously.

Next,	ask	the	patient	to	cover	the	right	eye	and	to	fix-

ate the left eye on your right. Moving a pencil or penlight 

from the periphery to the center of each of the four quad-

rants, use your right hand to test temporal and left hand 

to test nasal quadrants and ask the patient to indicate 

when the object comes into view. Then repeat with the 

other eye.

Examiners	can	use	their	own	field	of	vision	as	a	con-

trol by covering their own eye opposite the patient’s cov-

ered	eye	and	comparing	 the	patient’s	visual	fields	with	
their own.

Oculomotor, Trochlear,  
and Abducens Nerves

These nerves are conveniently examined together. First, 

inspect the pupils for size, equality, regularity, and re-

activity to light. Note any ptosis of the upper lids, which 

indicates either paresis of the levator palpebrae superi-

oris (oculomotor nerve palsy) or weakness of the tarsal 

muscles (sympathetic lesion).

Next, test the extraocular movements by asking the 

patient	to	follow	your	finger	into	the	six	cardinal	fields	of	
gaze. Look for dysconjugate movements, saccadic jerks, 

and nystagmus. The decomposition of smooth pursuits 

into saccadic jerks suggests brainstem or cerebellar dys-

function.	 If	nystagmus	 is	present,	note	 the	field	of	gaze	
in which it occurs, the axis of its movements (horizontal 

or vertical), and the direction of the fast and slow com-

ponents.

Distinguish “pendular” from “jerk” nystagmus. 

 Pendular nystagmus, referring to horizontal oscillations 

of equal speed and amplitude in each direction, indicates 

a primary ocular disorder. “Jerk” nystagmus, composed 

of a slow drift in one direction and a fast  correcting 

movement in the opposite direction, is convention-

ally described by the direction of the fast component. 

It	 is	 classified	 as	 horizontal,	 vertical,	 or	 rotary	 accord-

ing to its plane of movement. Lesions in the labyrinth, 

the brainstem, and the cerebellum are most commonly 

 responsible.
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Trigeminal Nerve

Motor

With	the	patient’s	teeth	clenched,	palpate	first	the	mas-

seter and then the temporal muscles, observing their 

symmetry and strength of contraction.

Sensory

With the patient’s eyes closed, test separately the fore-

head, cheeks, and jaw on each side, using a safety pin 

for pain sensation (nucleus of the spinal trigeminal tract) 

and a wisp of cotton for light touch (main sensory nu-

cleus), asking the patient in each instance to describe the 

sensation.

Corneal Reflex

Ask the patient to look up and away from you. Carefully 

avoiding the eyelashes and conjunctiva, touch the cornea 

of	the	eye	with	a	wisp	of	cotton	and	look	for	a	reflexive	
blink in both eyes.	The	afferent	limb	of	this	reflex	is	car-

ried in the ophthalmic division of the trigeminal nerve, 

the	efferent	 limb	 in	 the	 facial	nerve.	Afferent	 lesions	of	
the stimulated side result in loss of the ipsilateral and 

contralateral	response,	whereas	efferent	lesions	result	in	
loss	of	response	in	the	affected	side	alone.

Facial Nerve

Motor

Inspect the face at rest for any weakness or asymmetry. 

Noting any signs of weakness or asymmetry, such as 

flattening	 of	 the	 nasolabial	 folds	 and	 drooping	 of	 the	
lower eyelid, ask the patient to smile, raise the eye-

brows,	puff	out	the	cheeks,	shut	the	eyes	tightly,	frown,	
and show some teeth. The distinction, described above, 

between an upper and lower motor neuron lesion here 

is critical.

Sensory

More	difficult	than	the	motor	examination	is	testing	the	
sense of taste on the anterior two-thirds of the tongue. 

This is supplied by a branch of the facial nerve, proximal 

to the chorda tympani, which is tested by touching the 

lateral aspect of the tongue with sugar, salt, or vinegar, 

then asking the patient to identify the taste.

Vestibulocochlear Nerve

Cochlear

Test the sense of hearing by whispering a number into the 

patient’s ears, noting the maximum distance at which the 

patient can accurately repeat the number. Next, deter-

mine whether air conduction is greater than bone con-

duction (Rinne test) and whether a tuning fork applied to 

the center of the forehead lateralizes (Weber test).

Vestibular

Vestibular testing is not a part of the routine neurological 

exam, although nystagmus (see earlier discussion) is a 

sign of vestibular dysfunction. 

Glossopharyngeal and Vagus Nerves

As a test of the vagus nerve, observe the quality of the pa-

tient’s voice: hoarseness is a sign of vocal cord paralysis; 

a	nasal	voice	reflects	paralysis	of	the	palate.
Next, instruct the patient to say “ah” and observe the 

elevation of the palate. In bilateral lesions of the vagus 

nerve, the palate fails to rise, whereas in unilateral paral-

ysis, both the palate and the uvula deviate to the normal 

side.

Finally,	 test	 the	 gag	 reflex.	 Stimulation	 of	 the	 dorsal	
wall of the pharynx with an applicator stick normally 

causes contraction of the pharyngeal muscles. Absence of 

the	gag	reflex	suggests	a	lesion	in	the	glossopharyngeal	
or vagus nerves, although it also occurs in normals.

Accessory Nerve

Estimate the strength of contraction of the sternocleid-

omastoid muscle as the patient turns his or her head 

against resistance. Estimate also the strength of con-

traction of the trapezii muscles as the patient shrugs the 

shoulders against resistance.

Hypoglossal Nerve

Ask the patient to protrude the tongue, noting any devi-

ation	from	the	midline,	atrophy,	or	fibrillations.	Atrophy	
and	 fibrillations	 are	 the	 hallmarks	 of	 the	 lower	motor	
neuron lesion, which results in tongue deviation to the 

weakened side.
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External Appearance

See Figs. 8.1 and 8.2.

The cerebellum is composed of two cerebellar hemi-

spheres joined by a median vermis. The superior vermis 

is	confluent	with	the	hemispheres,	whereas	the	 inferior 

vermis is a well-delineated structure that is located in a 

deep depression in the midline (the vallecula).

The cerebellum is divided into three lobes: the an-

terior	 lobe,	 the	 posterior	 lobe,	 and	 the	 flocculonodular	
lobe. The anterior lobe (paleocerebellum) constitutes the 

rostral portion of the rostral cerebellar surface; the floc-

culonodular lobe (archicerebellum) constitutes the rostral 

portion of the caudal cerebellar surface; and the posterior 

lobe (neocerebellum) makes up the remainder of the cer-

ebellum on both surfaces.

Two	major	 fissures	 of	 the	 cerebellum	 are	 identified:	
the primary fissure separates the anterior lobe from the 

posterior	lobe	on	the	superior	surface,	and	the	dorsolat-
eral fissure	separates	the	posterior	lobe	from	the	flocculo-

nodular lobe on the inferior surface.

The rostral portion of the roof of the fourth ventricle 

is formed by the superior cerebellar peduncles. The caudal 

aspect of the roof of the fourth ventricle is formed by 

the inferior medullary velum,	which	frequently	adheres	to	
the inferior vermis. The foramen of Magendie is a median 

aperture,	which	 constitutes	 an	 opening in the inferior 

medullary velum that connects the fourth ventricle with 

the cisterna magna. The three cerebellar peduncles are 

attached to the cerebellum in the interval between the 

anterior	and	the	flocculonodular	lobes.

 Cerebellum

Learning Objectives

•	 Describe the gross anatomy of the cerebellum.

•	 Understand the internal architecture of the cerebellar cortex and the deep cerebellar nuclei.

•	 Name	and	describe	the	structures	that	connect	with	the	cerebellum,	including	afferent	and	 
efferent	connections,	and	understand	what	functions	are	served	by	these	connections.

•	 Appreciate the role of the cerebellar peduncles.

•	 Name and describe the three functional parts of the cerebellum.

•	 Identify	the	signs	and	symptoms	of	cerebellar	disease,	and	distinguish	between	the	manifestations	 
of midline versus hemispheric lesions.
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Fig. 8.2 Surface reconstruction of 7T ex vivo scan showing ven-
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Fig. 8.1 External appearance of cerebellum.
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Cerebellar Cortex

Cortical Layers

See Fig. 8.3.

The cerebellar cortex is divided into three layers: a 

superficial	molecular layer,	 a	middle	Purkinje layer,	 and	
a deep granular layer. These layers are collectively com-

posed	 of	 five	 cell	 types:	 stellate, basket, Purkinje, Golgi,	
and granule cells.

The molecular layer is so called because of its 

	punctuated,	sparsely	populated	appearance.	 It	 is	 largely	
a synaptic layer that contains dendrites of Purkinje cells 

and axons of granule cells. Scattered stellate and basket 

cells are also present. The Purkinje cell layer consists of 

a single row of Purkinje cell bodies; the granule cell layer 

consists of densely packed neurons that send  axonal 

Fig. 8.3 Layers of the cerebellum.

 projections into the molecular layer. The granule cell 

layer is composed of granule and Golgi cells.

An	 embryonic	 cerebellar	 layer,	 the	 external	 granule	
cell	layer,	is	present	during	the	prenatal	and	early	post-
natal	periods	but	is	completely	gone	by	the	first	year	of	
life.	 This	 layer	 is	 superficial	 to	 the	molecular	 layer,	 and	
its cells are thought to be the cell of origin of medullo- 

blastomas.
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Intrinsic Circuitry

See Fig. 8.4.

The intrinsic circuitry of the cerebellar cortex is 

	primarily	 composed	 of	 two	 interrelated	 circuits,	which	
receive	input	from	two	afferent	nerve	fibers,	the	climbing	
fibers	 and	 the	mossy	fibers.	 The	 input	 from	 these	fiber	
systems is received by the Purkinje cells (directly and 

	indirectly),	which	 in	 turn	project	 to	 the	neurons	 in	 the	
deep cerebellar nuclei.

Climbing fibers,	most	of	which	originate	in	the	inferior	
olive,	make	direct	contacts	with	the	dendrites	of	a	 lim-

ited	number	of	Purkinje	cells.	By	contrast,	mossy fibers,	
which	 are	 derived	 from	 a	 variety	 of	 sources,	 indirectly	
influence	a	large	number	of	Purkinje	cells.	To	accomplish	
this,	 the	mossy	fibers	branch	extensively	 in	the	granule	
cell	layer,	where	they	establish	synaptic	contacts	with	the	
granule cells. Rosettes are the sites of synapses between 

mossy	fibers	 and	 the	 clawlike	 terminals	 of	 granule	 cell	
dendrites.	Mossy	 fiber	 rosettes	 also	 establish	 synapses	
with Golgi type II cell bodies. The granule cells project 

superficially	to	the	molecular	layer,	where	they	bifurcate	
in a T-shaped	manner	 to	 form	 the	 so-called	parallel	fi- 

bers.	Each	parallel	fiber	establishes	contacts	with	a	large	
number of Purkinje cell dendrites.

Thus,	 the	 climbing	fibers	 exert	 a	 powerful	 influence	
on	 a	 few	 specific	 Purkinje	 cells,	whereas	 the	mossy	 fi- 

bers modulate a large number of Purkinje cells through a 

relay	in	the	granular	layer.	In	other	words,	a	single	climb-

ing	fiber	may	stimulate	a	Purkinje	cell	in	an	all-or-none	
phenomenon,	whereas	many	mossy	fiber	discharges	are	
required	to	stimulate	a	Purkinje	cell.

A	third	category	of	afferent	axons,	the	aminergic fibers,	
are	distinct	both	from	climbing	and	mossy	fibers	in	that	
they	contain	biogenic	amines.	These	fibers,	which	show	
a	widespread	 distribution	 in	 the	 cerebellar	 cortex,	 are	
divided	 into	 two	 different	 types:	 serotonin-	containing	
axons	that	originate	in	the	raphe	nuclei	of	the	brainstem,	
and norepinephrine-containing axons that originate in 

the locus ceruleus.

These	circuits	involving	climbing	fibers,	mossy	fibers,	
and	 aminergic	 fibers	 are	modified	 by	 intracortical	 cir-

cuits formed by three types of interneurons that appear 

to function as modulators of Purkinje cell activity. These 

are the Golgi, basket,	and	stellate cells. Like the Purkinje 

cells,	 these	 interneurons	 are	 inhibitory	 in	 nature,	 and	
they contain the neurotransmitter gamma-aminobutyric 

acid	 (GABA).	 Thus,	 four	 out	 of	 the	five	 cells	 in	 the	 cer-

ebellar cortex are GABA-containing inhibitory neurons. 

Only	the	granule	cells	and	the	afferent	fiber	system	are	
excitatory.

The overall circuit in the cerebellar cortex may be 

summarized as follows. Excitatory input to the cerebel-

lar	cortex	is	primarily	derived	from	the	mossy	fibers	and	
the	climbing	fibers.	This	excitatory	 input	 is	 received	by	
the	Purkinje	cells	(directly	and	indirectly),	which	are	re-

sponsible,	 in	 turn,	 for	 the	 entire	 (inhibitory)	 output	 of	
the cerebellar cortex. The excitatory input to the Purkinje 

cells	 is	 further	modified	by	 the	 inhibitory	 influences	of	
the modulating interneurons. The Purkinje cells project 

into the deep cerebellar nuclei.

Fig. 8.4 Intrinsic circuitry.
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Deep Cerebellar Nuclei

See Fig. 8.5.

Four pairs of nuclei are located in the white matter of 

the cerebellum. From medial to lateral on each side of the 

midline,	 they	 are	 the	 fastigial, globose, emboliform,	 and	
dentate nuclei. The globose and the emboliform nuclei are 

collectively known as the interposed nuclei because they 

are interposed between the fastigial and dentate nuclei.

The input to the cerebellar nuclei is derived from two 

sources:	 (1)	excitatory	 input	 is	derived	 from	fibers	 that	
originate	in	cells	that	lie	outside	the	cerebellum,	and	(2)	
inhibitory	input	is	derived	from	fibers	that	arise	from	the	

Purkinje cells of the cortex. Cells outside the cerebellum 

that	 send	 afferents	 directly	 to	 the	 cerebellar	 nuclei	 in-

clude	pontocerebellar,	spinocerebellar,	and	olivocerebel-
lar	fibers,	most	of	which	give	collaterals	to	the	cerebellar	
nuclei,	then	continue	on	to	the	cerebellar	cortex.

The cells that constitute the intracerebellar nuclei act 

to modify muscular activity through the motor control 

areas	of	the	brainstem	and	cerebral	cortex.	Efferents	from	
the fastigial nucleus project to the brainstem through the 

inferior	cerebellar	peduncle,	whereas	efferents	from	the	
other nuclei are projected to the brainstem and cerebral 

cortex (with relays in the thalamus) through the superior 

cerebellar peduncle.

Fig. 8.5 Deep cerebellar nuclei.
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Cerebellar Connections

Afferent Connections

See Fig. 8.6.

Cerebellar	 afferents	 are	 derived	 from	 three	 main	
sources:	the	cerebral	cortex,	the	spinal	cord,	and	the	ves-

tibular	nerve.	A	small	number	of	afferents	originate	in	the	
red nucleus and the tectum.

Fig. 8.6 Afferent cerebellar connections.
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Cerebral Cortex

See Fig. 8.7.

Before	 reaching	 the	 cerebellum,	 cortical	 projections	
establish synaptic contacts with three brainstem struc-

tures: (1) the pontine nuclei,	 (2)	 the	 inferior olivary nu-

cleus,	and	(3)	the	reticular formation.

The corticopontocerebellar pathway originates from a 

large	 area	 of	 the	 cerebral	 cortex,	 descends	 through	 the	
corona	radiata	and	the	internal	capsule,	and	terminates	
in the pontine nuclei. The cells of the pontine nuclei give 

rise	 to	mossy	fibers	 that	cross	 the	midline	 to	 reach	 the	
opposite cerebellar hemisphere via the middle cerebellar 

peduncle.

The cortico-olivocerebellar pathway also originates 

from	a	large	area	of	the	cerebral	cortex,	descends	through	
the	corona	radiata	and	 the	 internal	capsule,	and	 termi-
nates bilaterally in the inferior olivary nuclei. The cells of 

the	inferior	olivary	nuclei	give	rise	to	climbing	fibers	that	
cross the midline to enter the opposite cerebellar hemi-

sphere via the inferior cerebellar peduncle.

The corticoreticulocerebellar pathway originates from 

a	large	area	of	the	cerebral	cortex,	descends	through	the	
corona	radiata	and	the	internal	capsule,	and	terminates	
bilaterally in the reticular formation of the pons and 

medulla. The cells of the reticular formation give rise to 

mossy	fibers	 that	 enter	 the	 ipsilateral	 cerebellar	 hemi-
sphere via the inferior and the middle cerebellar pedun-

cles.

Spinal Cord 

See Fig. 8.8,	p.	306.
Spinal cord projections to the cerebellum are carried 

in three spinocerebellar pathways: (1) the ventral spino- 

cerebellar tract,	 (2)	 the	dorsal spinocerebellar tract,	 and	
(3)	the	cuneocerebellar tract.
● The ventral spinocerebellar tract originates in the ven-

tral and intermediate gray matter of the spinal cord. 

Most	of	its	fibers	cross	the	midline	to	enter	the	ventral	
spinocerebellar	tract	on	the	opposite	side,	although	
a	small	number	of	fibers	are	uncrossed.	The	tract	
ascends bilaterally in the dorsolateral region of the 

lateral	funiculus.	After	ascending	the	spinal	cord,	the	
ventral spinocerebellar tract enters the cerebellum via 

the	superior	cerebellar	peduncle,	crosses	the	midline	
for	a	second	time,	and	terminates	as	mossy	fibers	in	
the	cerebellar	cortex.	Functionally,	this	tract	carries	
sensory information (mainly proprioceptive) from one 

side of the body (lower limbs) to the same side of the 

cerebellum.

● The dorsal spinocerebellar tract originates in the nu-

cleus	dorsalis	(Clark’s	column).	Most	of	its	fibers	are	
uncrossed. The tract ascends bilaterally in the ventro-

lateral region of the lateral funiculus. After ascending 

the	spinal	cord,	the	dorsal	spinocerebellar	tract	enters	
the cerebellum via the inferior cerebellar peduncle 

and	terminates	as	mossy	fibers	in	the	intermediate	
zone	of	the	cerebellar	cortex.	Functionally,	this	tract	
carries sensory information (mainly proprioceptive) 

from one side of the body (trunk and lower limbs) to 

the cerebellum ipsilaterally.

● The cuneocerebellar tract originates in the accessory 

cuneate nucleus of the medulla. It is the upper ex-

tremity	equivalent	of	the	dorsal	spinocerebellar	tract.	
It enters the cerebellar hemisphere on the ipsilateral 

side through the inferior cerebellar peduncle. Func-

tionally,	this	tract	transmits	sensory	(mainly	propri-
oceptive) information from the upper limb and upper 

part of the thorax.
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Fig. 8.7 Afferent cerebellar connections from cortex.
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Vestibular Nerve

See Fig. 8.8.

The	vestibular	nerve	gives	rise	to	afferent	fibers	that	
terminate in the vestibular nuclei of the brainstem. The 

neurons of the vestibular nuclei in turn give rise to mossy 

fibers	that	pass	through	the	inferior	cerebellar	peduncle	
to	enter	the	ipsilateral	flocculonodular	lobe	on	the	same	
side.

Fig. 8.8 Afferent cerebellar connections from brainstem and 

spinal cord.

本书版权归Thieme所有



Rubrospinal tract

Globose and
emboliform
nuclei

Superior
cerebellar
peduncle

Red nucleus

8 Cerebellum 307

Efferent Connections

The entire output of the cerebellar cortex is transmitted 

by	the	inhibitory	Purkinje	cells,	most	of	which	terminate	
on the deep cerebellar nuclei (a few Purkinje cell axons 

continue past the cerebellar nuclei to synapse on the lat-

eral vestibular nucleus in the medulla). The cells of the 

cerebellar	 nuclei	 constitute	 the	 entire	 efferent	 outflow	
system of the cerebellum. These cells leave the cerebel-

lum through the superior and inferior cerebellar pedun-

cles to terminate in the following four destinations: (1) 

the	red	nucleus,	(2)	the	thalamus,	(3)	the	vestibular	com-

plex,	and	(4)	the	reticular	formation.
The superior cerebellar peduncle transmits those 

fibers	that	ascend	to	the	red	nucleus	and	the	thalamus.	
These	constitute	the	majority	of	 the	fibers.	The	 inferior	
cerebellar	peduncle	 transmits	 those	fibers	 that	descend	
to the vestibular and the reticular formation.

Red Nucleus

See Fig. 8.9.

The axons of neurons in the globose and emboliform 

nuclei pass out of the cerebellum through the superior 

cerebellar peduncle and cross the midline. These axons as-

cend and synapse in the contralateral red nucleus,	which	
in	 turn	 projects	 fibers	 in	 the	 crossed	 rubrospinal tract. 
Thus,	projections	from	the	globose	and	emboliform	nu-

clei,	which	 cross	 twice	 before	 reaching	 their	 final	 des-

tination,	influence	motor	body	activity	ipsilaterally.	The	
rubrospinal	tract	influences	flexor	activity	of	the	extrem-

ities.	 Therefore,	 the	 globose	 and	 emboliform	nuclei	 are	
involved with tone.

Fig. 8.9 Efferent cerebellar connections to red nucleus.
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Thalamus

See Fig. 8.10.

The axons of neurons in the dentate nucleus (and some 

from the globose and emboliform nuclei) exit the cere-

bellum through the superior cerebellar peduncle and cross 

the midline in the same decussation. These axons ascend 

to	synapse	in	the	contralateral	ventrolateral,	ventropos-

terolateral,	 and	 centrolateral	 nuclei	 of	 the	 thalamus,	
which in turn project axons through the internal capsule 

and the corona radiata to terminate in the primary mo-

tor	cortex.	The	dentate	nucleus	thus	influences	the	motor	
neurons of the cerebral cortex on the contralateral side. 

The	motor	cortex,	however,	projects	descending	fibers	in	
the	corticospinal	tract,	which	cross	the	midline	in	the	de-

cussation	of	the	pyramids.	Thus,	the	neurons	in	the	den-

tate	nucleus	influence	motor	activity	on	the	same	side	of	
the	body.	Therefore,	the	dentate	mainly	influences	coor-

dination of the ipsilateral body.

Fig. 8.10 Efferent cerebellar connections to thalamus.
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Vestibular Complex

See Figs. 8.11 and 8.12.

The axons of the neurons in the fastigial nucleus pass 

out of the cerebellum through the inferior cerebellar 

peduncle. These axons descend to terminate on the lat-

eral	vestibular	nucleus	on	both	sides.	As	already	stated,	
a few Purkinje cell axons pass the deep cerebellar nu-

clei and project directly on the lateral vestibular nucleus. 

The neurons of the lateral vestibular nucleus form the 

uncrossed	 descending	 vestibulospinal	 tract.	 Thus,	 the	
neurons	 in	 the	 fastigial	 nucleus	 influence	motor	 activ-

ity (facilitate extensor muscle tone) on the same side of 

the body. Fibers also synapse on the superior and medial 

vestibular	nuclei.	Therefore,	the	coordination	of	extensor	
muscles	is	also	influenced	by	the	cerebellum.

Fig. 8.11 Efferent cerebellar connections to vestibular complex.
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Fig. 8.12 Coronal T1w 7T magnetic resonance imaging (MRI) 

showing anatomical underlay of Figs. 8.6–8.11 (also see Fig. 

6.14 for another version).

Reticular Formation

The axons of the neurons in the fastigial nucleus pass out 

of the cerebellum through the inferior cerebellar pedun-

cle. Some of these axons descend to synapse with cells in 

the reticular formation on both sides. The reticular for-

mation in turn gives rise to the descending reticulospinal 

tract,	which	projects	both	ipsilaterally	and	bilaterally	to	
the spinal gray matter. The axons of the reticulospinal 

tract	end	on	interneurons	and	influence	motor	neurons	
indirectly through synaptic relays within the spinal cord.
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Cerebellar Peduncles

See Figs. 8.13 and 8.14.

All	 the	efferent	and	afferent	fibers	of	 the	cerebellum	
reside in the three cerebellar peduncles. The superior cer-

ebellar peduncle	 consists	 primarily	 of	 efferent	 fibers	 to	
the	 globose,	 emboliform,	 and	dentate	nuclei.	 A	 smaller	
number	of	afferent	fibers,	including	the	ventral	spinocer-

ebellar	tract,	are	also	present.
The middle cerebellar peduncle is the largest of the 

three	peduncles.	It	contains	the	afferent	pontocerebellar	
fibers	that	arise	from	the	contralateral	side.

The inferior cerebellar peduncle consists primarily of 

afferent	 fibers,	 including	 (1)	 the	 dorsal	 spinocerebellar	
tract,	(2)	the	cuneocerebellar	tract,	(3)	the	olivocerebellar	

Fig. 8.13 Cerebellar peduncles.

tract,	(4)	the	reticulocerebellar	tract,	and	(5)	the	vestib-

ulocerebellar	tract.	A	smaller	group	of	efferent	fibers	in-

clude	those	that	originate	in	the	flocculonodular	lobe	and	
the	 fastigial	nucleus,	 to	project	on	 the	vestibular	nuclei	
and the central group of reticular nuclei of the medulla 

and the pons.
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Fig. 8.14 a,b Coronal and sagittal T1w 7T magnetic resonance imaging (MRI) showing cerebellar peduncles.
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Cerebellar Function

See Fig. 8.15.

The	cerebellum	influences	motor	activity	through	its	
connections with the brainstem and cerebral cortex. It 

receives information on the activity of the muscles via 

proprioceptive	input	from	the	cerebral	cortex,	the	mus-

cles,	 the	 tendons,	 and	 the	 joints.	 It	 also	 receives	 input	
concerning	equilibrium	from	the	vestibular	nuclei.

This	afferent	input	is	transmitted	to	the	cerebellar	cor-

tex by the excitatory climbing and mossy fibers.	These	fi- 

bers establish direct or indirect synaptic contacts with 

the Purkinje cells,	which	in	turn	exert	an	inhibitory	influ-

ence on the deep cerebellar nuclei and the lateral vestibu-

lar	nuclei	of	the	brainstem.	Purkinje	cell	fibers	located	in	
the lateral cerebellar hemispheres project to the dentate 

nuclei; those located in the cerebellar vermis project to 

the fastigial nuclei; and those located in between project 

to the globose and emboliform nuclei.

Almost the entire cerebellar output is derived from 

the cells of the cerebellar nuclei. This output is directed 

to the sites of origin of the primary descending motor 

pathways,	although	it	is	interesting	to	note	that	no	direct	
contacts	are	made	between	the	cerebellar	efferents	and	
the	 alpha	motor	 neurons.	 Instead,	 the	 cerebellum	pro-

vides an ongoing comparison of the motor output of the 

cerebral cortex with the proprioceptive information re-

ceived from the peripheral nervous system. This allows 

the cerebellum to continuously make minor motor out-

put adjustments based on information regarding ongoing 

muscle activity.

Fig. 8.15 Cerebellar function.
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Functional Anatomic Organization of 
Cerebellum

The cerebellum may be loosely divided into three sepa-

rate parts that are distinguished by their input and their 

major functional activities. These are the vestibulocere-

bellum,	the	spinocerebellum,	and	the	pontocerebellum.

Vestibulocerebellum

See Fig. 8.16.

The	vestibulocerebellum	primarily	consists	of	the	floc-

culonodular	 lobe.	 It	 receives	mossy	 fibers	 from	 the	 ip-

silateral vestibular nuclei and the vestibular ganglion via 

the inferior cerebellar peduncles. It also receives visual 

information	from	the	lateral	geniculate	nucleus,	superior	
colliculi,	and	striate	cortex.

Purkinje cell axons of the vestibulocerebellum primar-

ily project to the fastigial nucleus. Axons of the cells in the 

fastigial nucleus leave the cerebellum via the inferior cere-

bellar peduncles to terminate in the vestibular nuclei.

The	 vestibulocerebellum	 influences	 primary	 motor	
activity through its contacts with the vestibulospinal 

tract. It is concerned with the adjustment of axial muscle 

tone	and	the	maintenance	of	equilibrium.	It	also	plays	a	
role	in	eye	movements,	control,	and	the	coordination	of	
head and eye movements.

Fig. 8.16 Vestibulocerebellum.
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Spinocerebellum

See Fig. 8.17.

The spinocerebellum primarily consists of the vermis 

and the intermediate part of the cerebellar hemispheres. 

Its primary source of input is somatosensory information 

from the dorsal and ventral spinocerebellar tracts of the 

spinal cord. It also receives information from the audi-

tory,	visual,	and	vestibular	systems.
The two parts of the spinocerebellum are composed of 

two separate output pathways. Purkinje cells in the ver-

mis of the cerebellum send axons to the fastigial nucleus. 

Axons from this nucleus then project to the brainstem 

reticular	 formation,	 the	 lateral	 vestibular	 nuclei,	 and	
the primary motor cortex (via relays in the ventrolateral 

thala mus). This portion of the spinocerebellum is respon-

sible	for	control	of	the	medial	descending	systems,	which	
regulate axial and proximal musculature.

By	contrast,	Purkinje	cells	in	the	intermediate	part	of	
the cerebellar hemispheres send axons to interposed nu-

clei,	which	in	turn	project	to	the	rubrospinal	and		lateral	

corticospinal tracts. A smaller number of projections 

from the interposed nuclei relay in the ventrolateral 

 thalamus and continue on to the primary motor cortex. 

The hemispheric part of the spinocerebellum is respon-

sible	for	control	of	the	lateral	descending	systems,	which	
regulate the distal limb muscles.

Efferent	 fibers	 from	 the	 intermediate	 zone	 of	 the	
 cerebellar hemispheres leave the cerebellum through the 

superior cerebellar peduncles to reach the  rubrospinal 

and	lateral	corticospinal	tracts.	Along	the	way,	these		fibers	
cross in the decussation of the superior  cerebellar pedun-

cles. Because the rubrospinal and lateral  corticospinal 

tract	fibers	also	cross	the	midline	before	they	terminate	
in	the	spinal	cord,	destructive	lesions	in	the		intermediate	
zone of the cerebellar hemispheres result in neuro-

logic	 deficits	 on	 the	 ispilateral	 side	 of	 the	 body:	 the	
	spinocerebellum	influences	 the	skeletal	musculature	on	
the ipsilateral side of the body.

The spinocerebellum controls the execution of move-

ment and regulates muscle tone. It carries out these func-

tions by continuously comparing information about the 

intended motor commands of the primary motor cortex 

with feedback about ongoing movement that is received 

from the spinal cord and periphery. This organization 

allows the spinocerebellum to correct for deviations in 

intended movement.

Fig. 8.17 Spinocerebellum.
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Pontocerebellum

See Fig. 8.18.

The pontocerebellum primarily consists of the large 

lateral regions of the cerebellar hemispheres. Its primary 

source of input is from large areas of the contralateral 

cerebral cortex (especially that of the frontal and parietal 

lobes).	 These	 corticopontine	 fibers	 relay	 in	 the	pontine 

nuclei and then enter the cerebellum through the middle 

cerebellar	peduncles,	of	which	they	are	the	sole	constitu-

ents. The information that is transmitted from the cere- 

bral cortex to the cerebellum concerns volitional move-

ments that are ongoing or are about to happen.

Purkinje cell axons of the pontocerebellar cortex 

project to the dentate nucleus,	which	in	turn	projects	fi- 

bers via the superior cerebellar peduncles to the ventro- 

lateral nucleus of the thalamus.	Pontocerebellar	afferents	
make	 up	 most	 of	 the	 fibers	 in	 the	 superior	 cerebellar	
peduncles. Axons from the nucleus of the ventrolateral  

thalamus project to the primary motor cortex,	thus	com-

pleting the corticopontine–thalamic–cortical loop.

Because of decussations in both the superior cerebel-

lar peduncles and the corticospinal tract and other de-

scending	pathways,	the	pontocerebellum	exerts	its	influ-

ence on the ipsilateral side of the body.

The pontocerebellum is concerned with precision in 

the control of rapid limb movements and with tasks re-

quiring	 fine	 dexterity.	 It	 ensures	 a	 smooth	 and	 orderly	
sequence	in	muscle	contractions	and	regulates	the	force,	
direction,	and	extent	of	volitional	movement.	It	functions	
in these capacities by modulating activity in the primary 

motor	cortex,	a	role	that	is	also	performed	by	the	premo-

tor cortical areas. Destructive lesions in the pontocere-

bellum	may	lead	to	various	movement	disorders,	such	as	
delays	 in	 the	 initiation	or	 termination	of	movement,	or	
involuntary tremor at the end of a movement.
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Fig. 8.18 Pontocerebellum.
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Clinical Manifestations of Cerebellar 
Disease

The clinical manifestations of cerebellar disease may be 

divided into three categories: (1) the symptoms of cere-

bellar	disease,	(2)	the	signs	of	midline	cerebellar	disease,	
and	 (3)	 the	 signs	 of	 lateral	 (hemispheric)	 cerebellar	 dis-

ease. Although the functional anatomy of the cerebellum 

comprises	 three	 separate	 zones—a	midline,	 an	 interme-

diate,	and	a	lateral	(hemispheric)	zone—only	the	midline	
and lateral zones are associated with distinct abnormali-

ties;	no	abnormalities	that	are	specifically	associated	with	
the	intermediate	zone	have	been	identified.	Furthermore,	
many of the signs that are observed with midline lesions 

may	also	be	associated	with	lateral	lesions,	and	vice	versa.

Symptoms of Cerebellar Disease

The	symptoms	of	cerebellar	disease	are	nonspecific.	They	
include headache, nausea and vomiting, gait difficulty,	
and vertigo.

Signs of Midline Cerebellar Disease

See Fig. 8.19.

The midline of the cerebellum comprises the ante-

rior	and	posterior	vermis,	the	flocculonodular	lobe,	and	
the	fastigial	nuclei.	Functionally,	this	zone	is	responsible	
for	 equilibrium	 required	 during	 ambulation,	 the	main-

tenance	 of	 truncal	 posture,	 the	 position	 of	 the	 head	 in	
relation	to	the	trunk,	and	the	control	of	extraocular	eye	
movements.	As	a	result,	lesions	in	this	area	tend	to	pro-

duce gait difficulty, truncal imbalance, abnormal head 
postures,	and	ocular motor dysfunction.

Disorders of Stance and Gait

Truncal instability may be manifested during walking by 

a	tendency	to	fall	to	the	right,	left,	forward,	or	backward.	
While	 sitting,	 the	 patient	 may	 lean	 or	 fall	 to	 one	 side.	
These tendencies tend to be toward the side of the lesion.

Several	abnormalities	of	gait,	which	are	collectively	de-

scribed	as	gait	ataxia,	 include	a	wider	than	normal	base,	
unsteadiness	 and	 irregularity	 of	 steps,	 and	 lateral	 veer-

ing.	The	steps	may	be	uncertain,	some	shorter	and	some	
longer	 than	 intended,	 and	 there	 may	 be	 a	 tendency	 to	
stagger or lurch to one side. There is little localizing value 

in cerebellar gait disorders to distinguish between midline 

and	lateral	cerebellar	lesions,	although	lateral	lesions	tend	
to cause the patient to veer toward the side of the lesion.

Mild cerebellar gait disorders may be exacerbated by 

asking	the	patient	to	tandem	walk.	The	Romberg’s	sign,	
in	which	the	patient	loses	balance	after	closing	the	eyes,	
is a result of disordered position sensation secondary to 

posterior column disease and is not related to cerebellar 

dysfunction.

Abnormal Postures of the Head

Abnormal postures of the head may be due to midline or 

lateral cerebellar lesions. They may present as a head tilt 

(i.e.,	lateral	deviation	of	the	head)	or	a	rotated	posture	of	
the head.

Ocular Motor Dysfunction

Like	 the	 clinical	 signs	 already	 described,	 ocular	 motor	
dysfunction may occur in association with midline cere-

bellar lesions but is also associated with lesions in other 

parts of the cerebellum.

The cerebellum and brainstem are involved in com-

puting	the	 location	of	targets	 in	space,	deriving	tempo-

ral information from spatial information for appropriate 

muscle	 innervation,	 and	 adjusting	 the	 gain	 on	 saccadic	
eye movements to minimize target overshoot and under-

shoot.	As	a	 result,	 the	primary	disorders	of	extraocular	
movements in midline cerebellar disease are nystagmus 

and ocular dysmetria.

Nystagmus consists of rhythmic oscillatory move-

ments	 of	 one	 or	 both	 eyes,	 occurring	with	 the	 eyes	 in	
the primary position or with ocular deviation. The most 

common types of nystagmus observed in association with 

midline cerebellar lesions are (1) gaze-evoked nystagmus,	
(2)	rebound nystagmus,	and	(3)	optokinetic nystagmus.

Gaze-evoked nystagmus occurs when an individual 

cannot maintain conjugate eye deviation away from the 

midposition. Conjugate lateral gaze is accompanied by a 

slow,	 involuntary	drift	of	 the	eyes	back	 to	midposition,	
followed by a rapid corrective return of the eyes to the 

laterally located target. The result is a to-and-fro oscilla-

tion of the eyes involving a fast component in the direc-

tion of gaze and a slow component away.

Rebound	nystagmus	 is	specific	 for	cerebellar	disease,	
although it is poorly localized within the cerebellum. It 

essentially represents a type of gaze-evoked nystagmus 

that changes direction after sustained lateral gaze or after 

refixation	to	the	primary	position.
Optokinetic nystagmus is a nonpathological nystag-

mus that develops normally when an individual attempts 

to count the stripes on a rotating drum or a moving cloth 

strip.	 In	 the	 presence	 of	 cerebellar	 disease,	 optokinetic	
nystagmus	may	become	exaggerated,	producing	unusu-

ally large amplitudes of both the fast and the slow com-

ponents.

Ocular dysmetria	is	defined	as	the	conjugate	overshoot	
of a target with voluntary saccades. The eyes appear to 

jerk back and forth because of repeated inaccuracies in 

saccadic movements intended to bring the target to the 

fovea.
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Fig. 8.19 Signs of midline cerebellar disease.
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Signs of Lateral (Hemispheric) Cerebellar 
Disease

The lateral (hemispheric) zone of the cerebellum com-

prises the cerebellar hemisphere and the dentate and 

interposed nuclei of each side. The intermediate zone 

is also included here because it does not appear to be 

associated with distinct abnormalities. Compared with 

the	midline	zone,	the	lateral	zone	is	involved	in	a	greater	
variety of clinical disorders. These include (1) hypotonia,	
(2)	dysarthria,	(3)	limb ataxia,	(4)	intention tremor,	(5)	
impaired check,	and	(6)	oculomotor disorders.

Hypotonia

Hypotonia,	a	decrease	in	resistance	to	passive	movement	
of	the	limbs,	is	associated	with	lateral	cerebellar	lesions.	
It is best demonstrated by grasping the patient’s forearms 

and	shaking	the	relaxed	wrists.	Typically,	the	hypotonic	
limb	is	 identified	as	the	limb	with	more	of	a	flail	hand.	
In	addition,	examination	of	the	patellar	reflex	in	a	hypo- 

tonic lower limb may demonstrate an increased duration 

and	amplitude	of	swing.	This	pendular	cerebellar	reflex	
should	be	distinguished	from	clonus,	due	to	corticospinal	
tract	disease,	which	occurs	at	a	more	rapid	rate	than	the	
pendular	reflex.

Dysarthria

The dysarthria of cerebellar disease is characterized by 

slow,	 labored,	 slurred,	 or	 garbled	 speech	 that	 may	 be	
mistaken,	like	cerebellar	ataxia,	as	a	manifestation	of	al-
cohol intoxication. Comprehension and grammar remain 

intact.

Limb Ataxia

Limb	ataxia,	like	gait	ataxia,	comprises	a	combination	of	
disturbances	 in	 voluntary	movement,	 the	most	 impor-

tant of which are dysmetria and the decomposition of 

movement.

Dysmetria consists of an error in trajectory and speed 

of movement. It is most easily demonstrated in the upper 

extremity,	where	it	is	tested	by	asking	patients	to	touch	
the	nose	with	the	finger.	Frequently,	patients	with	lateral	
cerebellar disease undershoot or overshoot (past-point-

ing)	the	target.	As	the	finger	approaches	the	nose,	it	may	
oscillate around the nose and strike the cheek (over-

shoot) or stop short of touching the nose (undershoot). 

To	test	the	lower	extremity,	ask	the	patient,	in	the	supine	
position,	to	raise	the	heel	of	one	foot	over	the	knee	of	the	
other and to slide the heel smoothly down the shin. Fre-

quent	deviations	to	one	side	or	the	other	are	indicative	of	
dysmetria in that limb.

Decomposition of movement involves errors in the 

sequence	and	speed	of	the	component	parts	of	a	move-

ment.	An	affected	limb	is	unable	to	execute	a	movement,	

such	as	reaching	out	to	grasp	a	glass	of	water,	in	a	smooth	
and	fluid	manner.	Instead,	the	movement	is	halting,	im-

precise,	and	jerky.	Decomposition	of	movement	may	be	
tested	by	the	same	finger-to-nose	test	just	described.	Al-
ternatively,	decomposition	of	movement	may	be	brought	
out in examination by asking the patient to perform a 

series	 of	 rapidly	 alternating	 or	 fine	 repetitive	 move-

ments,	 such	as	a	 sequence	of	pronation	and	supination	
movements of the hand. The presence of decomposition 

of movement during this maneuver is referred to as dys-

diadochokinesis.

Intention Tremor

Intention	 tremor	 is	 an	 irregular,	more	 or	 less	 rhythmic,	
interruption of a voluntary movement that begins and in-

creases	as	the	patient	approaches	a	target.	It	may	be	tested,	
like	ataxia,	by	asking	 the	patient	 to	perform	a	finger-to-
nose maneuver. Intention tremor is distinguished from 

the	rest	tremor	of	parkinsonism,	which	only	occurs	at	rest,	
and	the	action	tremor	of	familial	or	essential	origin,	which	
characteristically occurs during a sustained posture and 

from the beginning to the end of a movement.

Impaired Check

An impaired check response is characterized by the wide 

excursion	 of	 an	 affected	 limb	 following	 an	 involuntary	
displacement of the limb by an examiner. It may be tested 

by	tapping	the	wrists	of	a	patient	with	outstretched,	pro-

nated	 arms.	 With	 the	 patient’s	 eyes	 closed,	 normally	
there is a small displacement of the arm that has been 

tapped,	followed	by	a	rapid,	accurate	return	to	the	origi-
nal	position.	In	a	patient	with	cerebellar	disease,	the	dis-

placed	arm	demonstrates	an	unusually	wide	excursion,	
followed by an overshoot of the original position. The 

original	position	is	finally	reached	only	after	considerable	
oscillation about it.

Another method that may be used to test for an im-

paired check response is to provide resistance against 

a	patient’s	flexed	arm.	On	abrupt	 release	of	an	affected	
arm,	the	arm	will	continue	unchecked	in	the	direction	of	
its force and will strike the patient’s chest.

Oculomotor Disorders

See Fig. 8.20.

Many oculomotor disturbances are associated with 

both lateral and midline cerebellar disorders but defy 

more	specific	localization.	Several	of	these	disturbances	
have	 already	 been	 described,	 such	 as	 gaze-evoked	
	nystagmus,	 rebound	 nystagmus,	 ocular	 dysmetria,	 and	
optokinetic nystagmus. Other oculomotor disorders are 

frequently	 associated	 with	 widespread	 cerebellar	 dis-

ease or with disease involving both the cerebellum and 

the	brainstem,	including	the	following:
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● Opsoclonus This disorder is characterized by con-

stant,	random,	conjugate	saccades	of	unequal	am-

plitudes	in	all	directions.	Frequently,	they	are	most	
marked	immediately	before	and	after	a	fixation.

● Ocular flutter Ocular	flutter	is	defined	as	rapid	
to-and-fro oscillations of the eyes. These abnormal 

movements	may	develop	abruptly,	last	for	only	sec-

onds,	and	disturb	vision	for	the	duration	of	the	epi-
sode.

● Ocular bobbing Ocular bobbing comprises inter-

mittent (abrupt) downward displacement of the 

eyes,	followed	by	a	slow,	synchronous	return	to	the	
primary	position.	The	relatively	quick	downward	
displacement is slower than the fast component of 

nystagmus; this disorder should therefore be distin-

guished	from	downbeat	nystagmus,	which	is	associ-
ated with lesions in the cervicomedullary junction. 

Horizontal eye movements are typically paralyzed.

● Ocular myoclonus Ocular	myoclonus	is	defined	as	
a	rhythmic,	pendular	oscillation	of	the	eyes	that	is	
associated with synchronous oscillation of the plate 

(palatal myoclonus).

Fig. 8.20 Signs of lateral cerebellar disease (oculomotor 

disorders).
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The cerebrum comprises a central core, or diencephalon, 

surrounded by the cerebral hemispheres, or telenceph-

alon. The diencephalon contains the third ventricle and 

adjacent structures, including (1) the thalamus, (2) the 

subthalamus, (3) the epithalamus, and (4) the hypothal-

amus.

The boundaries of the diencephalon extend from the 

posterior commissure dorsally to the interventricular fo-

ramina ventrally. Dorsally it is bordered by the roof of the 

third ventricle; ventrally it is bordered, ventral to dorsal, 

by the optic chiasm, the infundibulum, and the mammil-

lary bodies. The internal capsule comprises the lateral 

boundaries.

Thalamus

See Figs. 9.1, 9.2, 9.3, and 9.4.

The thalamus is a large, ovoid mass of gray matter sit-

uated on either side of the third ventricle. The medial 

surfaces of the thalami often meet within the third ven-

tricle to form the interthalamic connection (or massa in-

termedia).

The thalamus is the gateway to the cerebral cortex: 

all major sensory pathways, except olfactory, relay in the 

thalamus before ascending to the cortex. The thalamus 

also has important connections with the extrapyrami-

dal motor system, the consciousness system, the visual 

system, and the limbic system. Therefore, lesions in the 

thalamus result in sensory and motor disturbances, as 

well as disturbances in alertness, vision, and behavior.

 Thalamus

Except the reticular nucleus, each thalamic nucleus 

sends axons to the cerebral cortex. These terminate in 

either	a	discrete	or	a	diffuse	distribution.	Fibers	that	are	
distributed discretely are precisely paralleled by recipro-

cal corticothalamic projections. In addition to the two-

way cortical connections, other (subcortical) structures 

project	afferents	to	the	thalamus,	and	the	thalamus	pro-

jects	 efferents	 to	 the	 striatum	 (caudate	 and	 putamen)	
and hypothalamus.

The reticular nucleus receives collaterals from both af-

ferent	and	efferent	 thalamic	axons	and	projects	 in	 turn 

to the other nuclei of the thalamus. No other thalamic 

nucleus projects to other thalamic nuclei, although each 

individual nucleus contains interneurons.

In	what	 follows,	we	first	 describe	 the	 structural	 or-

ganization of the thalamus and its nuclei, then describe 

a	 second	 classification	 based	 on	 function.	 After	 a	 brief	
description of thalamic vascular supply, we summarize 

the clinical manifestations that result from thalamic dys-

function.

Learning Objectives

•	 Understand the functional role of the thalamus and its relationship to other parts of the central nervous system.

•	 Learn what nuclei comprise the thalamus and understand their anatomic relationships.

•	 Appreciate	that	thalamic	anatomy	can	be	organized	on	the	basis	of	function.
•	 Name the arteries that supply blood to the thalamus.

•	 Classify and understand the clinical manifestations of thalamic dysfunction.
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Fig. 9.1 Thalamus anatomy.
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Fig. 9.2 Coronal thalamus.
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Fig. 9.3 Thalamic nuclei  and their respective projections to the 

cortex.

Fig. 9.4 Thalamus.
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Morphological Classification

See Figs. 9.5 and 9.6.

Rostrally, the thalamus is covered by a thin white 

matter layer termed the stratum zonale. Laterally, it is Fig. 9.5 Morphological classification of thalamic nuclei.
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a b

Fig. 9.6 (a) Coronal oblique 7T ex vivo high resolution scan showing detailed structures of thalamus, highlighting anterior thalamic 

nuclei (arrow). (b) Axial  7T ex vivo high resolution scan showing detailed structures of thalamus, highlighting dorsomedial nuclei 

(arrow).
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anterior nucleus, (2) the ventral lateral nucleus, (3) the 

ventral posterior nucleus, and (4) the medial and lateral 

geniculate nuclei.

Other thalamic nuclei not included in the three-part 

scheme are (1) the reticular nucleus, which is located on 

the lateral surface of the thalamus between the  external 

medullary lamina and the internal capsule; (2) the 

 intralaminar nuclei, which are located within the inter-

nal medullary lamina; and (3) the midline nuclei, which 

are located on the medial surface of the thalamus in the 

interthalamic connection.

covered by another white matter layer termed the exter-

nal medullary lamina. The thalamus is divided into three 

main parts by a Y-shaped white matter layer termed the 

internal medullary lamina. The internal medullary lam-

ina divides the thalamus into anterior, medial, and lateral 

aspects, the anterior portion lying between the limbs of 

the Y, the medial and lateral parts lying on either side of 

its stem.

The lateral part of the thalamus is divided into two 

tiers: a dorsal tier that contains (1) the lateral dorsal 

 nucleus, (2) the lateral posterior nucleus, and (3) the 

pulvinar; and a ventral tier that contains (1) the ventral 
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Functional Classification

See Fig. 9.7.

There are three groups of functionally distinct tha-

lamic	 nuclei:	 specific	 relay	 nuclei,	 nonspecific	 thalamic 

nuclei, and association nuclei.

Specific Relay Nuclei

Each	 specific	 relay	nucleus	 receives	discrete	 input	 from	
a single sensory modality or a particular motor function 

and	projects	 to	a	well-defined	area	of	 the	primary	sen-

sory and motor cortex. Reciprocal corticothalamic con-

nections	 faithfully	 copy	 each	 “specific”	 thalamocortical	
projection.

The	 specific	 nuclei	 include	 the	 anterior nucleus and 

the ventral tier of the lateral nuclear group (ventral an-

terior, ventral lateral, ventral posterior, medial geniculate, 

and lateral geniculate nuclei).

● The anterior nucleus receives input from the hypo- 

thalamus (mammillary bodies and the mammillo- 

thalamic tract) and projects to the cingulate gyrus. It 

is concerned with emotional states and memory.

● The ventral anterior and ventral lateral nuclei receive 

input from the basal ganglia and the cerebellum and 

project to the motor and premotor cortices. They pro-

vide the motor cortex with information received from 

the cerebellum and basal ganglia and other motor 

areas of the brain.

● The ventral posterior nucleus is subdivided into lat-

eral and medial parts. The ventroposterolateral (VPL) 

nucleus receives somatosensory input (related to the 

body) from the medial lemniscal and spinothalamic 

tracts. The ventroposteromedial (VPM) nucleus re-

ceives somatosensory input (related to the face) from 

the sensory nuclei of the trigeminal nerve. Both the 

VPL and VPM nuclei project to the primary sensory 

cortex.

● The medial and lateral geniculate nuclei are con-

cerned with hearing and vision, respectively. The 

lateral geniculate body receives input from retinal 

ganglion cells via the optic nerve and optic tract and 

projects to the visual cortex of the occipital lobe. The 

medial geniculate body receives input independently 

from the cholear nuclei (hearing). Projections then 

continue on to the primary superior temporal convo-

lution (transverse gyrus of Heschl).
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Fig. 9.7 Specific relay nuclei of thalamus.
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Nonspecific Thalamic Nuclei

See Fig. 9.8.

In	 contrast	 to	 specific	 nuclei,	 nonspecific	 thalamic	
 nuclei receive input from diverse sources, then project 

diffusely	to	widespread	areas	of	the	brain.
The	 nonspecific	 nuclei	 include	 the	 intralaminar,	

 reticular, and midline nuclei.

● The centromedian nucleus is the largest of the in-

tralaminar nuclei. It receives input from the cerebral 

cortex and globus pallidus and projects to the cau-

date nucleus and putamen. Other intralaminar nuclei 

influence	levels	of	arousal	as	part	of	the	ascending	
 reticular activating system. They receive input 

from the brainstem reticular formation and project 

	diffusely	to	widespread	areas	of	the	cortex.
●	 As	noted,	the	reticular nucleus receives input from 

collateral branches of thalamocortical and corticotha-

lamic	fibers	and	projects	in	turn	on	other	thalamic	
nuclei. In this way, the reticular nucleus modulates 

the	influence	that	the	thalamus	exerts	on	the	cortex.
● The midline nucleus receives input from the brain-

stem reticular formation and projects to limbic struc-

tures, such as the amygdaloid nucleus and cingulate 

gyrus. The precise function of the midline nucleus is 

unknown.

Fig. 9.8 Nonspecific nuclei of the thalamus.
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Association Nuclei

See Fig. 9.9.

Between	 the	 precise	 projections	 of	 the	 specific	 tha-

lamic nuclei and the loosely organized projections of the 

nonspecific	 thalamic	 nuclei,	 the	 association	 nuclei	 re-

ceive input from several sources, then project to one of 

three areas of the association cortex. These are the pari-

etal-temporal-occipital association cortex, the prefrontal 

association cortex, and the limbic association cortex.

The association nuclei include the medial nucleus 

(dorsomedial nucleus) and the dorsal tier of the lateral 

nuclei (lateral dorsal nucleus, lateral posterior nucleus, 

and pulvinar).

● The dorsomedial nucleus receives input from the ol-

factory cortex, the amygdaloid nucleus, and the hypo-

thalamus. There are reciprocal connections between 

the dorsomedial nucleus and the association cortex 

of the frontal lobe (prefrontal cortex). Psychosurgical 

studies suggest that the dorsomedial nucleus and 

the	prefrontal	cortex	are	concerned	with	affective	
behavior.	Further,	visceral	afferents	coming	from	
the	hypothalamus	appear	to	influence	mood.	Clin-

icopathologic	correlation	in	the	form	of	Korsakoff’s	
syndrome, which is characterized by memory loss 

and damage to the dorsomedial nucleus, suggests yet 

another role in memory.

● The lateral dorsal nucleus, like the anterior  thalamic 

nuclei, is part of the limbic system, related to 

 emotional behavior. It receives input from the 

 hippocampal formation and projects to the cingulate 

gyrus.

●	 The	afferent	connections	of	the	lateral	posterior	
 nucleus are unknown. It projects to the somatosen-

sory association cortex of the parietal lobe.

● The pulvinar receives input concerning vision from 

the superior colliculus of the midbrain. It also 

 receives input from the sensory association areas 

of the parietal, temporal, and occipital lobes, and 

 projects back to the same areas.

Fig. 9.9 Association nuclei of the thalamus.
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Blood Supply of the Thalamus

See Fig. 9.10.

The predominant blood supply of the thalamus comes 

from the posterior communicating artery of the anterior 

circulation and, more abundantly, the posterior cerebral 

artery of the posterior circulation. Named branches of the 

latter artery include the thalamoperforate artery and the 

thalamogeniculate artery.	 Additional	 supply	 is	provided	
by the anterior and posterior choroidal arteries.

Fig. 9.10 Blood supply of the thalamus.
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Clinical Manifestations of Thalamic 
Lesions

The interpretation of clinical signs and symptoms that 

result from thalamic lesions, which are predominantly 

caused by infarction, is complicated because these le-

sions often extend beyond the thalamus.

For	 example,	 an	 altered	 level	 of	 consciousness	 may	
reflect	involvement	of	the	midbrain,	and	motor	and	sen-

sory disturbances may represent involvement of the in-

ternal capsule.

Further,	thalamic	lesions	rarely	respect	the	boundaries	
of individual thalamic nuclei; therefore, many thalamic 

functions may be impaired. The resulting thalamic syn-

dromes are often complex, so we shall concentrate on the 

individual signs and symptoms.

Sensory Disturbances

See Fig. 9.11.

Sensory disturbances result from lesions in the ventral 

posterior nucleus (VPL and VPM).

The disturbances may be negative or positive phe-

nomena; the former are marked by sensory loss, the lat-

ter include pain and paresthesias. Both types of sensory 

phenomena	affect	the	contralateral	side	of	the	body.
Although	all	sensory	modalities	are	represented	in	the	

thalamus,	thalamic	sensory	loss	most	frequently	affects	
position	 sense.	 Further,	 deep	 sensation	 is	 usually	more	
severely	affected	than	cutaneous	sensation.

Clinically distinguishing cortical from thalamic causes 

of	 sensory	 loss	may	 be	 difficult,	 but	 because	 vibratory	
sense is spared in lesions of the parietal somatosensory 

cortex, loss of vibratory sense localizes a lesion to the 

thalamus.

Pain associated with thalamic lesions assumes an es-

pecially peculiar form: it is often severely unpleasant, is 

primarily felt close to the skin, and may occur sponta-

neously or may linger long after a cutaneous stimulus is 

removed.

Thalamic	 paresthesias	 predominantly	 affect	 the	 cir-

cumoral region and the distal parts of the limbs. This is 

because these areas of the body possess the largest rep-

resentation in the sensory thalamus.

Fig. 9.11 Sensory disturbances.
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Thalamic motor disturbances most often involve 
hemiataxia, action tremor, and choleoathetosis

The thalamic hand is characterized by flexion at the 
wrist and metacarpophalngeal joints, extension at 
theinterphalangeal joints

Hemiparesis from a “thalamic lesion” suggests that 
the lesion has extended into the adjacent internal 
capsule

Ventral anterior and 
ventral lateral nuclei 
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Motor Disturbances

See Fig. 9.12.

Motor disturbances result from lesions in the ventral 

anterior and ventral lateral nuclei. These interrupt con-

nections between the thalamus and the extrapyramidal 

motor system (basal ganglia and cerebellum).

Thalamic	motor	disturbances,	which	affect	the	oppo-

site side of the body, include hemiataxia and abnormal 

involuntary movements. Such abnormal involuntary 

movements include a 3 to 5 Hz hand tremor, which wors-

ens with use (action tremor), and choreoathetosis, which 

is the combination of writhing, sinuous, rapid, and jerky 

movements, particularly involving the distal part of the 

affected	limb.
An	affected	hand	may	assume	an	abnormal	posture	of	

flexion	at	the	wrist	and	metacarpophalangeal	joints,	with	
hyperextension at the interphalangeal joints (thalamic 

hand).

Transient hemiparesis on the opposite side of the 

body may occur with thalamic lesions, but this is thought 

to  result from extension of the lesion into the internal 

 capsule, rather than thalamic involvement per se.

Fig. 9.12 Motor disturbances.
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Disturbances of affect after thalamic lesions 
occur as a result of disconnections between 
the thalamus and the limbic system or 
between the thalamus and the frontal cortex

The most common affective disturbances are 
apathy, disinterest, and lack of initiative and 
drive

Anterior and dorsomedial nuclei 

Coronal section

Disturbances of alertness after thalamic lesions 
occur as a result of interruption of the ascending 
reticular activating system

Rostral midbrain lesions, which may also disturb 
alertness, are distinguished from thalamic
lesions by their association with oculomotor nerve 
paresis (see text)

Intralaminar nuclei 
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Disturbances of Alertness

See Fig. 9.13.

Disturbances of alertness result from lesions in the in-

tralaminar nuclei, which interrupt the ascending reticu-

lar activating system.

Thalamic lesions extending into the rostral midbrain 

also result in disturbances of arousal. They are clinically 

distinguished from pure thalamic lesions as follows: 

midbrain involvement is accompanied by the presence 

of oculomotor nerve paresis (large pupils and ophthal-

moparesis), whereas pure thalamic lesions exhibit small 

pupils	(“diencephalic	pupils”)	and	a	full	range	of	extraoc-

ular movement.

Affective Disturbances

See Fig. 9.14.

Disturbances	 of	 affect	 result	 from	 lesions	 in	 the	 an-

terior and dorsomedial nuclei that interrupt their con-

nections with limbic system structures and the frontal 

cortex.

Such disturbances include apathy, disinterest, and lack 

of initiative or drive. Less often, agitation and confusion 

develop instead.

Fig. 9.13 Disturbances of alertness.

Fig. 9.14 Affective disturbances.
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Lesions of the medial thalamus, particularly the dorsomedial 
nucleus, may produce predominantly anterograde amnesia 
(memory loss for events that occur after injury)

The mechanism of memory loss appears to reflect an 
impairment in the storage of new information

This deficit appears most consistently after bilateral lesions

Dorsomedial nucleus 
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Memory Disturbances

See Fig. 9.15.

Disturbances of memory result from lesions in the 

dorsomedial nucleus.

Bilateral lesions are most often responsible, but mem-

ory loss may also follow a unilateral lesion.

Fig. 9.15 Memory disturbances.
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Destruction of the lateral 
geniculate body results in a 
contralateral hemianopsia

Lateral geniculate body 

9 Thalamus 337

Fig. 9.16 Visual disturbances.

Visual Disturbances

See Fig. 9.16.

Disturbances of vision result from lesions in the lateral 

geniculate body. These consist of a hemianopsia in the 

opposite	visual	field.
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Hypothalamus

The hypothalamus is a small but crucial part of the dien-

cephalon that lies below the thalamus and surrounds the 

lower part of the third ventricle.

From ventral to dorsal, the undersurface of the hypo- 

thalamus is marked by the optic chiasm, the tuber  

cinereum, the infundibulum, and the mammillary bod-

ies.

The rostral border comprises the anterior commissure 

and the lamina terminalis; the caudal border merges 

with the tegmentum of the midbrain.

Laterally,	the	hypothalamus	is	flanked	by	the	internal	
capsule;	medially,	it	is	flanked	by	the	third	ventricle.

The	hypothalamus	exerts	 its	 influence	through	three	
major systems: (1) the limbic, (2) the autonomic, and 

(3) the endocrine. It is composed of numerous nuclei of 

ill-defined	boundaries	that	make	connections	with	many	
parts of the central nervous system (CNS), including (1) 

limbic structures, (2) autonomic nuclei of the brainstem 

and spinal cord, and (3) the pituitary gland.

Although	 specific	 functions	 have	 not	 yet	 been	 as-

signed	to	individual	hypothalamic	nuclei,	several	afferent	
and	 efferent	 pathways	 of	 the	 hypothalamus	 have	 been	
described,	and	many	functions	have	been	identified.

This chapter describes the hypothalamic nuclei; the 

afferent	and	efferent	connections	of	 the	hypothalamus;	
the limbic, autonomic, and endocrine hypothalamic 

functions; and the clinical manifestations of selected hy-

pothalamic disorders.

 Hypothalamus

Hypothalamic Nuclei

See Fig. 10.1.

The hypothalamus may be divided into a medial hypo-

thalamic region that contains the majority of nuclei and a 

lateral	hypothalamic	region	that	contains	the	major	fiber	
tracts (e.g., the medial forebrain bundle) and a group of 

diffuse	nuclei.
The medial hypothalamic area is further subdivided 

into three regions: (1) the supraoptic region, which lies 

farthest anterior and includes the supraoptic, suprachi-

asmatic, and paraventricular nuclei; (2) the tuberal re-

gion, which lies just posterior to the supraoptic region 

and includes the ventromedial, dorsomedial, and infun-

dibular nuclei; and (3) the mammillary region, which lies 

farthest posterior and includes the mammillary body to 

the posterior nucleus.

Learning Objectives

•	 Understand the location of the hypothalamus and its relation to surrounding structures.

•	 Appreciate in what systems the hypothalamus plays a role, and know how the hypothalamus  

exerts	its	influence	in	these	systems.
•	 Name and identify the anatomic relationships of the hypothalamic nuclei.

•	 Describe	the	afferent	and	efferent	connections	of	the	cerebellum.
•	 Determine the clinical manifestations of hypothalamic dysfunction.
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Fig. 10.1 Hypothalamic nuclei.
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Afferent Connections

See Fig. 10.2.

The hypothalamus is located in the center of the 

 limbic system and receives numerous projections from 

limbic system structures. In addition, the hypothalamus 

receives	ascending	afferents	from	the	brainstem	reticular	
formation	 and	 descending	 afferents	 from	 the	 thalamus	
and cerebral cortex.

The	major	afferent	connections	of	the	hypothalamus	
include the following:

● Olfactory and septal areas These areas are  concerned 

with smell and basic emotional drives. They send 

axons to the hypothalamus via the medial forebrain 

bundle.

● Hippocampus This limbic system structure is 

 probably involved in a variety of behaviors, including 

learning and memory. The hippocampus sends axons 

to the mammillary bodies of the hypothalamus in a 

large	fiber	bundle	called	the	fornix.

● Amygdaloid nucleus Like the hippocampus, the  

amygdaloid nucleus is associated with complex 

 behaviors. It sends axons to the hypothalamus via 

the stria terminalis.

● Midbrain tegmentum (reticular formation) This 

	includes	a	diffuse	network	of	neurons	concerned	
with a variety of autonomic functions. It sends axons 

to the hypothalamus through the medial forebrain 

 bundle. Two additional brainstem nuclei, closely 

 related to the reticular formation, also send axons to 

the hypothalamus. They are the raphe nucleus, which 

projects	serotonin-containing	fibers,	and	the	nucleus	
ceruleus, which projects norepinephrine-containing 

fibers.	Both	fiber	types	project	to	the	hypothalamus	
in the dorsal longitudinal fasciculus.

● Dorsomedial and midline thalamic nuclei These are 

concerned with emotional states and autonomic 

functions. They project axons to the hypothalamus 

via the thalamohypothalamic tract.
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Fig. 10.2 Afferent hypothalamic connections.
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Efferent Connections

See Figs. 10.3 and 10.4.

The hypothalamus is a major output pathway of the 

limbic	system.	The	efferent	connections	of	the	hypothal-
amus	 are	 largely	 reciprocal	 to	 the	 afferent	 projections.	
There are ascending connections to the cortex and thala-

mus as well as descending connections to the autonomic 

nuclei of the brainstem and spinal cord. Separately, two 

hypothalamic pathways project to the pituitary gland.

The	major	efferent	connections	of	the	hypothalamus	
include the following:

● Olfactory and septal areas These areas are con-

cerned with smell and basic emotional drives. They 

receive hypothalamic axons via the medial forebrain 

bundle.

● Anterior thalamic nucleus This nucleus is the tha-

lamic part of the limbic system. It is concerned with 

emotional states and memory. It receives hypotha-

lamic axons via the mammillothalamic tract and pro-

jects in turn to the cingulate gyrus.

● Preganglionic autonomic neurons of the brainstem 

and spinal cord These are concerned with various 

autonomic functions. They include the dorsal nucleus 

of the vagus (brainstem) and the intermediolateral 

cell	column	(spinal	cord).	Both	receive	input	from	the	
 hypothalamus via the dorsal longitudinal fasciculus; 

the hypothalmic projections to the intermediolateral 

cell column are relayed in reticulospinal pathways.

● Posterior pituitary gland The posterior pituitary 

gland receives direct axonal projections from large 

neurosecretory cells in the paraventricular and su-

praoptic nuclei of the hypothalamus. They are carried 

in the supraoptic hypophyseal tract. Neurons of the 

paraventricular and supraoptic nuclei synthesize 

and secrete the hormones oxytocin and antidiuretic 

hormone (ADH), which are involved in reproductive 

functions and water balance, respectively. They are 

discussed in greater detail later in the chapter.

Fig. 10.3 Efferent hypothalamic connections.
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Fig. 10.4 Hypophyseal portal system.

● Anterior pituitary gland Neurosecretory cells in 

the infundibular nucleus of the hypothalamus  produce 

releasing	and	inhibiting	factors	that	influence	the	
secretion of pituitary hormones. There are no direct 

axonal connections between the hypothalamus and 

the anterior pituitary gland. These factors are carried 

by axoplasmic transport in the tuberoinfundibular 

tract and are secreted into a capillary bed in the 

median eminence. From the median eminence, 

they are transported in hypophyseal portal veins 

to a second capillary bed in the anterior pituitary 

gland, where they modulate the secretion of trophic 

hormones, such as thyroid-stimulating hormone 

(TSH), adrenocorticotropic hormone (ACTH), follicle-

stimulating hormone (FSH), luteinizing hormone 

(LH), growth hormone (GH), melanocyte-stimulating 

hormone (MSH), and prolactin.
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Functions of the Hypothalamus

The functions of the hypothalamus are centered on three 

“systems”: (1) autonomic, (2) endocrine, and (3) limbic 

system (i.e., emotion and behavior). It should be empha-

sized that the hypothalamus integrates autonomic and 

emotional/behavioral functions (for example, the sympa-

thetic	discharge	of	the	“fight	or	flight”	response	to	fear).

Autonomic Functions

● Cardiovascular regulation The hypothalamus exerts 

both	sympathetic	and	parasympathetic	influence	on	
the cardiovascular system. Stimulation of the poste-

rior hypothalamus produces primarily sympathetic 

effects,	including	increased	arterial	pressure	and	
heart	rate.	By	contrast,	stimulation	of	the	anterior	
hypothalamus produces primarily parasympathetic 

effects,	including	decreased	arterial	pressure	and	
heart	rate.	These	effects	are	mediated	via	cardiovas-

cular control centers in the reticular formation of the 

brainstem.

● Regulation of body temperature The anterior hypo- 

thalamus contains heat-sensitive neurons that sense 

the temperature of the blood passing through this 

area. As blood temperature rises, these neurons in-

crease	their	rate	of	firing	and	stimulate	vasodilatation	
and	sweating	(parasympathetic	response).	By	con-

trast, cold-sensitive neurons located in the posterior 

hypothalamus	increase	their	rate	of	firing	when	ex-

posed to cold. The autonomic response to stimulated 

cold-sensitive neurons includes vasoconstriction, 

piloerection, and shivering (sympathetic response).

● Regulation of water balance The lateral hypothala-

mus contains a “thirst center” that is made up of an 

ill-defined	collection	of	neurons.	As	the	electrolytes	
in the neurons of this area become too concentrated 

(due to increased serum osmolarity), the subject de-

velops an intense sensation of thirst. The sensation 

of thirst persists until the electrolyte concentration is 

restored by drinking.

● Regulation of food intake Several areas of the hy-

pothalamus are concerned with the regulation of 

food intake. For example, the lateral hypothalamus 

appears to contain a “hunger center.” Stimulation of 

the lateral hypothalamus causes excessive eating in 

an animal, whereas destructive lesions in the same 

result	in	loss	of	the	desire	for	food.	By	contrast,	the	
ventromedial nucleus appears to contain a “satiety 

center.” Stimulation of the ventromedial nucleus 

causes loss of appetite in an animal, whereas a de-

structive lesion in this area is followed by excessive 

eating.

Endocrine Functions

There are two groups of endocrine functions performed 

by the hypothalamus:

● Regulation of water balance Endocrine regulation of 

water balance is concerned with the control of renal 

excretion. This begins in the neurons of the supraop-

tic nuclei, which are sensitive to the concentration of 

body	fluids	(i.e.,	serum	osmolarity).	When	the	body	
fluids	become	too	concentrated	(increased	serum	
osmolarity), these neurons synthesize ADH, which 

is carried by axoplasmic transport into the posterior 

pituitary	gland.	Because  axon terminals lie adjacent 

to capillaries in the posterior pituitary gland, ADH 

enters into the bloodstream. It then acts on the col-

lecting ducts of the kidney to cause reabsorption of 

water. This conserved “free water” acts to decrease 

the serum osmolarity with resultant increased urine 

concentration.

● Regulation of reproductive functions Neurons of the 

paraventricular nuclei synthesize the hormone oxy-

tocin, which is carried by axoplasmic transport into 

the posterior pituitary gland. From there it is secreted 

into the bloodstream, where it causes increased con-

tractility of the uterus and contraction of the myoep-

ithelial cells that surround the alveoli of the breasts. 

Large quantities of oxytocin are secreted at the end of 

pregnancy, causing contractions of the uterus during 

delivery. Separately, the hypothalamus releases oxy-

tocin in response to the baby’s attempt to breast feed. 

This leads to contraction of the myoepithelial cells, 

which in turn causes ejection of breast milk.

Emotional Behavior

Through its integration and control of the limbic and 

autonomic systems (both sympathetic and parasympa-

thetic), the hypothalamus is concerned with the physio-

logical expression of emotional states. Experiments show 

that stimulation of the lateral hypothalamus elicits rage 

and fear, whereas lesions in this area result in passive 

behavior.	 By	 contrast,	 stimulation	 of	 the	 ventromedial	
hypothalamus provokes placidity and tameness, whereas 

lesions in this area are followed by aggressiveness and 

rage.
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Clinical Manifestations of 
Hypothalamic Lesions

Although the details of hypothalamic function are 

not  precisely known, several symptoms and  symptom 

 complexes related to hypothalamic disorders have 

been described. These are primarily due to endocrine 

 abnormalities and less often to autonomic dysfunction.

Disturbances of Water Balance

Hypothalamic dysfunction may result in one of two 

 syndromes of altered water balance: (1) diabetes 

	insipidus	 (DI),	which	 is	marked	by	a	deficiency	of	ADH	
and is clinically characterized by the excretion of large 

 volumes of dilute urine; and (2) the syndrome of inap-

propriate secre tion of antidiuretic hormone (SIADH), 

which is marked by increased ADH secretion and is 

 clinically characterized by water retention and dilutional 

hyponatremia.

Disturbances of Temperature Regulation

As noted, the anterior hypothalamus contains heat- 

sensitive neurons. Lesions in this area undercut the 

 compensatory autonomic response to increased body 

temperature and thereby result in hyperthermia. 

By	 	contrast,	 lesions	 in	 the	 “cold-sensitive”	 posterior	
 hypothalamus may result in hypothermia.

Obesity

As noted, the ventromedial hypothalamus contains a 

so called satiety center, which when stimulated inhibits 

the appetite for food. Destructive lesions in this area may 

result in excessive eating and lead to obesity.

Hypogonadotropic Hypogonadism

This condition may be caused by either hypothalamic or 

pituitary disorders. In women, it is manifested by amen-

orrhea; in men, it is manifested by gonadal dysfunction.

Disturbances of Emotional Behavior

Hypothalamic lesions, particularly in the ventromedial 

region, may cause episodic outbursts of rage and fear that 

are associated with a prominent autonomic  component. 

Between	 outbursts,	 the	 behavior	 is	 normal	 and	 the	
 patient may be remorseful.
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The basal ganglia	are	a	collection	of	five	subcortical	nu-

clei	located	deep	in	the	cerebral	hemispheres.	They	play	
an	important	role	in	the	control	of	posture	and	voluntary	
movement.

Like	the	cerebellum,	the	basal	ganglia	are	components	
of	the	motor	system	that	serve	to	influence	the	major	de-

scending	tracts	(i.e.,	 the	corticospinal	and	corticobulbar	
tracts).	Unlike	the	cerebellum,	however,	the	basal	ganglia	
have	no	direct	connections	with	the	spinal	cord.	Instead,	
they	act	as	regulators	of	cortical	function	via	their	influ-

ence	on	thalamocortical	projections.
Thus,	the	major	output	of	the	basal	ganglia	is	directed	

to	the	thalamus,	which	in	turn	projects	to	the	frontal	cor-

tex;	the	major	input	is	received	from	large	cortical	areas,	
forming	a	loop	that	may	be	summarized	as	follows:	cor-

tex–basal	ganglia–thalamus–cortex.
The	main	components	of	the	basal	ganglia	involved	in	

this	 loop	are	 (1)	 the	 caudate	nucleus,	 (2)	 the	putamen,	
and	(3)	the	globus	pallidus.	Two	related	subcortical	nuclei	
traditionally	included	among	the	basal	ganglia	are	(4)	the	
subthalamic	nucleus	and	(5)	the	substantia	nigra.

This	 chapter	 reviews	 the	 basic	 anatomy	 of	 the	 five	
main	 components	 of	 the	 basal	 ganglia,	 describes	 their	
main	connections,	and	briefly	reviews	their	neurochem-

istry	 and	 physiology.	 In	 closing,	 the	 chapter	 briefly	 re-

views	the	clinical	manifestations	of	basal	ganglia	lesions,	
which	have	played	an	important	role	in	our	current	un-

derstanding	of	basal	ganglia	function.

 Basal Ganglia

Components of the Basal Ganglia

See Figs. 11.1 and 11.2.
As	noted,	 the	basal	ganglia	comprise	five	subcortical	

nuclei:	(1)	the	caudate nucleus,	(2)	the	putamen,	(3)	the	
globus pallidus,	 (4)	 the	subthalamic nucleus,	and	(5)	 the	
substantia	nigra.	The	caudate	nucleus	and	the	putamen	
have	 many	 functional	 and	 developmental	 similarities	
and	are	usually	considered	together	as	a	single	structure,	
the	striatum.

Striatum

The	striatum	is	composed	of	the	caudate	nucleus	and	the	
putamen.	Both	nuclei	receive	projections	from	the	telen-

cephalon,	and	together	they	constitute	the	input	compo-

nent	of	the	basal	ganglia.
The	caudate	nucleus	is	C-shaped	and	is	closely	related	

to	 the	 lateral	 ventricle.	 It	 lies	 lateral	 to	 the	 thalamus	 
and	 medial	 to	 the	 fibers	 of	 the	 internal	 capsule.	 It	 is	
composed	of	three	parts,	which	are	related	to	the	three	
main	areas	of	the	lateral	ventricle,		as	follows:
●	 The	head	of	the	caudate	nucleus	forms	the	lateral	

wall	of	the	anterior	horn	of	the	lateral	ventricle,	the	
body	forms	part	of	the	floor	of	the	body	of	the	lateral 

ventricle,	and	the	tail	continues	forward	into	the	
temporal	lobe	in	the	roof	of	the	inferior	horn	of	the	
lateral	ventricle.

●	 The	putamen	is	the	largest	and	most	lateral	nucleus	
of	the	basal	ganglia.	It	is	partly	separated	from	the	
caudate	nucleus	by	the	fibers	of	the	internal	capsule.

Learning Objectives

•	 Know	what	role	the	basal	ganglia	plays	in	the	motor	system,	and	describe,	in	general	terms,	 
the	mechanism	by	which	the	basal	ganglia	exerts	its	influence.

•	 Name	the	component	structures	of	the	basal	ganglia,	and	understand	their	location	relative	to	one	another.
•	 Identify	the	connections	between	the	components	of	the	basal	ganglia,	and	the	connections	 

between	those	components	and	the	thalamus	and	the	cerebral	cortex.		Name	the	three	major	 
loops	through	which	the	basal	ganglia	exerts	its	influence.

•	 Know	what	neurotransmitters	basal	ganglia	connecting	neurons	use,	and	whether	they	are	excitatory	or	inhibitory.
•	 Basal	ganglia	dysfunction	causes	an	abnormal	increase	or	decrease	in	movement,	and/or	an	abnormal	increase	or	

decrease	in	tone.	Identify	the	major	clinical	conditions	associated	with	basal	ganglia	dysfunction.
•	 Describe	the	deep	brain	stimulation	targets	for	Parkinson’s	disease	(PD),	dystonia,	essential	tremor,	 

and	Tourette’s	syndrome.	Understand	the	pros	and	cons	for	the	various	PD	targets.
•	 Describe	the	side	effects	of	deep	brain	stimulation	in	the	VIM,	globus	pallidus	interna,	and	substantia	nigra.
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Fig. 11.1 Basal ganglia.

Fig. 11.2 Striatum and globus pallidus.
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Globus Pallidus

In	 contrast	 to	 the	 striatum,	 the	 globus	 pallidus	 derives	
from	the	diencephalon.	It	is	divided	into	external	and	in-

ternal	parts.	The	latter	constitutes	the	output	component	
of	the	basal	ganglia.

The	globus	pallidus	is	the	smallest	nucleus	of	the	basal	
ganglia.	 Laterally,	 it	 is	bordered	by	 the	putamen.	Medi-
ally,	it	 is	bordered	by	the	internal	capsule. Together,	the	
putamen	and	globus	pallidus	form	a	lens-shaped	struc-

ture,	which	is	sometimes	called	the	lentiform	nucleus—a	
purely	structural	designation	not	employed	here.

Subthalamic Nucleus

The	subthalamic	nucleus	forms	a	side	loop	with	the	glo-

bus	pallidus.	 It	 is	 a	 lens-shaped	nucleus	 located	on	 the	
medial	side	of	the	internal	capsule	at	the	border	between	
the	diencephalon	and	the	mesencephalon.	Caudally,	it	is	
continuous	with	the	substantia	nigra.

Substantia Nigra

The	substantia	nigra	is	located	in	the	mesencephalon.	It	
is	divided	into	two	regions:	a	dorsal	pars	compacta	and	
a	ventral	pars	reticulata.	These	two	regions	have	distinct	
histological	and	functional	characteristics.

Fig. 11.3 Afferent connections of the striatum.

The	pars	compacta	is	composed	of	neurons	that	con-

tain	the	pigment	melanin,	giving	the	substantia	nigra	its	
dark	color	which	is	reflected	in	its	name.	These	neurons	
project	rostrally	and	form	a	side	loop	with	the	striatum.

The	pars	reticulata	is	directly	continuous	with	the	glo-

bus	pallidus	with	which	 it	 shares	both	histological	 and	
functional	characteristics.

Connections of the Basal Ganglia

All	 input	 into	 the	basal	 ganglia	 terminates	 in	 the	 stria-

tum;	all	output	projects	from	the	globus	pallidus	and	the	
pars	reticulata	of	the	substantia	nigra.

Striatum

Afferents

See Fig. 11.3.
There	are	three	major	sources	of	input	to	the	striatum:

● Cerebral cortex	 This	is	the	dominant	source	of	input	
to	the	basal	ganglia.	Large	areas	of	the	cortex	are	in-

volved,	including	the	motor,	sensory,	and	association	
cortices.	Corticostriate	projections	are	organized	
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	topographically	(i.e.,	specific	parts	of	the	cortex	pro-

ject	onto	specific	regions	of	the	striatum).
● Intralaminar nuclei of the thalamus	 The	centrome-

dian	nucleus	provides	the	most	important	thalamic	
input.	Because	the	thalamus	receives	input	from	the	
cortex,	thalamostriate	projections	represent	another	
means	by	which	the	cortex	influences	the	striatum.

● Pars compacta of the substantia nigra	 The	substantia	
nigra	is	involved	in	a	major	side	loop	with	the	stria-

tum	(see	later	discussion).

Fig. 11.4 Efferent connections of the striatum.

Efferents

See Fig. 11.4.
There	are	two	major	destinations	of	striatal	efferents:

● Globus pallidus	 This	is	the	dominant	striatal	projec-

tion.	The	fibers	in	this	pathway	are	topographically	
organized.	They	contribute	to	the	major	cortex–basal	
ganglia–thalamus–cortex	loop.

● Substantia nigra (both parts)	 Both	the	pars	com-

pacta	and	the	pars	reticularis	receive	striatonigral	
fibers.	 
As	mentioned,	the	pars	compacta	is	involved	in	a	
side	loop	with	the	striatum.	The	pars	reticulata	is	the	
functional	equivalent	of	the	globus	pallidus.
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Globus Pallidus

Afferents

See Fig. 11.5.
There	 are	 two	major	 sources	 of	 input	 to	 the	 globus	

pallidus:
● Striatum (putamen	and	striate	nucleus)	 Fibers	from	

the	striatum	are	projected	topographically	onto	the	
globus pallidus.	The	pars	reticulata	of	the	substantia	
nigra,	which	is	functionally	similar	to	the	globus	
pallidus,	also	receives	topographically	organized	
afferents	from	the	striatum	(not	shown	in	this	figure).

● Subthalamic nucleus	 The	subthalamic	nucleus	
projects	topographically	organized	fibers	on	the	
globus	pallidus	as	part	of	a	major	side	loop.

Fig. 11.5 Afferent connections of the globus pallidus.
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Efferents

See Fig. 11.6.
There	are	 three	major	destinations	 for	pallidal	effer-

ents:
● Ventral lateral and ventral anterior thalamic nuclei  

This	is	the	major	outflow	pathway	of	the	basal	gan-

glia.	Fibers	projected	from	the	globus	pallidus	to	the	
thalamus	are	carried	in	two	fiber	bundles,	the	ansa 

lenticularis and the lenticular fasciculus.	These	fiber	
bundles	later	fuse	to	reach	the	thalamus	as	the	tha-

lamic fasciculus.	Fibers	of	the	ventral	anterior	(VA)	
and	ventral	lateral	(VL)	thalamic	nuclei	project,	in	
turn,	to	the	prefrontal	and	premotor	cortex	to	com-

plete	the	cortex–basal	ganglia–thalamus–cortex	loop.
● Subthalamic nucleus	 The	globus	pallidus	projects	

fibers	to	the	subthalamic	nucleus	as	part	of	the	glo-

bus	pallidus–subthalamic	nucleus–globus	pallidus	
side	loop,	as	already	mentioned.

● Brainstem reticular formation	 The	nuclei	in	this	
region	receive	fibers	from	the	globus	pallidus	and	in	
turn	project	to	other	nuclei	that	give	rise	to	descend-

ing	motor	tracts	(e.g.,	the	rubrospinal,	reticulospinal,	
and	vestibulospinal	tracts). Fig. 11.6 Efferent connections of the globus pallidus.
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Physiology and Neurochemistry of 
the Basal Ganglia

See Fig. 11.7.
The	 primary	 function	 of	 the	 basal	 ganglia	 is	 in	 the	

control	 of	 posture	 and	 voluntary	movement.	 The	 basic	
means	by	which	the	basal	ganglia	carry	out	this	function	
is	through	the	 influence	they exert	on	the	cerebral	cor-

tex.	As	mentioned,	 this	 influence	 is	primarily	made	via	
the	cortex–basal	ganglia–thalamus–cortex	loop,	which	is	
modulated	by	 two	additional	 side	 loops:	 the	 striatum–
substantia	nigra–striatum	loop	and	the	globus	pallidus–
subthalamic	nucleus–globus	pallidus	loop.	Interruptions	
of	 these	 loops,	 or	 alterations	 in	 their	 neurotransmitter	
systems,	 are	 responsible	 for	 the	 clinical	manifestations,	
which	will	be	considered	in	the	following	section.

The Cortex–Basal Ganglia–Thalamus–
Cortex Loop

As	mentioned,	this	is	the	major	loop	by	which	the	basal	
ganglia	exert	their	influence	on	the	cortical	neurons	that	
contribute	to	the	corticospinal	and	corticobulbar	tracts.

At	one	point	of	this	loop,	the	corticostriate	neurons	re-

lease	the	excitatory	neurotransmitter	glutamate.	Within	
the	basal	 ganglia,	neurons	 in	 the	 striatum	and	 the	glo-

bus	 pallidus	 contain	 the	 inhibitory	 neurotransmitter	
gamma-aminobutyric	 acid	 (GABA),	 creating	 a	 two-step	
sequence	 of	 double	 inhibition.	 Closing	 the	 loop,	 the	
thalamocortical	neurons,	like	the	corticostriate	neurons,	
release	the	excitatory	neurotransmitter	glutamate.

Because	the	basal	ganglia	contain	a	double	inhibitory	
pathway,	the	excitatory	drive	from	the	cortex	disinhibits	
thalamocortical	 fibers,	which	finally	 project	 to	 and	 ex-

cite	the	cortex.	The	upshot	of	the	loop:	excitation	of	the	
cortex.

This	at	least	appears	to	be	the	case	shortly	before	and	
during	 a	movement,	 as	 shown	 by	 electrical	 recordings	
in	animals.	These	recordings	further	show	that	when	no	
movements	are	being	made,	the	neurons	of	the	striatum	
are	quiescent	and	those	of	the	globus	pallidus	are	active,	
which	allows	the	globus	pallidus	to	inhibit	the	thalamo-

cortical	fibers.
Modulating	this	circuit	are	two	additional	side	loops,	

as	described	next.

The Striatum–Substantia Nigra–Striatum 
Loop

The	precise	modulatory	effect	of	 this	 loop	 is	unknown.	
What	 is	known	 is	 that	 the	 striatum	 projects	 inhibitory,	
GABA-containing	neurons	onto	the	pars compacta of the 

substantia nigra.	In	turn,	the	pars	compacta	projects	do-

pamine-containing	neurons	on	the	striatum,	where	they	
exert	varying	effects	on	different	subpopulations	of	stri-
atal	neurons.

The Globus Pallidus–Subthalamic Nucleus–
Globus Pallidus Loop

The	globus	pallidus	projects	inhibitory,	GABA-containing	
neurons	 onto	 the	 subthalamic nucleus.	 In	 turn,	 the	
subthalamic	 nucleus	 projects	 excitatory,	 glutamate-
containing	 neurons	 on	 the	 globus pallidus.	 The	
consequence	of	 this	circuit	 is	 to	 increase	 the	 inhibitory	
effect	of	the	globus	pallidus	on	the	thalamus.

Clinical Manifestations of Basal 
Ganglia Disease

The	 clinical	 manifestations	 of	 basal	 ganglia	 disease	
result	 from	 (1)	 the presence of an abnormal increase 

or decrease in movement	 and	 (2)	 the presence of an 

abnormal increase or decrease in tone.
Because	 decreased	 movement/increased	 tone	 and	

increased	 movement/decreased	 tone	 are	 common	
combinations	 in	 basal	 ganglia	 disease,	 the	 following	 two	
syndromes	 have	 been	 identified:	 (1)	 the	 hypokinesia-
hypertonia	syndrome,	of	which	parkinsonism	is	an	example,	
and	 (2)	 the	 hyperkinesia-hypotonia	 syndrome,	 of	 which	
chorea,	athetosis,	dystonia,	and	ballismus	are	examples.

Although	the	details	of	the	pathogenesis	of	these	two	
syndromes	are	not	well	known,	it	is	thought	that	the	hy-

pokinesia-hypertonia	syndrome	is	due	to	disease	of	the	
substantia	 nigra,	 whereas	 the	 hyperkinesia-hypotonia	
syndrome	is	related	to	lesions	of	the	striatum.

This	 section	 briefly	describes	 the	 clinical	 features	 of	
basal	ganglia	disease	and	discusses	current	thoughts	re-

garding	their	pathological	anatomy.

The Hypokinesia-Hypertonia Syndrome

Pathological Anatomy

It	 has	 long	 been	 known	 that	 degeneration	 of	 the	 pars	
compacta	of	the	substantia	nigra	is	the	chief	pathological	
feature	of	parkinsonism,	which	is	the	most	characteristic	
example	of	the	hypokinesia-hypertonia	syndrome.	More	
recent	studies	offer	further	insights	into	the	pathological	
anatomy	of	parkinsonism.

The	 subthalamic	 nucleus	 increases	 the	 excitatory	
drive	of	the	globus	pallidus.	The	globus	pallidus,	in	turn,	
exerts	an	inhibitory	effect	on	thalamocortical	neurons.

In	parkinsonism,	these	pathways	become	more	active.	
The	loss	of	(inhibitory)	dopaminergic	nigrostriatal 	fibers 

causes	an	increase	in	the	GABAergic	striatal	output.	This,	
in	turn,	inhibits	the	GABAergic	pallidal	output	to	the	sub-

thalamic	nucleus,	which	causes	an	increase	in	activity	of	
the	globus	pallidus.	This	causes	an	increase	in	the	inhi-
bition	 of	 thalamocortical	 neurons,	 and	 thus	 a	 decrease	
in	voluntary	movement	(hypokinesia)	and	an	increase	in	
tone	(hypertonia).
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Fig. 11.7 Neurochemistry of the basal ganglia.
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Parkinsonism

See Fig. 11.8.
Clinically,	parkinsonism	is	characterized	by	the	 triad	

of hypokinesia,	rigidity,	and	resting	tremor.
Hypokinesia	 is	 the	 most	 disabling	 symptom.	 It	 is	

marked	by	a	slowness	of	movement	that	interferes	with	
all	 acts	 of	 daily	 living:	walking	 becomes	 a	 shuffle,	 and	
arm	 swings	 are	 greatly	 reduced;	 small	 adjustive	move-

ments	are	no	 longer	made,	making	 it	awkward	to	arise	
from	a	chair;	meals	are	consumed	slowly,	facial	expres-

sions	become	fixed	(“masked	facies”);	speech	is	monot-
onous	 and	markedly	 reduced	 in	 volume;	 and	 the	 head	
does	not	turn	to	accommodate	new	directions	of	gaze.

Rigidity	consists	of	a	resistance	to	passive	movement.	
It	is	present	from	the	start	of	a	movement	and	continues	
throughout	the	movement.	This	is	in	contrast	to	spastic-

ity,	in	which	resistance	is	often	greatest	at	the	beginning	
of	a	passive	movement	 (clasp-knife	phenomenon).	 Fur-

ther,	the	resistance	in	parkinsonism	has	a	characteristic	
ratchet-like	quality,	which	is	probably	related	to	an	un-

derlying	tremor	(cogwheel	phenomenon).
The	 tremor	 of	 parkinsonism	 is	most	 conspicuous	 at	

rest	 and	 characteristically	 improves	 during	 voluntary	
movement	 (hence	 the	 term	 resting tremor).	 It	 typically	
consists	of	a	4	to	6	Hz	tremor	involving	the	hand	or	foot	
in	a	rhythmic	oscillation	between	agonist	and	antagonist	
muscles.

Fig. 11.8 Parkinsonism disease. 
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The Hyperkinesia-Hypotonia Syndrome

Pathological Anatomy

The	hyperkinesia-hypotonia	syndrome	is	represented	by	
various	movement	disorders	described	here.	It	is	thought	
to	be	related	to	lesion(s)	of	the	striatum	or	the	subthal- 

amic	nucleus.
Lesions	of	the	subthalamic	nucleus	produce	a	loss	of	

excitatory	projections	to	the	globus	pallidus.	This	results	
in	a	decrease	in	the	activity	of	GABAergic	globus	pallidus	
neurons	that	project	on	the	thalamus	and	causes	disinhi-
bition	of	thalamocortical	neurons.

Lesions	of	the	striatum	cause	a	loss	of	GABAergic	out-
put	 to	 the	 globus	 pallidus.	 This	 disinhibits	 GABAergic	
fibers	from	the	globus	pallidus	that	project	on	the	sub-

thalamic	nucleus.	Diminished	activity	in	the	subthalamic	
nucleus	 disinhibits	 thalamocortical	 neurons,	 as	 already	
described.

Chorea

See Fig. 11.9.
Chorea	 consists	 of	 involuntary, arrhythmic 

movements of a forcible, rapid, jerky type.	The	distal	
parts	of	the	extremities	are	typically	involved	early,	but	
spread	 to	 more	 proximal	 parts	 often	 follows.	 Tongue	
movements	 and	 facial	 grimacing	 occur	 in	 more	 florid	
cases.	 Voluntary	 movements	 may	 be	 distorted	 by	 the	
superimposed	 involuntary	 ones,	 and	 the	 patient	 may	
incorporate	the	latter	into	the	former,	as	if	to	make	them	
less	noticeable.	Although	power	is	generally	unaffected,	
there	may	be	difficulty	maintaining	muscular	contraction,	
giving	the	appearance	of	diminished	power.

Fig. 11.9 Huntington’s chorea.
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Athetosis

See Fig. 11.10.

Athetosis	is	characterized	by	slow, sinuous, involun-

tary movements	that	tend	to	flow	into	one	another.	They	
often	 involve	 the	 extremities,	 the	 face,	 and	 the	 tongue.	
Compared	with	chorea,	athetotic	movements	are	slower	
and	more	continuous.

Dystonia

Dystonia	is	characterized	by	slow,	sustained,	involuntary	
movements	 or	 postures.	 As	 compared	 with	 athetosis,	
dystonic	 movements	 differ	 only	 in	 their	 more	 persis-

tently	sustained	postures	and	their	 tendency	to	 involve	
the	larger	muscles	of	the	trunk	and	limb	girdles.

Fig. 11.10 Athetosis.
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Ballism

See Fig. 11.11.
Ballism	 is	 a	 form	 of	 chorea.	 It	 is	 distinguished	 by	

movements	that	are	flinging	and	violent	in	nature.	It	pre-

dominantly	affects	the	proximal	extremities	and	is	usu-

ally	unilateral	(hemiballism).

Fig. 11.11 Hemiballism.
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Globus Pallidus Interna (GPi)

The	GPi	has	proven	to	be	a	safe	and	effective	target	for	relief	
management	of	PD	symptoms,	especially	on-medication	
dyskinesias.	The	target	does	not,	however,	reduce	the	PD	
patient’s	need	for	levodopa,	unlike	substantia	nigra	DBS.

Subthalamic Nucleus (STN)

STN	DBS	produces	sustained	improvement	in	tremor	and	
rigidity.	It	also	lowers	levodopa	requirements,	leading	to	
improvement	in	levodopa-induced	dyskinesias.	Gait	im-

provement,	however,	is	less	reliable.

Dystonia

GPi	DBS	has	proved	to	be	a	safe	and	effective	treatment	
for	intractable	primary	dystonia,	and	some	forms	of	sec-

ondary	 dystonia.	 Other	 options	 for	 secondary	 dystonia	
include	various	thalamic	targets	and	STN.

Anatomic Basis of Surgical 
Treatment of Movement Disorders

The	use	of	deep	brain	stimulation	(DBS)	for	the	treatment	
of	movement	disorders	has	brightened	the	hope	for	many	
previously	 desperate	 patients.	 For	 the	 neurologist	 and	
neurosurgeon,	these	advances	demand	knowledge	of	the	
neuroanatomical	substrate	of	these	diseases,	an	explica-

tion	of	which	follows.	

Target Selection in Movement 
Disorders

Parkinson’s Disease (PD)

For	DBS	therapy,	three	anatomic	targets	are	available,	the	
pros	and	cons	of	which	are	described	briefly.

Ventral Intermediate Thalamus (VIM)

See Fig. 11.12.

This	was	 the	 target	 in	 the	 earliest	DBS	 therapy.	 A	 high	
incidence	 of	 tremor	 relief	 has	 been	 achieved	with	 this	
target;	 however,	 the	 other	 symptoms	 of	 PD,	 including	
	rigidity,	 bradykinesia,	 and	 drug-induced	 dyskinesias,	
were	disappointing.	Thus,	this	target	may	be	appropriate	
for	PD	patients	with	tremor-predominant	symptoms.

Fig. 11.12 Axial oblique imaging using high resolution ex vivo 

brain at 7T, showing ventral intermediate thalamus (VIM, 

 arrows).
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Essential Tremor (ET)

The	VIM	nucleus	of	the	thalamus	is	the	most	commonly	
used	target	for	patients	with	ET.

Tourette’s Syndrome (TS)

Acceptable	targets	for	TS	are	the	thalamus	and	GPi.

Stimulation Side Effects

See Table 11.1.

Knowledge	of	 the	side	effects	of	DBS,	and	the	anatomi-
cal	borders	of	the	targets,	is	a	prerequisite	to	treatment.	
We	here	present	the	anatomic	borders	of	the	major	DBS	

targets	and	the	symptoms	that	may	be	produced	by	mis-

placed	stimulation.	These	symptoms	are	identified	below	
“in	parentheses.”

VIM Nucleus

See Fig. 11.13.

The	lateral/anterior	border	is	the	internal	capsule	(mus-

cle	 contractions),	 the	 posterior	 border	 is	 the	 sensory	
thalamus	 (paresthesias),	 and	 the	 anterior	 border	 is	 the	
motor	thalamus	(motor	symptoms).	Bilateral	stimulation	
causes	dysarthria.

Fig. 11.13 MRI slice with superimposed colored areas demonstrates the location of a DBS target (blackened yellow circle), the ventral 

intermediate thalamus (VIM), and its at-risk bordering structures (colored areas). Inadvertent stimulation of a border structure may 

cause unwanted symptoms, as indicated in the boxed figures.

1 2

3

POSTERIOR MARGIN 

– Ventrocaudal thalamus (sensory)
  Stimulation causes intolerable parasthesias

3

ANTERO-LATERAL MARGIN

– Internal capsule

   Stimulation causes tonic contracture 

1

ANTERIOR MARGIN 

– Ventral oralis post thalamus (Vop)
  Stimulation may cause no effect on tremor

2

Ventral intermediate
thalamus (VIM)

TARGET      

VENTRAL INTERMEDIATE
THALAMUS (VIM) AND BORDERING

STRUCTURES

Table 11.1 Side effects of stimulation

Side Effect DBS Target Area Implicated in Causing Side Effect

Muscle contraction VIM, GPi, STN Internal capsule (corticospinal tract)

Paresthesias VIM, STN Medial lemniscus

Oculomotor disturbances GPi, STN Internal capsule for conjugate eye deviation, cranial nerve III  
medial to STN for ipsilateral eye movements

Dysarthria STN, GPi Internal capsule and associated basal ganglia circuits

Visual phenomena GPi Optic tract

Abbreviations: DBS, deep brain stimulation; GPi, globus pallidus interna; STN, subthalamic nucleus; VIM, ventral intermediate thalamus.
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Subthalamic Nucleus (STN)

See Figs. 11.14 and 11.16.
The	medial	border	is	cranial	nerve	III	(ipsilateral	inward	eye	
deviation),	the	lateral/anterior	border	is	the	internal	cap-

sule	 (muscle	contractions,	conjugate	gaze	deviation),	and	
the	posterior	border	is	the	medial	lemniscus	(paresthesias).

Fig. 11.15 MRI slice with superimposed colored areas demonstrates the location of a DBS target (blackened yellow circle), the globus 

pallidus interna (GPi), and its at-risk bordering structures (colored areas).  Inadvertent stimulation of a border structure may cause 

unwanted symptoms, as indicated in the boxed figures.

1

2

POSTERIOR MARGIN 

– Internal capsule

   Stimulation causes tonic contracture 

1

VENTRAL (inferior) MARGIN 

– Optic tracts
   Stimulation causes visual disturbances

2

Globus pallidus
interna (GPi)

GLOBUS PALLIDUS INTERNA (GPi)
AND BORDERING STRUCTURES

TARGET      

Globus Pallidus Interna (GPi)

See Figs. 11.14 and 11.15.
The	 medial/posterior	 border	 is	 the	 internal	 capsule	
(contralateral	 contraction	 of	 the	 face,	 conjugate	 eye	
deviation),	 the	 lateral	 border	 is	 the	 globus	pallidus	 (no	
effect),	and	the	deep	structure	 is	 the	optic	 tract	 (visual	
	phenomena).		

Fig. 11.14 Axial subthalamic nucleus (red arrow) and globus pallidus interna (blue arrows).
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2

1

4

3
5

MEDIAL-CAUDAL MARGIN

– CN III
   Stimulation causes diplopia

3

MEDIAL-ROSTRAL MARGIN

– Hypothlamus
   Stimulation causes autonomic Sx

4

ANTERO-MEDIAL MARGIN

– Ventral medial STN
   Stimulation causes mood swings

5

1

ANTERO-LATERAL MARGIN

– Internal capsule
   Stimulation causes tonic contracture

2

Subthalamic
nucleus (STN)

POSTERIOR MARGIN

– Medial lemniscus

   Stimulation causes intolerable paresthesia

SUBTHALAMIC NUCLEUS (STN)
AND BORDERING STRUCTURES

TARGET      

Fig. 11.16 MRI slice with superimposed colored areas demonstrates the location of a DBS target (blackened yellow circle), the 

subthalamic nucleus (STN), and its at-risk bordering structures (colored areas).  Inadvertent stimulation of a border structure may 

cause unwanted symptoms, as indicated in the boxed figures. 
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Many structures have been included in various accounts 

of the limbic system, but for our purpose the limbic system 

means (1) the limbic lobe, (2) the hippocampal formation, 

(3) the amygdaloid nucleus, (4) the hypothalamus, and 

(5) the anterior nucleus of the thalamus.

Functional studies suggest the limbic system partic-

ipates in emotion and emotional behaviors (e.g., anger, 

fear, and sexuality), which appear to be important in the 

preservation of the individual and of the species. In addi-

tion, these studies suggest the limbic system is important 

in coordinating the emotion and autonomic responses 

such as changes in blood pressure, respiration, pupillary 

dilation, and bowel and bladder control. More recently 

appreciated is the important role of the limbic system, 

in particular the hippocampus, regarding learning and 

memory.

It should be emphasized that, despite the persistent 

use of the term limbic system, which includes, as noted, 

several structures that appear to share some common 

functions, the idea that it represents an independent 

functional system can no longer be maintained. Indeed, 

the individual structures of the limbic system are now 

known to be involved in a wide variety of functions and 

connections.

 Limbic System

Learning Objectives

•	 Compare and contrast the component parts of the limbic lobe as opposed to the limbic system. 

•	 Appreciate the general purpose of the limbic system.

•	 Know the component structures that constitute the hippocampal formation.

•	 Understand the histology of the hippocampus, including what cell types comprise its three cortical layers.

•	 Know	the	structures	from	which	the	hippocampus	receives	afferent	fibers.
•	 Understand the various circuits or pathways that constitute the hippocampal formation,  

including the cells of origin and the target cells.

•	 Appreciate the role of the fornix in the hippocampal formation.

With this in mind, the major components of the lim-

bic system are addressed separately. Further, because the 

thalamus and the hypothalamus are discussed at length 

elsewhere (Chapters 9 and 10), this chapter concentrates 

on the limbic lobe, the hippocampal formation, and the 

amygdaloid nucleus.

In 1878, the French anthropologist Pierre Paul Broca 

introduced the term limbic lobe to describe a ring of gray 

matter that surrounded the rostral brainstem. The term, 

which comprised the subcallosal, the cingulate, and the 

parahippocampal gyri, was applied to characterize these 

structures as phylogenetically primitive.

In 1937, the American anatomist James Papez 

transformed the limbic lobe from an evolutionary 

concept into a physiological one. In an attempt to 

explain the relationship between consciousness and the 

emotions, he described a circuit of neuronal connections 

between the limbic lobe and the hypothalamus. The 

circuit of Papez is described later in this chapter. One 

of	 the	 historical	 consequences	 of	 Papez’s	 efforts	 was	
to enlarge the concept of a “limbic lobe” into a “limbic 

system,” which encompasses the limbic lobe as well as 

associated subcortical structures.
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Cingulate gyrus

Subcallosal gyrus

Parahippocampal gyrus

Fig. 12.2 (a) Surface reconstruction of 7T T1w magnetic resonance imaging (MRI) showing medial brain surface. (b) Sagittal view of 

7T T1w MRI showing cingulate (red arrow) and subcallosal gyri (blue arrow).

a b
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Structures of the Limbic System

Limbic Lobe

See Figs. 12.1 and 12.2.

As noted, the limbic lobe consists of (1) the subcallosal, 

(2) the cingulate, and (3) the parahippocampal gyri. Col-

lectively, these gyri form a ring around the rostral portion 

of the brainstem.

The limbic system is formed by the limbic lobe and as-

sociated subcortical structures, the amygdala, habenula, 

mammillary bodies, septal nuclei, portions of the thala-

mus, hypothalamus, and midbrain. The hippocampus is 

part of the limbic lobe and is situated on the inferomedial 

aspect of the hemisphere in the temporal lobe.

Fig. 12.1 Limbic lobe.
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11

7

8

10

9

2

1
6

13

Key

 1. Dentate gyrus
 2. Hilum
 3. CA3
 4. CA2
 5. CA1
 6. Prosubiculum
 7. Presubiculum

 8.  Parahippocampal  
gyrus

 9. Collateral sulcus
10. Fusiform gyrus
11. Hippocampal sulcus
12. Choroid plexus
13. Temporal horn

Head

Body

Tail

Fornix

Hippocampus

Mammillary
body

4

3
2

7

8

9

10

6

5

1

Fig. 12.5 3T coronal fluid-attenuated inversion recovery (FLAIR) 

magnetic resonance imaging (MRI) showing left hippocampal 

 micro-anatomy. 
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Fig. 12.3 The hippocampus.

Fig. 12.4 Hippocampal micro-anatomy. 

The hippocampus is a bilaminar archicortical (archi-cortex) 

 structure consisting of Ammon’s horn (hippocampus proper) and 

the dentate gyrus with one lamina rolled up in the other.

Hippocampal Formation

See 12.3, 12.4, and 12.5.

The hippocampal formation consists of (1) the hippo- 

campus, (2) the dentate gyrus, and (3) the  parahippocampal 

gyrus. The hippocampus has the appearance of a sea 

horse. It bulges out into the temporal horn of the lateral 

ventricle and is arched around the mesencephalon. It is 

divided into three anatomic segments: head, body, and 

tail.
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6
5

4

3

Molecular layer

Pyramidal layer

Polymorphic layer

2
1

CA1
CA2

CA3

CA4

8
7

9
10

Key

 1. Alveus fibers
 2. Stratum oriens of CA1 → CA4
 3. Stratum pyramidal
 4. Stratum lucidum
 5. Stratum radiatum
 6. Stratum moleculare
 7. Vestigal hippocampal sulcus

 8.  Stratum moleculare of dentate 
sulcus

 9. Dentate gyrus granule cells
10.  Polymorphic layer of dentate 

gyrus
11.  Fibers of the fimbria that form the 

fornix
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Hippocampus

The hippocampus is composed of an intraventricular ex-

pansion	of	the	temporal	lobe	cortex.	It	forms	the	floor	of	
the inferior horn of the lateral ventricle and is C-shaped 

in the coronal section. Anteriorly, it enlarges to form the 

pes hippocampus. Posteriorly, it terminates beneath the 

splenium of the corpus callosum.

Fig. 12.6 Hippocampal histology.

Histology of the Hippocampus

Histologically, the hippocampus is an example of the 

three-layered archicortex, which is phylogenetically older 

than the six-layered neocortex (Figs. 12.6 and 12.7). The 

three layers of the hippocampus are described as follows:

c	 The	molecular	layer	contains	nerve	fibers	and	small	
neurons and is continuous with the outermost layer 

of the neocortex.

c The pyramidal layer contains pyramidal-shaped neu-

rons that send dendrites into the molecular layer, and 

axons, destined for the fornix, into the alveus. This 

layer is continuous with layer 5 (internal pyramidal) 

of the neocortex.

c The polymorphic layer is similar to the innermost 

layer (layer 6) of the neocortex.

Fig. 12.7 High resolution coronal T2-weighted MRI image of an 

ex vivo left hippocampus at 7T. Note that even with 170 micron 

spatial resolution the internal layers of the cornu ammonis are 

not visible. 
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A
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D

C
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Key

A— Cortical-subcortical-cortical connection  
between the fusiform gyrus and  
parahippocampal/entorhinal gyrus

B— Direct connection between the entorhinal 
area (layer III) and CA1 subfield pyramidal 
cells

C, D, E— Direct connection between the pyram-
idal cells of CA1 and the deep layers 
of the neocortex

Key

A— Perforant pathway that connects the ento rhinal 
cortex (parahippocampal gyrus) to the dentate 
gyrus

B— Mossy fibers that connect the dentate gyrus to 
CA3

C— Schaeffer collaterals that connect CA3 to CA1
D— Fibers that emerge from the alveus that form 

the fimbria and later emerge  
(posteriorly) as an anteriorly  
ascending pathway that forms  
the fornix

E— Fornix
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Afferent and Efferent Connections

See Figs. 12.8, 12.9, 12.10, and 12.11.

Afferent	fibers	 are	 received	 from	 the	entorhinal area 

(lateral olfactory cortex), the septal area, the anterior 

thalamic nucleus, and the mammillary bodies. Noradr-

energic	fibers	are	projected	from	the	locus	ceruleus,	and	
serotonergic	fibers	are	projected	from	the	raphe	nuclei.	
Finally,	 the	 fornix	carries	commissural	fibers	 that	origi-
nate in the hippocampus on the opposite side.

The	predominant	efferent	fibers	of	the	hippocampus	
are projected in the fornix as follows:

� The ventricular surface of the hippocampus is cov-

ered by a thin layer of white matter called the alveus, 

which	contains	fibers	that	originate	in	the	large	py-

ramidal	cells	of	the	hippocampus.	These	fibers	con-

verge on the medial border of the hippocampus and 

then continue posteriorly as the fimbria.

Fig. 12.8 Parahippocampal-intrahippocampal 

connection.

Fig. 12.9 Direct intrahippocampal pathway.
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A—Intrahippocampal circuitry
B— To the parahippocampal gyrus. From the parahip-

pocampal gyrus, fibers reach inferior to the tem-
poral association area (C), the temporal pole (D), 
and the orbitofrontal area (E). Input fibers are from 
the inferior visual system to the inferior temporal 
association area (F) and then to the entorhinal re-
gion terminating in the hippocampus (small arrows 
from C to A).

Output pathways
(1) Output fibers from the hippocampus that 
reach the fornix (2), then the mammillary bodies 
(3), the anterior nucleus of the thalamus (4), 
and later the cingulum (6).

Input pathways
The input to the hippocampus for this pathway 
is from the visual cortex to the parietal associ-
ation area (A), then to the parahippocampal/
entorhinal cortex (B), then to the hippocampus 
(D) through the perforant path (C).
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c	 The	fimbria	continues	as	the	crus of the fornix, begin-

ning at the posterior end of the hippocampus beneath 

the splenium of the corpus callosum. The two crura 

from each hemisphere converge to form the body of 

the fornix, which then continues anteriorly along the 

undersurface of the corpus callosum. At its anterior 

extent, the body of the fornix diverges into two col-

umns, which terminate in the mammillary bodies of 

the hypothalamus and the septal region of the frontal 

lobe.

�	 Along	the	way	the	fornix	also	sends	fibers	to	the	an-

terior thalamic nucleus, the midbrain reticular forma-

tion, and the hippocampus on the opposite side (via 

the commissure of the fornix).

Fig. 12.10 Cortical connections of the direct intrahippocampal 

pathway.

Fig. 12.11 Cortical connections of the polysynaptic 

intrahippocampal pathway.
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Dentate Gyrus

The dentate gyrus is a narrow band of cortex with a 

notched	appearance.	It	is	located	between	the	fimbria	of	
the hippocampus and the parahippocampal gyrus. An-

teriorly, it is continuous with the uncus of the parahip-

pocampal gyrus; posteriorly, it is continuous with the 

indusium griseum, a thin layer of gray matter that covers 

the corpus callosum.

Histologically, the dentate gyrus, like the hippocam-

pus, is composed of three layers. However, in contrast to 

the hippocampus, the pyramidal cell layer is replaced by 

a granule cell layer, which sends axons to terminate upon 

dendrites of the pyramidal cells in the hippocampus. All 

dentate	gyrus	efferents	are	confined	to	the	hippocampal	
formation.

Parahippocampal Gyrus

See Fig. 12.4, p. 365.

The parahippocampal gyrus is located between the 

hippocampal	fissure	and	the	collateral	sulcus.	It	is	contin-

uous with the hippocampal formation along the medial- 

inferior border of the temporal lobe. Most of the cortex 

of the parahippocampal gyrus is six-layered. However, in 

the region of the gyrus known as the subiculum there is a 

transition between the neocortex and the three-layered 

archicortex of the hippocampus.

Amygdaloid Nucleus

The amygdaloid nucleus, a large gray mass covered by 

rudimentary cortex, lies in the anterior pole of the tem-

poral lobe. It is located in front of and above the tip of the 

inferior horn of the lateral ventricle and just below the 

uncus of the parahippocampal gyrus.

The amygdaloid nucleus is divided into two nuclear 

groups: (1) the corticomedial group, which lies just be-

low the pyriform area of the temporal lobe and receives 

fibers	 from	the	olfactory	bulb	and	 the	olfactory	cortex;	
and (2) the basolateral group, which has reciprocal con-

nections with the visual, auditory, and somatosensory 

cortices, as well as the thalamus and the brainstem retic-

ular formation.

In	addition	to	the	fibers	it	sends	back	upon	its	sources	
of	input,	the	amygdaloid	nucleus	projects	a	major	effer-

ent tract, the stria terminalis, upon the hypothalamic 

nuclei.	The	fibers	of	 the	stria	 terminalis	accompany	the	
C-shaped caudate nucleus as the caudate nucleus loops 

around the thalamus.
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Interconnections in the Limbic 
System

Many interconnections between various parts of the lim-

bic system have been described. The best known of these 

is the circuit of Papez.

The Circuit of Papez

As an anatomist, Papez was interested in the anatomic 

substrate	 by	which	 cognitive	 functions	 influence	 emo-

tions	 and	 their	 autonomic	 effects,	 a	 relationship	 that	
earlier experimental studies had suggested. Papez pos-

tulated that limbic structures occupied an intermedi-

ate	 position	 between	 cognitive	 cortical	 effects	 and	 the	
emotional	 and	 autonomic	 effects	 of	 the	 hypothalamus.	
The pathway he described, known as the circuit of Papez, 

interconnects the association areas of the cerebral cortex 

with the hypothalamus as follows.

The association areas of the prefrontal, parietal, tem-

poral,	and	occipital	cortices	send	fibers	to	the	cingulate	
gyrus. The cingulate gyrus then projects to the parahip-

pocampal gyrus, which in turn projects to the hippocam-

pus. Fibers from the cingulate and parahippocampal gyri 

are carried in the C-shaped cingulum bundle. Informa-

tion in the hippocampus is then relayed in the mammil-

lary bodies of the hypothalamus via the C-shaped fornix. 

It is projected from the mammillary bodies, via the mam-

millothalamic tract, to the anterior nucleus of the thal-

amus. Finally, information in the thalamus is projected 

back on the cingulate gyrus, bringing the circuit to an 

effective	close.

Functions of the Limbic System

Our knowledge of the functions of the limbic system is 

incomplete. It is primarily based on animal experiments 

involving ablation and stimulation of limbic structures, 

and clinicopathologic correlates in patients with memory 

loss, emotional disturbance, and temporal lobe epilepsy.

Hippocampus: Recent Memory

The hippocampus has been implicated in the execution 

of recent memory.

Recent memory is the ability to learn and retrieve ma-

terial after an interval of minutes, hours, or days. (Imme-

diate memory refers to an interval of seconds; remote 

memory refers to an interval of weeks or more.)

In addition to the hippocampus, two other structures 

are involved in the execution of recent memory: (1) the 

mammillary bodies of the hypothalamus and (2) the 

dorsomedial nucleus of the thalamus. The mammillary 

bodies	receive	fibers,	via	the	fornix,	from	the	hippocam-

pus,	 and	 the	 dorsomedial	 nucleus	 contains	 fibers	 from	
the mammillothalamic tract on their way to the anterior 

thalamic nucleus from the mammillary bodies.

These three limbic structures, the hippocampi, the 

mammillary bodies, and the dorsomedial nuclei, appear 

to store and retrieve memories from the cerebral cortex.

Their putative role in recent memory is in part sug-

gested by two amnestic syndromes. These syndromes are 

marked by recent memory loss with preservation of im-

mediate	and	remote	memory.	They	are	(1)	the	Korsakoff	
syndrome, which consists of bilateral destruction of the 

mammillary bodies and the dorsomedial nuclei, and (2) 

the surgical destruction of hippocampi performed on pa-

tients with medically intractable epilepsy (an example 

of the latter is described in the Clinical Manifestations 

section).

Amygdaloid Nucleus: Emotions and 
Autonomic Effects

The amygdaloid nucleus is thought to be concerned with 

the emotions and their autonomic consequences.

This is in contrast to the more “cognitive” role of the 

hippocampus, which is primarily associated with mem-

ory and learning.

As noted, the amygdaloid nucleus receives sensory 

input from areas of the cortex representing all sensory 

modalities. The precise pattern of neuronal connections 

that are involved in the processing of this information is 

not understood. However, the amygdala does not appear 

to play an important role in fashioning an emotional or 

behavioral response that is appropriate to the sensory 

input.

An important part of this response involves autonomic 

effects	such	as	changes	in	blood	pressure,	respiration,	and	
bowel	and	bladder	control.	These	effects	are	mediated	by	
the	hypothalamus,	which	receives	fibers	from	the	amyg-

daloid nucleus via the stria terminalis.

Emotional and behavioral responses may include ex-

pressions of fear, anxiety, placidity, or sexual activity. 

Some of these will be considered in more detail in the 

following section.
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Clinical Manifestations of Lesions in 
the Limbic System

One of the striking characteristics of limbic structures 

is their low threshold for epileptic seizures. At a cellu-

lar level, so-called temporal lobe seizures represent ex-

cessive, synchronized neuronal discharges in limbic and 

neocortical structures. Clinically, these are expressed by 

an alteration in consciousness, accompanied by a combi-

nation of sensory, motor, psychic, and autonomic mani-

festations.

This symptomatology, as illustrated in the following 

case study, provides important insights into the signs and 

symptoms of dysfunction in several limbic structures. We 

will	 first	 consider	 the	 clinical	 syndrome	 of	 a	 temporal	
lobe seizure and then discuss some individual signs and 

symptoms.

Case Example: Temporal Lobe Epilepsy

While talking to her neighbor on the porch outside her 

house, Lauren suddenly noticed a rising epigastric sensa-

tion,	accompanied	by	a	fleeting,	inexplicable	sense	of	fear.
A minute later, the neighbor observed that Lauren was 

staring blankly into space and not responding appropri-

ately to the conversation. What is more, Lauren fumbled 

with her dress in a purposeless and uncoordinated man-

ner. She appeared pale and sweaty, and her breathing 

pattern seemed to be irregular. Three minutes after she 

assumed her spacey look, Lauren regained her respon-

siveness and stopped her stereotypic fumbling. She was 

amnestic for the episode, although she vaguely recalled 

anxiety and a rising abdominal distress. She remained 

mildly confused for several hours after the event.

As noted earlier, so-called temporal lobe seizures are 

often expressed clinically by sensory, motor, psychic, and 

autonomic manifestations. All of these manifestations 

contributed to Lauren’s seizure: the rising epigastric 

sensation (sensory); the fumbling movements (motor); 

the feelings of anxiety and fear (psychic); and the pallor, 

sweating, and respiratory abnormalities (autonomic).

Of these, the psychic and autonomic symptoms appear 

to arise, particularly though by no means exclusively as a 

result of abnormal discharge in the amygdaloid nucleus.

Disturbances of Emotion and Emotional 
Behavior

Fear is the most common emotion produced by temporal 

lobe seizures. The clinical observation of the connection 

between fear and temporal lobe seizures is supported 

by animal experiments where stimulation of the amyg- 

daloid nucleus sometimes elicits fearful behavior. Such 

behavior is usually accompanied by autonomic hyperac-

tivity (see below).

Less commonly, sexual emotions and behavior, which 

may be associated with autonomic changes such as erec-

tions or vulvovaginal secretions, are manifested during 

temporal lobe seizures. Like the emotion of fear, sexual 

emotions have been reproduced by stimulation of the 

amygdaloid nucleus.

Disturbances of Autonomic Function

As discussed earlier, disturbances of autonomic function 

consist of changes in (1) blood pressure, (2) heart rate, (3) 

respiration, (4) gastrointestinal motility and secretion, 

(5) bowel and bladder control, (6) pupillary dilatation, 

and (7) piloerection.

These autonomic changes may occur in isolation. More 

commonly they occur in an appropriate emotional con-

text. For example, an increase in blood pressure, heart rate, 

and respiratory rate may accompany a feeling of fear, or 

vulvovaginal secretions may accompany sexual feelings.

In addition to these physical changes, autonomic sen-

sations may also occur. A rising epigastric sensation, as 

mentioned in the case study, is most common, but other 

autonomic sensory phenomena such as nausea, palpita-

tions, and a feeling of warmth or cold occur too.

Stimulation of the amygdaloid nucleus may produce 

these	 autonomic	 effects,	 presumably	 by	 its	 projection	
(via the stria terminalis) on the hypothalamus.
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Disturbances of Memory

Deficits	of	memory	related	to	temporal	lobe	lesions	may	
result from bilateral destruction of the hippocampi.

Evidence for this comes from the small group of pa-

tients who have undergone bilateral anterior temporal 

lobectomies as a treatment for psychiatric disease or for 

medically intractable temporal lobe epilepsy (surgical 

treatment for these patients is usually by unilateral tem-

poral lobectomies).

The most famous patient studied after a bilateral op-

eration,	case	H.M.,	illustrates	the	memory	deficit	caused	
by bilateral destruction of the hippocampi.

Immediately after surgery, H.M. exhibited both a ret-

rograde and an anterograde amnesia—a loss of memory 

for events both prior to and following the operation.

In time, the retrograde amnesia cleared, and he was 

left with a severe, persistent, anterograde amnesia. Im-

mediate recall and remote memory were both preserved, 

but he showed an almost total lack of recent memory. As 

a result, he failed to remember almost anything following 

the time of the operation and seemed quite unable to 

learn any new information.

He would reread the same papers and repeat the same 

tasks without any knowledge that he had done so before. 

He could not learn the location of his house or the loca-

tion of the objects within it, nor could he learn the names 

or recognize the faces of individuals who frequently vis-

ited him.

本书版权归Thieme所有



13

Major Sulci and Fissures

See Fig. 13.1.

The frontal, temporal, parietal, and occipital lobes are 

delimited by the lateral, parieto-occipital, central (rolan-

dic), and calcarine sulci.	The	lateral	sulcus,	or	sylvian	fis-

sure	as	it	is	also	known,	is	the	most	constant	fissure	in	the	
brain. It begins as a deep furrow on the inferior surface of 

the hemisphere and extends laterally between the fron-

toparietal and temporal lobes.

The central sulcus vertically separates the frontopari-

etal cortices and, therefore, the motor (ventral) from the 

sensory (dorsal) cortex. It slopes downward from the cer-

ebral convexity and forward 70 degrees to the horizontal 

plane and runs ∼2 cm deep. The central sulcus is mainly 

a	continuous	sulcus.	It	rarely	dips	into	the	sylvian	fissure.
The walls of the calcarine sulcus, which lies on the 

medial surface of the occipital lobe, are formed by the 

visual cortex. It begins at the dorsal end of the corpus 

callosum and follows an arched course from the parie-

to-occipital sulcus to the occipital pole.

 Cerebral Cortex

The parieto-occipital sulcus extends vertically from 

the calcarine sulcus to the rostral border of the hemi-

sphere to separate the parietal and occipital lobes. It be-

gins ∼4 cm from the occipital pole.

The	 interhemispheric	 fissure	 divides	 the	 cerebrum	
into two hemispheres (right and left). The caudal border 

of	the	 interhemispheric	fissure	 is	 formed	by	the	corpus	
callosum,	a	white	matter	 tract	 that	 contains	fibers	 that	
cross from one hemisphere to the other. The falx cerebri 

is	a	dural	fold	that	extends	into	the	interhemispheric	fis-

sure and serves to anatomically separate the right from 

the left cerebral hemispheres.

The transverse cerebral	fissure	marks	 the	separation	
between the cerebral hemispheres above and the 

cerebellum, midbrain, and diencephalon below. The 

dorsal	 portion	 of	 the	 transverse	 cerebral	 fissure	
intervenes between the occipital lobe above and the 

cerebellum below. It contains the tentorium cerebelli, a 

dural fold. The ventral aspect of the transverse cerebral 

fissure	 separates	 the	 corpus	 callosum	 above	 from	 the	
diencephalon below. It contains the tela choroidea, a 

vascular plexus derived from pia mater.

Learning Objectives

•	 Name	the	major	gyri,	sulci,	fissures,	and	lobes	of	the	brain.	
•	 Correlate	the	gyri	with	their	associated	lobes,	noting	the	sulci	that	help	define	the	gyri.
•	 Describe the histology of the cerebral cortex, noting the cell types that comprise the cortex,  

the	six	layers	that	define	it,	and	the	distinction	between	granular	and	agranular	cell	types.	 
Appreciate	the	functional	differences	between	the	granular	and	agranular	cell	types.

•	 Know the importance of Brodmann map, and the key Brodmann areas of the cortex.

•	 Know	the	three	categories	of	fiber	groups	that	constitute	the	subcortical	white	matter.	Learn	the	names	 
of	specific	fiber	groups	and	the	connections	they	make.

•	 For each major cortical area, learn what Brodmann area it is associated with, whether it is associated  

with contralateral or bilateral output or input, what cell types it contains (if relevant), what its  

function	is,	what	are	its	afferent	connections,	and	what	deficit	is	caused	by	a	lesion	to	the	area.
•	 Name and describe the major cortical syndromes, determining whether they are right hemisphere,  

dominant hemisphere, or bihemispheric.
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Fig. 13.1 Major sulci and fissures.
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Gyri and Sulci

See Fig. 13.2.

Frontal Lobe

The precentral sulcus is discontinued and runs parallel 

to the central sulcus, just ventral to the precentral gyrus, 

which comprises the primary motor cortex. Ventral to 

the precentral sulcus are the superior, middle, and in-

ferior frontal gyri, which are separated by the superior 

and inferior frontal sulci. In the dominant hemisphere, 

the posterior part of the inferior frontal gyrus contains  

Broca’s area, which controls expressive speech function.

Parietal Lobe

The postcentral gyrus runs parallel and dorsal to the cen-

tral sulcus. It comprises the primary sensory cortex. The 

intraparietal sulcus, which extends from the postcentral 

sulcus dorsally, separates the dorsal parietal cortex into 

the superior and inferior parietal lobules. The inferior 

parietal lobule contains the supramarginal and angular 

gyri, which make up part of the receptive language area 

(Wernicke’s area) in the dominant hemisphere.

Temporal Lobe

The lateral surface of the temporal lobe comprises the 

superior, middle, and inferior temporal gyri, which are 

separated by the superior and inferior temporal sulci. 

The transverse temporal gyri (Heschl’s convolutions) lie 

adjacent to that portion of the superior temporal gyrus 

that	 forms	 the	 floor	 of	 the	 lateral	 sulcus.	Heschl’s	 gyri	
are  buried in the temporal operculum (within the insu-

lar cortex). They are not visualized on inspection of the 

lateral cerebral hemisphere. The cerebral hemispheres 

 contain the primary auditory cortex on each side. The 

dorsal aspect of the superior temporal gyrus contains 

part of the receptive language region (Wernicke’s area) in 

the dominant hemisphere.

Occipital Lobe

Aside from the calcarine sulcus already described, the 

occipital cortex contains minor and extremely variable 

sulci	that	may	rarely	result	in	the	definition	of	superior,	
middle, and inferior occipital gyri.

Medial Surface

The cingulate gyrus lies rostral to the corpus callosum 

along its entire course. The gyrus is separated from the 

corpus callosum by the sulcus of the corpus callosum 

(callosal sulcus) and the indusium griseum, a thin layer 

of cortical gray matter that lies on the superior surface 

of the corpus callosum. The paracentral lobule surrounds 

the indentation made by the central sulcus. It is formed 

by medial extensions of the precentral and postcentral 

gyri of the lateral hemisphere. The paracentral lobule 

contains parts of the primary motor and primary sen-

sory cortices. In addition, the supplementary motor area 

lies in the anterior aspect of the paracentral lobule. The 

precuneus is located just dorsal to the paracentral lobule. 

It is formed by medial extensions of the superior parietal 

lobule of the lateral hemisphere. The cuneus is located 

in the occipital lobe just dorsal to the precuneus. The 

precuneus is separated from the cuneus by the parieto- 

occipital sulcus.

Inferior Surface

A convolution on the inferior undersurface of the hem-

isphere extends from the occipital pole almost to the 

temporal pole. Ventrally, it contains the parahippocampal 

gyrus; dorsally, it contains the medial occipitotemporal 

gyrus. Deep to the parahippocampal gyrus is the hippo- 

campus. The ventromedial extent of the parahippocam-

pal	gyrus	contains	the	uncus.	Herniation	of	the	uncus	as	
the result of increased intracranial pressure results in 

early oculomotor nerve palsy that may progress into a 

coma	and	cardiorespiratory	compromise.	Laterally,	these	
gyri are bounded by the collateral sulcus. Just lateral to 

the collateral sulcus is the lateral occipitotemporal gyrus 

and the inferior part of the inferior temporal gyrus. The 

lingual gyrus extends forward into the temporal lobe, 

where it is continuous with the parahippocampal gyrus.

The inferior frontal lobe is marked by the olfactory 

sulcus, which contains the olfactory bulb and tract. The 

olfactory sulcus is bordered medially by the gyrus rectus 

and laterally by the orbital gyri.
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Fig. 13.2 Gyri and sulci.
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Histology of the Cortex

Cortical Neurons

See Fig. 13.3.

A variety of cells make up the cerebral cortex. These 

include both neurons and glia. Glial cells, which in-

clude oligodendrocytes, astrocytes, and microglial cells,  

serve to support the neurons. Examples of these roles 

include providing metabolic support, scavenging neuro-

transmitters, and providing myelination. Neurons are the 

targets or cells of origin of all of the information traveling 

into and out of the cerebral cortex, respectively. The py-

ramidal cell neurons, which are the most numerous cells 

of the cerebral cortex, constitute about two-thirds of the 

cortical neurons. The pyramidal cells communicate with 

other neurons in one of three ways: (1) projection neu-

rons send axons out of the cerebral hemisphere to such 

areas of the brain as the corpus striatum, the brainstem, 

the spinal cord, and the thalamus; (2) association neu-

rons connect to other neurons in the same hemisphere; 

and (3) commissural neurons send axons to the contra- 

lateral hemisphere. The most obvious example is the cor-

pus callosum.

Stellate cells are interneurons present in the cerebral 

cortex. They are smaller in size (compared with py-

ramidal cells), polygonal in shape, and possess multiple 

branching dendrites with a relatively short axon. They 

are the only excitatory interneurons in the cerebral cor-

tex that use the neurotransmitter glutamate. All other 

cortical interneurons are gamma-aminobutyric acid 

(GABA)–containing inhibitory neurons.

Fusiform cells are also interneurons and are concen-

trated mainly in the deepest layers of the cortex (i.e., 

farthest from the cortical surface). They send dendrites 

toward	the	surface	of	the	cortex	to	branch	and	influence	
neurons	in	the	superficial	cortical	layers.

The horizontal cells	are	confined	to	the	most	superfi-

cial layer of the cortex. They are small fusiform cells that 

are horizontally oriented. These axons run parallel to the 

surface of the cortex, making contact with the ascending 

dendrites of pyramidal cells.

The cells of Martinotti are present at many levels of the 

cortex.	They	send	axons	that	end	in	the	most	superficial	
layers of the cortex.

Fig. 13.3 Cortical neurons.
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Cortical Layers

See Fig. 13.4.

The thickness of the cerebral cortex varies from 1.5 

to 4.5 mm. The full complement of cortical neurons is 

present by the 18th week of gestation, and by the ninth 

month the cortex comprises six distinguishable layers:

1. Molecular layer	 This	is	the	most	superficial	layer	of	
the cortex. Its sparse population of cells gives it its name. 

It contains dendrites of the pyramidal and fusiform cells 

(see below) and axons of the stellate cells and the cells of 

Martinotti. Occasional horizontal cells of Cajal are also 

present. Many synaptic connections are formed in the 

molecular layer.

2. External granular layer This layer contains many 

small pyramidal cells and interneurons.

3. External pyramidal layer This layer contains py-

ramidal cells. The dendrites of these neurons pass super-

ficially	 to	enter	 the	molecular	 layer,	whereas	 the	axons	
pass deep to enter the white matter as projection, associ-

ation,	or	commissural	fibers.
4. Internal granular layer This layer consists mostly 

of stellate cells and a small number of other interneurons.

5. Internal pyramidal layer This layer contains many 

large pyramidal cells. Axons from pyramidal cells project 

to the deep structures/nuclei of the brain and nervous 

system. These projections constitute the bulk of the white 

matter. The giant pyramidal cells (of Betz) are located in 

this layer, in the primary motor area of the cortex.

6. Multiform layer This layer is composed mainly of 

fusiform cells and a smaller number of pyramidal cells 

and interneurons.

Granular and Agranular Cortex

The cerebral cortex is composed of two cell types: granu-

lar and agranular. Granular cortex is so called because it 

contains a large percentage of granule cells, which receive 

afferent	impulses.	This	type	of	cortex	is	located	mainly	in	
primary sensory regions, such as visual, auditory, and so-

matosensory cortices. Granular cortex contains strongly 

developed layers II and IV (refers to cortical layers).

Agranular cortex is so called because it contains a high 

percentage of pyramidal cells (as compared with granule 

cells).	It	is	located	mainly	in	areas	that	give	rise	to	effer-

ent impulses, such as the motor cortex, and the frontal 

eye	field,	which	gives	rise	to	prominent	corticobulbar	and	
corticospinal projections. Agranular cortex is character-

ized by strongly developed pyramidal layers III and V and 

less well developed granular layers.

Fig. 13.4 Cortical layers.
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Brodmann’s Map

See Fig. 13.5.

In 1909, the German histologist Korbinian Brodmann 

distinguished	 over	 50	 different	 regions	 of	 the	 cerebral	
cortex.	He	based	these	divisions	on	variations	in	cytoar-

chitectural features, such as relative thickness, density, 

size, shape, and arrangement of cortical neurons. Brod-

mann believed that these variations in cytoarchitecture 

should correspond to distinct physiological functions. In 

fact, only a limited number of the Brodmann’s areas have 

been	related	to	specific	 functions.	Among	the	most	 im-

portant are the following: somatosensory cortex (areas 

3, 1, and 2); primary motor and premotor cortex (areas 

4	and	6,	respectively);	the	frontal	eye	field	(area	8);	pri-
mary visual cortex (area 17); visual association cortex 

(areas 18 and 19); auditory cortex (areas 41 and 42); 

Fig. 13.5(a,b) Brodmann’s areas.

auditory association cortex (area 22, part of Wernicke’s 

language comprehension area); Broca’s speech area (area 

44); sensory association cortex (areas 5 and 7); and pre-

frontal cortex (areas 9, 10, 11, and 12).
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Subcortical White Matter

Projection Fibers

A	variety	of	projection	fibers	originate	in	the	cerebral	cor-

tex. Examples of these corticofugal projections include 

the corticostriatal and corticothalamic pathways; corti-

cal projections to the amygdaloid body and the hippo- 

campus; and corticospinal, corticoreticular, and cortico-

pontine pathways. Many of the corticofugal projections, 

including the latter three named pathways, pass through 

the corona radiata and then the internal capsule. Other 

parts of the cortical projection system include the optic 

radiation, connecting the lateral geniculate body with the 

visual cortex, and the acoustic radiation, connecting the 

medial geniculate body with the auditory cortex.

Association Fibers

See Fig. 13.6.

The	 association	 fibers	 constitute	 most	 of	 the	 cere-

bral white matter. They provide connections between 

 adjacent and remote areas of the cortex. Among the most 

important	association	fibers	are	the	following.
The arcuate fibers,	also	known	as	U-fibers,	occupy	the	

immediate subcortical white matter. They interconnect 

adjacent	cortical	fields.	The	superior longitudinal fascicu-

lus connects the frontal lobes with portions of the pari-

eto-occipital and temporal convolutions. It lies just dor-

sal to the level of the insula. The frontotemporal portion 

of this projection system is called the arcuate fasciculus 

and is believed to connect the temporal (Wernicke) and 

frontal (Broca) areas of speech. The temporo-occipital 

or inferior longitudinal fasciculus connects the temporal 

and occipital lobes; and the uncinate fasciculus connects 

the frontal lobe with the temporal pole. The cingulum is 

one of the association bundles of the limbic system. It 

connects the subcallosal area with the parahippocampal 

gyrus.

Fig. 13.6 Association fibers.
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Commissural Fibers

See Fig. 13.7.

The	commissural	fibers	cross	the	midline	between	the	
two cerebral hemispheres, providing interconnections 

between	them.	 Important	groups	of	commissural	fibers	
include the following:

● The corpus callosum, which is the largest commis-

sure, comprises connections between the two hem-

ispheres. Although most regions of the cortex are 

interrelated	through	commissural	fibers,	areas	that	
do	not	receive	commissural	fibers	from	the	contra- 

lateral hemisphere include the primary visual cortex 

(area 17) and the hand and foot areas in the soma-

tosensory cortex.

● The anterior commissure traverses the midline just 

anterior to the fornix column in the lamina termina-

lis.	It	comprises	fibers	that	connect	the	middle	and	
inferior	temporal	gyri	of	the	two	sides.	Other	fibers	
interconnect the olfactory cortex of the temporal 

lobes (the lateral olfactory area), including the uncus. 

A small ventral portion of the anterior commissure 

runs between the olfactory bulbs on each side.

● The hippocampal commissure traverses the midline 

inferior to the splenium of the corpus callosum. It 

contains	fibers	that	connect	the	posterior	columns	of	
the fornix.

● The posterior commissure is located in the border be-

tween the diencephalon and mesencephalon, just an-

terior to the superior colliculus. It contains a complex 

mixture	of	fibers	related	to	adjacent	structures.
● The habenular commissure is located just superior 

to	the	pineal	gland.	It	contains	the	fibers	of	the	stria	
medullaris, which interconnects the habenular com-

plex on each side.

Fig. 13.7 Commissural fibers.
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Cortical Localization

In 1861, before the Société d’Anthropologie in Paris, 

Pierre Paul Broca demonstrated on a human brain that 

the cerebral cortex has localized functions. Subsequent 

investigations by Broca and others provided further sup-

port for localization in other functional areas. By the turn 

of	the	twentieth	century,	sufficient	evidence	had	accrued	
to convince the majority of the neurological community 

of the concept of cerebral localization.

The widespread acceptance of this doctrine motivated 

neuroanatomists to establish cortical maps that related 

cortical brain structures and functions. In the 1930s, for 

example,	Wilder	Penfield	and	colleagues	at	the	Montreal	
Neurological	Institute,	under	the	influence	of	training	in	
Germany with Dr. Foerster, created maps of human mo-

tor-sensory functions through the systematic electrical 

stimulation of the exposed brains of conscious epilep-

tic patients undergoing epilepsy surgery. The human 

homunculus	 is	 an	 example	 of	 the	 results	 of	 Penfield’s	
studies. With these historical considerations in mind, the 

major functions of the cerebral cortex are reviewed in 

relation to their anatomic substrate.

Frontal Cortex

The frontal lobe contains several cortical areas that are 

involved in motor functions. These include the primary 

motor cortex (Brodmann’s area 4), the premotor cortex 

(area 6), the prefrontal area (areas 9, 10, 11, 12, 45, 46, and 

47), and the supplementary motor area.

Primary Motor Cortex

See Fig. 13.8.

The primary motor cortex (Brodmann’s area 4) is lo-

cated in the precentral gyrus and extends over the su-

peromedial border of the hemisphere into the anterior 

portion of the paracentral lobule. The cytoarchitecture of 

the cortex in this area is of the agranular type, containing 

a preponderance of the giant pyramidal cells of Betz.

The function of the primary motor cortex is related 

to the execution of movement on the contralateral side 

of the body. The body is represented on the cortex in an 

inverted orientation, such that the sequence from below 

upward	 (i.e.,	 beginning	 at	 the	 sylvian	 fissure	 inferiorly	
and	 ending	 at	 the	 superior	 interhemispheric	 fissure	 in	
the following order) is pharynx, larynx, tongue, face, 

head, neck, hand, arm, shoulder, trunk, and thigh. Con-

tinuing on the adjacent region of the medial aspect of the 

hemisphere are the leg and foot. Some areas of the body, 

such	 as	 the	 fingers	 and	 hands,	 show	 disproportionate	
representatives in the homunculus.

Afferent	fibers	 that	 assist	 in	 the	 function	of	 the	pri-
mary motor cortex are derived from a complex network 

that includes the premotor area (see below), the soma-

tosensory cortex, the posterior division of the ventrolat-

eral	(VL)	nucleus	of	the	thalamus,	the	cerebellum,	and	the	
basal ganglia.

Fig. 13.8 Primary motor cortex.
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Brodmann’s area 6, medial surface of
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rostral, leg caudal
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Automatic motor activity 
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Supplementary Motor Area

See Fig. 13.9.

The supplementary motor area (SMA) is located in 

that part of area 6 that occupies the medial surface of the 

hemisphere, just anterior to the precentral gyrus in the 

paracentral lobule. The body is represented bilaterally 

in the SMA. The primary purpose of the SMA is to plan 

and program movements to be executed by the primary 

motor	cortex.	Lesions	in	area	6	often	present	with	a	so-
called SMA syndrome. Patients are often acutely mute 

with contralateral paresis; both resolve over weeks to 

months. Interestingly, patients with an acute SMA syn-

drome are not able to initiate a voluntary movement, but 

when the movement is passively initiated (with the help 

of the examiner), both the movement and strength are 

within normal limits.

Fig. 13.9 Supplementary motor area.
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Predominately contralateral

Cytoarchitecture

No betz cells
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Movement planning or
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Somatosensory cortex
Vl nucleus of thalamus
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Impairment of movement
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Premotor Cortex

See Fig. 13.10.

The premotor cortex corresponds roughly to Brod-

mann’s area 6 and is also represented on the lateral 

hemisphere. It contains no giant pyramidal cells of 

Betz. Although electrical stimulation of this region 

of the cortex produces movement on the contra- 

lateral side of the body, a greater stimulus is required in 

this region to produce a comparable movement.

Afferent	fibers	to	the	premotor	cortex	are	derived	from	
the somatosensory cortex, the anterior division of the 

ventrolateral nucleus of the thalamus, and the basal gan-

glia.	 Like	 the	 supplementary	motor	 area,	 the	 premotor	
area is concerned with the planning and programming of 

movements. It helps to store programs of motor activity 

that have been developed as a result of past experiences. 

Thus, whereas the primary motor cortex is responsible 

for the execution of movements, the supplementary and 

premotor areas help direct the primary motor area in its 

execution. Apraxia refers to impairment in the perfor-

mance of a movement in the absence of paralysis. For ex-

ample, a person is able to describe the process of unlock-

ing the front door of the house with a key but is unable to 

physically	perform	the	task.	Such	is	the	deficit	associated	
with a lesion that is isolated to the premotor area.

Fig. 13.10 Premotor cortex.
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Location

Brodmann’s areas 9, 10, 11,
and 12

Function

Affective aspects of motor
behavior

Personality

Judgement

Foresight
Intellectual and emotional
aspects of behavior

Afferent connections

Sensory information from 
parietal, temporal, and 
occipital lobes

Amygdaloid nucleus

Mediodorsal nucleus of
thalamus

Deficit

Impairment of personality,
judgement, foresight,
intellect, and emotions

12
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Prefrontal Cortex (Frontal Association Cortex)

See Fig. 13.11.

The prefrontal cortex comprises a large cortical area in 

the frontal lobe that covers the frontal pole. It roughly cor-

responds to Brodmann’s areas 9, 10, 11, and 12. Because 

the prefrontal region is an association cortex, its electri-

cal stimulation does not produce a motor response. The 

prefrontal	cortex	receives	afferent	fibers	from	the	cortex	
of the parietal, temporal, and occipital lobes, which pro-

vide a source of sensory data derived from past experi-

ences. What is more, the prefrontal cortex also receives 

afferents	from	the	amygdaloid	body	of	the	temporal	lobe	
and	the	mediodorsal	thalamic	nucleus.	These	fibers	pro-

vide	 a	 source	 of	 affective	 reactions	 that	may	 indirectly	
influence	 the	execution	of	movements.	 In	 addition,	 the	
prefrontal cortex may play a role in the determination 

of an individual’s personality. It may also play important 

roles in the makeup of higher mental faculties such as 

judgment and foresight and in the determination of the 

intellectual and emotional aspects of behavior.

Fig. 13.11 Prefrontal cortex.

An illustration of these functions is perhaps best 

demonstrated by the case of the nineteenth-century New 

England railroad worker Phineas Gage. The unfortunate 

Gage was struck by a rod that penetrated his forehead 

and	destroyed	a	significant	portion	of	his	left	frontal	lobe.	
Remarkably, Gage survived. The personality changes that 

subsequently emerged, however, serve to underline some 

of the functions of the prefrontal cortex. As recorded in a 

contemporary medical journal:

Gage lived for twelve years afterwards; but whereas 
before the injury he had been a most efficient and 
capable foreman in charge of laborers, afterwards he 
was unfit to be given such work. He became fitful and 
irreverent, indulged at times in the grossest profanity, 
and showed little respect for his fellow man. He was 
impatient of restraint or advice, at times obstinate, yet 
capricious and vacillating. A child in his intellectual ca-
pacity and manifestations, he had the animal passions 
of a strong man.
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Parietal, Occipital, and Temporal Cortex

Primary and Secondary Somatosensory Cortex

See Figs. 13.12 and 13.13.

The primary somatosensory cortex occupies the post-

central gyrus on the lateral surface of the hemisphere 

and the dorsal aspect of the paracentral lobule on the 

medial surface. It encompasses areas 3, 1, and 2 of Brod-

mann’s cytoarchitectural map. Electrical stimulation of 

this region produces sensations on the corresponding 

part	of	the	contralateral	side	of	the	body.	The	configura-

tion and orientation of the sensory homunculus roughly 

approximate those of the motor homunculus in the pri-

mary motor area of the precentral gyrus.

Histologically,	 the	 primary	 somatosensory	 area	 con-

sists of the granular cortex, with only a small number 

of pyramidal cells. Although this area represents a his-

tologically and functionally distinct region of the cortex, 

stimulation of this area may elicit a motor response; like-

wise, stimulation of the primary motor area may elicit a 

sensory response. Thus, these two regions of the cortex 

demonstrate overlap in function, providing support for 

the concept of a sensorimotor strip surrounding the cen-

tral sulcus.

The	 afferent	 fibers	 received	 by	 the	 primary	 soma-

tosensory cortex are derived mainly from the ventral 

posterior (VP) nucleus of the thalamus. This nucleus in 

turn	 receives	 afferents	 that	 include	 all	 the	 terminating	
fibers	of	the	medial	lemniscus	and	most	of	the	fibers	of	
the spinothalamic and trigeminothalamic tracts. Cortical 

projections of the ventral posterior nucleus traverse the 

internal capsule to terminate in the primary somatosen-

sory cortex.

Although the primary somatosensory cortex is neces-

sary for the appreciation of discriminative sensation re-

lated to touch, position, and movement of the parts of the 

body, a crude form of awareness of pain and temperature 

sensations persists despite destruction of the primary so-

matosensory cortex. Awareness of pain and temperature 

is apparent at the level of the thalamus.

A secondary somatosensory area occupies the rostral 

lip	of	the	dorsal	 limb	of	the	lateral	fissure.	The	homun-

culus is oriented so that the face is most ventral and the 

leg is dorsal. Although the contralateral side is domi-

nant,	the	body	is	bilaterally	represented.	Afferent	fibers	
are received from the intralaminar nuclei and from the 

posterior	group	of	nuclei	of	the	thalamus.	Efferent	fibers	
are projected onto the ipsilateral primary somatosensory 

area and the ipsilateral primary motor and supplemen-

tary motor areas. The function of the secondary soma-

tosensory area is not well described, but it appears to be 

involved in the elaboration of the less discriminative as-

pects of sensation.
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3, 1, 2
Location

Brodmann’s areas 3, 1, and 2

Representation

Contralateral half of the body,
inverted

Cytoarchitecture

Granular cortex

Function

Discrminative sensation (touch,
position, pain, and temperature)

Afferent connections

Vp nucleus of thalamus

Deficit

Impairment of discriminative
sensation

Lateral view

Medial view

Location

Superior lip of posterior Limb of 
lateral fissure

Representation

Bilateral

Function

Less discriminative aspects
of sensation

Afferent connections

Intra laminar nuclei and posterior group
of nuclei of thalamus

Deficit

None ascribed
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Fig. 13.12 Primary somatosensory cortex.

Fig. 13.13 Secondary somatosensory areas.
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7 Location

Function

Afferent connections

Deficit

Brodmann’s areas 5 and 7

Relates new sensory
experiences to old

Primary somatosensory area

Impairment in undrstanding
of significance of sensory
information (agnosia)

5
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The Somatosensory Association Area

See Fig. 13.14.

The somatosensory association area comprises Brod-

mann’s areas 5 and 7, which occupy most of the parietal 

lobe posterior to the postcentral gyrus. The function of 

this	region	of	the	cortex	is	not	well	described.	However,	
it	has	been	suggested	that	this	area	receives	afferent	im-

pulses from the primary somatosensory area, which are 

analyzed and integrated to relate new sensory experi-

ences to previously learned ones. This provides for higher 

level	sensory	interpretations,	such	as	the	identification	of	
an object by touch alone. Destruction of this area of the 

cortex does not result in numbness but does diminish 

one’s	ability	to	understand	the	significance	of	sensory	in-

formation (agnosia).

Fig. 13.14 Somatosensory association area.
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Location

Brodmann’s area 17

Representation

Contralateral visual field

Function

Processing of visual information

Afferent connections

Lateral geniculate body

Deficit

Homonymous hemianopsia with 
macular sparing

17

2.5 mm

Fig. 13.16 High resolution 7T ex vivo scan showing line of 

 Gennari in primary visual cortex (blue arrow). The red arrows 

show a cortical thickness of 2.5 mm.
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Furthermore,	 the	 lower	 quadrant	 of	 the	 retinal	 field	
(upper	visual	field)	is	represented	in	the	lower	wall	of	the	
calcarine sulcus, and the upper quadrant of the retinal 

field	(lower	visual	field)	is	represented	in	the	upper	wall	
of	 the	 calcarine	 sulcus.	 Central	 and	peripheral	fields	of	
vision are also encoded in a topographical fashion.

The macula lutea of the retina, which is responsible for 

central vision of maximal discrimination, is represented 

in the dorsal aspect of area 17. The representation of the 

macula	 is	 of	 clinical	 significance	 because	 (for	 reasons	
that are unclear) lesions that involve either the geniculo-

calcarine tract or the visual cortex tend to be associated 

with central vision (macular) sparing.

Primary Visual Cortex

See Figs. 13.15 and 13.16.

The primary visual cortex occupies the cortex sur-

rounding the calcarine sulcus on the medial surface of 

the occipital lobe. It consists of Brodmann’s area 17 and is 

sometimes referred to as the striate area. It receives most 

of	its	afferent	fibers	from	the	lateral	geniculate	body	via	
the geniculocalcarine tract.

The visual cortex in each hemisphere receives input 

from the temporal half of the ipsilateral retina and the 

nasal half of the contralateral retina. Thus, the left visual 

field	is	portrayed	in	the	right	visual	cortex,	and	the	right	
visual	field	is	portrayed	in	the	left	visual	cortex.

Fig. 13.15 Primary visual cortex.
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Location

18
19

Brodmann’s areas 18 and 19

Function

Relates new visual 
representations to old

Afferent connections

Primary visual cortex; also other cortical
areas, and pulvinar of thalamus

Location

Brodmann’s areas 41 and 42

Cytoarchitecture

Granular cortex

Representation

Bilateral. tonotopic

Function

Auditory processing

Deficit

Impairment in perception of sound
direction

41
42
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Visual Association Cortex

See Fig. 13.17.

The visual association cortex is located in  Brodmann’s 

areas	 18	 and	 19.	 These	 areas	 receive	 afferent	 fibers	
from area 17 and make reciprocal connections with 

other  cortical areas and the pulvinar of the thalamus. 

Like	 the	 somatosensory	 association	 cortex,	 the	 visual	
 association cortex functions in part by relating new 

visual  representations to old ones and by recognizing the 

significance	of	what	is	seen.

Primary Auditory Cortex

See Fig. 13.18.

The	primary	auditory	cortex	occupies	Heschl’s	trans-

verse convolutions in Brodmann’s areas 41 and 42 of the 

temporal	lobe.	Histologically,	this	cortex	is	of	the	granu-

lar	type.	It	receives	afferent	fibers	from	the	medial	genic-

ulate body in tonotopic order. This means that impulses 

related to low frequencies are located in the anterolateral 

portion of the cortex, whereas impulses related to high 

frequencies are located in the posteromedial portion of 

the	 auditory	 cortex.	 Afferents	 to	 the	medial	 geniculate	
body are derived from the organs of Corti via bilateral 

projections in the lateral lemniscus. Thus, lesions involv-

ing the auditory cortex result in a decrease in the percep-

tion of sound direction only.

Fig. 13.17 Visual association cortex.

Fig. 13.18 Primary auditory cortex.
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Location

22

Floor of lateral sulcus, posterior to
auditory area; and part of Brodmann’s
area 22

Function

Higher level processing of acoustic
information

Afferent connections

Primary auditory cortex
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Auditory Association Cortex

See Fig. 13.19.

The auditory association cortex occupies the dorsal 

aspect of Brodmann’s area 22 on the lateral surface of 

the superior temporal gyrus. Included in this region is 

Wernicke’s area, the major receptive sensory area for lan-

guage.

Language Areas

The anatomic substrate of our capacity for language oc-

cupies two principal areas of the cortex of the dominant 

hemisphere (usually left). Wernicke’s area, or the recep-

tive language area, occupies the dorsal region of the su-

perior temporal gyrus, extending onto the upper surface 

of the temporal lobe. Stimulation studies showed that 

Wernicke’s area is much more widespread. It may involve 

parts of the supramarginal and angular gyri (inferior pa-

rietal lobule), the superior temporal gyrus, and at times 

the posterior end of the middle temporal gyrus. Included 

in this area is Brodmann’s area 22. Wernicke’s area is re-

sponsible for the reception and comprehension of both 

written	and	spoken	language.	It	therefore	receives	fibers	

from the auditory cortex in the superior temporal gyrus 

and the primary visual cortex in the occipital lobe. The 

supramarginal (Brodmann’s area 40) and angular (Brod-

mann’s area 38) gyri of the inferior parietal lobule partic-

ipate in the process of receptive speech.

Fibers that originate in Wernicke’s area are projected 

in the arcuate fasciculus to the expressive language area, 

or Broca’s area. Broca’s area corresponds to Brodmann’s 

areas 44 and 45 and is located in the inferior frontal gyrus. 

Broca’s area is formed of two minor gyri, called pars oper-

cularis and pars triangularis, that lie in the posterior end 

of the inferior frontal gyrus. In the Wernicke–Geschwind 

model for language, Wernicke’s receptive language area 

contains memory images of a word as seen or heard. 

These images are conveyed, via the arcuate fasciculus, to 

Broca’s expressive language area, which translates them 

into the grammatical structure of a phrase. This informa-

tion about the pattern of a phrase is then conveyed to the 

facial area of the motor cortex, which is responsible for 

word articulation. The Wernicke–Geschwind model for 

the	faculty	of	language	is	predictive	of	the	clinical	deficit	
caused by lesions in the language area (see later discus-

sion).

Fig. 13.19 Auditory association cortex.
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Parietallobe

Le s i o n
Right hemisphere

Defined as an inability to draw or construct
two- or three-dimensional objects

Believed to be related to a disorder in
learned movements

Associated with (nondominant) parietal
lobe lesions

Constructional apraxia
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Cortical Syndromes

Right Hemisphere Syndromes

Constructional Apraxia

See Fig. 13.20.

Constructional apraxia refers to an inability to draw 

or construct two- or three-dimensional objects as a re-

sult of a disorder in learned movements. It is implied that 

this disorder cannot be explained by a disturbance in 

strength, coordination, sensation, lack of comprehension, 

or attention. Although constructional apraxia may occur 

as a result of a dominant hemisphere lesion, a higher in-

cidence	and	greater	severity	of	constructional	deficits	are	
associated with parietal lesions in the right nondominant 

hemisphere.

Fig. 13.20 Constructional apraxia.
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Parietallobe

Le s i o n

Right hemisphere

Patients unable to properly
clothe themselves, often leaving
left side of body partly undressed

Dressing apraxia

Fr
ontal lo

be Parietallobe

Temporal

lobe

lobeOccipita

l

Neglect and denial

Neglect refers to when a patient
neglects the half of space contralateral
to a lesion

Denial refers to when a patient denies
the presence of an obvious disability
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Dressing Apraxia

See Fig. 13.21.

Patients with dressing apraxia are unable to properly 

clothe themselves. Most often this involves leaving the 

left side partly undressed. It occurs most frequently as a 

result of parietal lesions in the right nondominant hem-

isphere. It should be considered as part of the neglect 

syndrome (see later discussion), rather than as a disorder 

of learned movement.

Neglect and Denial

See Fig. 13.22.

When asked to perform a task in space, the patient 

with neglect tends to neglect the half of space contra- 

lateral to the lesion. Thus, the patient may draw a clock 

with the numbers densely crowded on one side (i.e., the 

side ipsilateral to the parietal lesion). The patient may 

shave only half of his face. Or patients may not use one 

side of their body, even though paralysis is not present. 

The neglect syndrome may be accompanied by the denial 

disorder. The most severe expression of denial consists of 

a complete denial of illness in the presence of an obvious 

disability. This syndrome is known as anosognosia. Thus, 

hemiplegic patients may deny that their limbs are para-

lyzed and may even deny that the hemiplegic limbs are 

their own. The neglect syndrome is most commonly as-

sociated with nondominant hemisphere lesions. A more 

specific	locus	of	the	lesion	has	not	been	established.

Fig. 13.21 Dressing apraxia.

Fig. 13.22 Neglect and denial.

本书版权归Thieme所有



lobeOccipita

l

L e s i o n

May be caused by infection in territory
of posterior cerebral artery

Defined as an inability to sort colors
according to hue

Right hemisphere

Associated with inferior occipitotemporal
lesion

Color blindness
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Color Blindness

See Fig. 13.23.

Patients with color blindness, or achromatopsia, can-

not	sort	colors	according	to	hue.	This	deficit	is	usually	the	
result of a bilateral or a nondominant inferior occipito-

temporal lesion. Infarction in the territory of the inferior 

occipital branch of the posterior cerebral artery may be 

responsible. This lesion spares the primary visual cortex, 

which is supplied by the calcarine branch of the posterior 

cerebral artery. The presence of color blindness should be 

distinguished from color agnosia, which is typically asso-

ciated with a dominant hemisphere lesion. Color agnosia 

refers to an inability to name or point to colors, without 

loss of the ability to sort colors according to hue.

Fig. 13.23 Color blindness.
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Temporal

lobe

O
ccipital

lobe

Bilateral visual association cortex or
dominant occipital cortex and posterior
corpus callosum L e s i o n

L e s i o n

Often associated with alexia without
agraphia

Visual agnosia
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Dominant Hemisphere Syndromes

Ideomotor Apraxia

Ideomotor apraxia is the most common type of apraxia. 

It refers to an inability to perform previously learned 

motor acts that cannot be explained by elementary dis-

turbances in sensation, strength, or comprehension. The 

simplest test for the presence of an ideomotor apraxia is 

to ask the patient to perform a simple motor command, 

such as “brush your teeth,” or “comb your hair.” Patients 

with apraxias who are asked to do these things typically 

demonstrate fundamental errors, such as gripping the 

toothbrush inaccurately, failing to open their mouth, or 

missing the mouth entirely. Patients who are asked to 

comb their hair may respond by simply smoothing it.

The anatomic substrate of these learned motor acts 

has been described in the model of Geschwind. According 

to	this	model,	a	command	is	first	processed	in	Wernicke’s	
area, the area for receptive language. It is then conveyed, 

via the arcuate fasciculus, to the premotor cortex in the 

frontal lobe. The left hemisphere is considered dominant 

for learned motor acts. If the motor command requires 

activity involving the right extremities, then the left pre-

motor cortex activates the appropriate motor neurons in 

the left primary motor cortex, which executes the com-

mand. If the motor command requires activity involving 

the left extremities, then the left premotor cortex acti-

vates	the	right	premotor	cortex	via	fibers	in	the	anterior	
corpus callosum. This information is then relayed to the 

appropriate neurons in the right primary motor cortex, 

which executes the commanded movements in the left 

extremities. As illustrated, this model is predictive of the 

various	 combined	 deficits	 in	 language	 and	 movement	
that may result from lesions in the involved areas.

Visual Agnosia

See Fig. 13.24.

Visual agnosia refers to the inability to recognize ob-

jects visually, in the absence of an elementary distur-

bance in visual acuity or general intellectual function. 

Two	types	of	visual	agnosia	are	identified.	In	the	first	type,	
a defect in visual perception results in poor visual pattern 

recognition despite normal performance in visual acuity 

and	visual	field	 testing.	Affected	patients	 are	unable	 to	
name objects pointed to or point to objects named. Bilat-

eral involvement of the visual association cortex (Brod-

mann’s areas 18 and 19) is typically responsible.

The second type of visual agnosia involves a defect in 

association. Although visual perception is intact in these 

patients, there is a disconnection between the visual cor-

tex and the language area or visual memory stores. Thus, 

these patients are unable to name objects presented vis-

ually, but they are able to draw them or point to them. 

The locus of the lesion responsible for this disorder is 

either (1) bilateral, involving the inferior temporal and 

occipital lobes, or (2) dominant hemisphere, involving 

the occipital lobe and the posterior corpus callosum. The 

latter lesion disconnects visual input from language and 

visual memory areas and is the same lesion that causes 

alexia	without	agraphia.	Most	patients	affected	by	asso-

ciative visual agnosia are alexic.

Fig. 13.24 Visual agnosia.
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Alexia without Agraphia

See Figs. 13.25 and 13.26.

Alexia without agraphia refers to a syndrome in which 

the	affected	individual	is	unable	to	read	but	is	still	able	
to write. The causative lesion involves the dominant oc-

cipital cortex and the posterior corpus callosum. Most 

commonly this lesion is the result of an infarction in the 

territory of the left posterior cerebral artery.

The anatomic substrate of alexia without agraphia is 

as follows. Because the left visual cortex is damaged, it is 

Fig. 13.25 Alexia without agraphia.

unable to receive visual information. The right visual cor-

tex can receive visual information, but it cannot transmit 

this information to the left (dominant) hemisphere due to 

disruption of crossing corpus callosum pathways. Alexia 

occurs in these patients because the dominant inferior 

parietal lobule (angular gyrus), which is responsible for 

processing the auditory and visual information necessary 

for	 reading	and	writing,	 is	 cut	off	 from	all	visual	 input.	
The patient with alexia without agraphia retains the abil-

ity to write because the inferior parietal lobule is itself 

preserved.
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Acute
infarction in

right splenium

Scattered acute
infarctions in
right medial

occipital lobe

Fig. 13.26 3T axial diffusion weighted image (DWI) magnetic 

resonance imaging (MRI) showing acute infarction involving the 

right splenium of the corpus callosum.
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Gerstmann’s syndrome

Left hemisphere

Associated with angular gyrus
(part of inferior 
parietal lobule)

Defined by four symptoms:
1. Dyscalculia
2. Finger agnosia
3. Left-right disorientation
4. Dysgraphia

L e s i o n
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Superior parietal
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ccipital
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Left hemisphere
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L e s i o n

Defined as an ability to name or point
to colors, despite an intact ability to
sort colors according to hue

Associated with inferomedial,
occipital and temporal lobes

Color agnosia
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Gerstmann’s Syndrome

See Fig. 13.27.

Gerstmann’s syndrome comprises the following 

four	clinical	deficits:	 (1)	dyscalculia,	 (2)	finger	agnosia,	
(3) left–right disorientation, and (4) dysgraphia. The 

 classic lesion associated with Gerstmann’s syndrome 

is the left (dominant) angular gyrus. Since the original 

description of the syndrome by Gerstmann, other stud-

ies have shown that the angular gyrus need not be dis-

turbed. It appears that the syndrome may be caused by 

either dominant or bilateral parietal lesions.

Color Agnosia

See Fig. 13.28.

As already described, color agnosia consists of an in-

ability to name or point to colors in the presence of an 

intact ability to sort colors according to hue. It is most 

commonly caused by a dominant hemisphere lesion in 

the inferomedial aspect of the occipital and temporal 

lobes. Frequently it is associated with a right homony-

mous	hemianopsia.	The	latter	deficit	is	due	to	additional	
involvement of the lateral geniculate body, optic radia-

tions, or calcarine cortex.

Fig. 13.27 Gerstmann’s syndrome.

Fig. 13.28 Color agnosia.
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Aphasias

Aphasia is a disturbance in language function that is char-

acterized by an impairment in word choice or grammar 

or a defect in comprehension. Several types of aphasia are 

identified	on	the	basis	of	their	clinical	findings.

Global Aphasia

Global aphasia is characterized by a disturbance in all as-

pects of language, including comprehension, repetition, 

and expression. It is caused by a lesion that encompasses 

both Wernicke’s and Broca’s areas. Most commonly it is 

caused by an infarction in the left hemisphere second-

ary to occlusion of the internal carotid artery or the mid-

dle cerebral artery. It is almost always accompanied by a 

right hemiparesis.

Broca’s Aphasia

Broca’s	aphasia	is	a	nonfluent	aphasia	that	is	character-

ized by agrammatic or telegraphic speech. Both sponta-

neous speech and repetition are impaired, although com-

prehension	is	preserved.	The	halting,	effortful	speech	of	
a Broca’s patient comprises a disproportionate number 

of nouns and verbs (high content words), with too few 

grammatical	 fillers.	 It	 is	 caused	 by	 a	 lesion	 in	 Broca’s	
motor speech area in the inferior frontal gyrus. It is fre-

quently associated with a right hemiparesis.

Wernicke’s Aphasia

Wernicke’s	aphasia	is	a	fluent	aphasia	that	is	character-

ized	 by	 an	 effortless	 spontaneous	 speech	 that	 contains	
many paraphasic errors. The verbal output in this aphasia 

may be excessive, but it is often devoid of substance. Al-

though severely impaired comprehension is the hallmark 

of this aphasia, repetition, naming, reading, and writing 

are also markedly impaired. Because the comprehension 

deficit	may	 not	 be	 recognized,	 and	 the	 speech	 pattern	
may be pressured (rapid and voluminous), the patient 

may be mistakenly deemed psychotic. The lesion that is 

responsible for Wernicke’s aphasia is located in the pos-

terior	superior	temporal	gyrus	(Wernicke’s	area).	Hemip-

aresis is typically not present.

Conduction Aphasia

Conduction	aphasia	is	characterized	by	a	fluent	(though	
perhaps halting) pattern of speech that is marked by 

significant	 word-finding	 difficulties	 and	 paraphasias.	
Comprehension is intact, naming is mildly impaired, and 

repetition is markedly defective. The lesion responsible for 

conduction aphasia may involve the supramarginal gyrus 

and	the	arcuate	fasciculus.	The	effect	of	this	lesion	is	to	
disconnect Wernicke’s area of language comprehension 

from the motor speech area of Broca.

Transcortical Sensory Aphasia

The transcortical sensory aphasia is characterized by in-

tact repetition but impaired comprehension. As in Wer-

nicke’s	aphasia,	speech	and	naming	are	fluent	but	para- 

phasic. The responsible lesion in this aphasia is a crescent 

that lies within the border zone between the anterior 

and middle cerebral arteries. Both Wernicke’s area and  

Broca’s area are preserved.

Transcortical Motor Aphasia

The transcortical motor aphasia is characterized by intact 

repetition but impaired spontaneous speech. As in Broca’s 

aphasia, comprehension is intact. The lesion associated 

with the transcortical motor aphasia is similar to that de-

scribed for the transcortical sensory aphasia.

Bihemispheric Syndromes

Ideational Apraxia

Ideational apraxia represents a defect in motor planning 

of a higher order than that associated with ideomotor 

apraxia.	 Patients	 with	 this	 deficit	 are	 able	 to	 perform	
individual motor acts but are unable to coordinate the 

complex sequences of acts that constitute many of 

our everyday motor tasks. For example, patients with 

ideational apraxia may be able to light a match or put a 

cigarette in their mouth but be unable to open a pack of 

cigarettes, remove a single cigarette, light it with a match, 

place the cigarette in their mouth, and begin to smoke. 

The anatomic substrate of this disorder is bilateral brain 

disease	or	any	process	of	diffuse	cortical	involvement.

Anton’s Syndrome

Anton’s syndrome consists of the denial of blindness in a 

patient who is cortically blind. Frequently, patients will 

confabulate what they “see.” The responsible lesion in-

volves the occipital lobes bilaterally. It extends beyond 

the primary visual cortices to involve the visual associ-

ation areas.

本书版权归Thieme所有



13 Cerebral Cortex 399

Structural and functional changes also occur within the 

primary somatosensory cortex after stroke with imaging 

studies showing an increase in cortical thickness of 4 to 

13%.  Clinically, these changes correlate with heightened 

touch sensation in stroke patients. Early and intensive 

physiotherapy facilitates recovery in the face of new, but 

less	efficient,	neural	pathways.

Neuroplasticity

Neuroplasticity, which refers to the capacity of the 

nervous system to reorganize neural pathways after 

injury such as stroke, provides the anatomic substrate 

for neurologic recovery and rehabilitation. Given the 

profound social and human toll exacted by brain injury 

and stroke, the potential importance of neuroplasticity 

is self-evident. Extensive research has examined cortical 

reorganization after stroke. These studies have shown 

how the brain compensates for stroke-induced disruption 

of neural pathways by activating alternative pathways 

that run parallel to those that have been damaged. These 

alternative pathways may originate in the primary motor 

cortex of the opposite hemisphere or in the secondary 

motor cortex adjacent to the area of damage.  

The endpoint, at all events, is the same: to re-establish 

connections between the motor cortex and the spinal 

cord,	which	 is	 the	 final	 destination	 of	 the	 injured	mo-

tor neurons. The newly formed pathways, however, will 

likely be indirect, with more intermediate connections 

than were present originally. What is more, the targets 

activated by these pathways will likely be whole groups 

of	muscles	rather	than	individual	muscle	fibers,	 leading	
to an improvement in overall motor function, but with 

diminished	dexterity	and	efficiency.
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Testing the somatosensory system constitutes one of the 

most	difficult	but	most	important	aspects	of	the	neuro-

logic	 examination.	 A	 logical	 approach	 to	 this	 examina-

tion	requires	an	understanding	of	the	basic	modalities	of	
sensation,	the	major	fiber	tracts	that	they	follow,	and	the	
primary	fiber	types	in	which	they	are	carried.

This	chapter	describes	two	major	components	of	the	
somatosensory	 systems:	 (1)	 the	 spinothalamic	 system,	
which	 is	 responsible	 for	pain,	 temperature,	 light	 touch,	
and	pressure	sensation;	and	(2)	the	dorsal	column–me-

dial	lemniscus	system,	which	is	responsible	for	position	
sense,	vibratory	sense,	and	discriminative	touch.	Sensory	
pathways	for	the	face	and	cortical	processing	of	sensory	
information	are	also	described.

Spinothalamic System

The	spinothalamic	system	may	be	divided	into	two	sen-

sory	 pathways:	 the	 lateral	 spinothalamic	 tract,	 which	
mediates	pain	and	temperature	sensation,	and	the	ante-

rior	spinothalamic	tract,	which	mediates	light	touch	and	
pressure	sensation.

 Somatosensory System

Lateral Spinothalamic Tract

See	Fig. 14.1.

Receptors 

Sensory	 receptors	 that	 mediate	 pain	 and	 temperature	
sensation	 are	 known	 as	 nocireceptors	 and	 thermore-

ceptors,	 respectively.	 Nociceptors	 (pain	 receptors)	 and	
thermoreceptors	(temperature	receptors)	are	free	nerve	
endings	 of	 axons	 in	 the	 A-delta	 and	 C	 fiber	 classes.	
A-delta	 fibers	 are	 slightly	myelinated	 compared	with	 C	
fibers,	which	 are	 unmyelinated.	 The	 abrupt,	 sharp,	 and	
well-localized	sensation	of	so-called	fast	pain,	carried	by	
A-delta	fibers,	is	commonly	followed	by	the	noxious	and	
burning	sensation	of	slow	pain,	carried	by	C	fibers.

Spinal Pathways

Pain	and	temperature	sensation	are	carried	in	spinal	path-

ways.	 The	 cell	 bodies	 of	 pain-	 and	 temperature-	related	
fibers	(A-delta	and	C	fibers)	are	located	in	the	dorsal root 

ganglia.	These	first-order	neurons	send	central	processes	
through	the	lateral	portions	of	the	dorsal	roots	to	enter	
the dorsolateral tract (of	Lissauer)	of	the	spinal	cord.

Learning Objectives

•	 Name	the	two	major	components	of	the	somatosensory	system	and	the	sensory	modalities	 
with	which	they	are	associated.

•	 Determine	the	modalities,	receptors,	spinal	pathways,	and	thalamocortical	projections	associated	 
with	the	lateral	spinothalamic	tract,	the	anterior	spinothalamic	tract,	and	dorsal	column–medial	 
lemniscal	system.		

•	 Know	where	the	lateral	and	anterior	spinothalamic	tract’s	and	the	dorsal	column–medial	lemniscal	 
system’s	first-,	second-,	and	third-order	neuron	cell	bodies	are	located,	and	where	these	neurons	synapse.		

•	 Know	where	the	lateral	and	spinothalamic	tract,	the	anterior	spinothalamic	tract,	and	the	dorsal	 
column–medial	lemniscal	system	cross	along	their	path.		

•	 Understand	the	somatotopy	of	the	lateral	spinothalamic	tract,	the	anterior	spinothalamic	tract,	 
and	the	dorsal	column–medial	lemniscal	system.

•	 On	a	cross	section	of	the	spinal	cord,	identify	the	location	of	the	lateral	spinothalamic	tract,	 
the	anterior	spinothalamic	tract,	and	the	dorsal	column–medial	lemniscal	system.		

•	 Know	the	names	of	the	lateral	spinothalamic	tract’s	and	the	dorsal	column–medial	lemniscal	system’s	constitu-

ent	neuron	fiber	classes.	For	both	the	tracts,	know	whether	their	neurons	are	myelinated	or	unmyelinated.
•	 Describe	the	pathways	that	carry	sensation	to	the	face.
•	 Compare	and	contrast	the	modalities	of	pain,	temperature,	touch,	and	proprioception.
•	 Determine	in	what	areas	sensory	information	is	represented	on	the	cerebral	cortex.	 

Compare	and	contrast	these	areas.
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Fig. 14.1 Lateral spinothalamic tract.
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Anterior Spinothalamic Tract

See	Fig. 14.2.

Receptors 

Light	touch	and	pressure	sensation	are	mediated	by	spe-

cialized	receptors	in	the	skin.	Among	these	are	free	nerve	
endings,	 such	 as	Merkel’s	 cells,	 and	 encapsulated	 end-

ings,	such	as	Meissner’s	corpuscles.

Spinal Pathways

The anterior spinothalamic tract	 runs	ventromedially	 in	
relation	 to	 the	 lateral	 spinothalamic	 tract.	 First-order	
neurons	 located	 in	 the	dorsal	 root	 ganglia	 send	 central	
processes	through	the	dorsal	roots	that	enter	the	dorso-

lateral	tract	of	the	spinal	cord,	ascend	or	descend	one	to	
three	segments,	and	synapse	on	dorsal	horn	cells.	These	
dorsal	horn	cells,	constituting	the	second-order	neurons,	
project	axons	 that	 traverse	 the	anterior	white	commis-

sure	to	contribute	to	the	contralateral	anterior	spinotha-

lamic	tract,	which	maintains	the	same	somatotopic	order	
as	 the	 lateral	 spinothalamic	 tract.	 After	 ascending	 the	
spinal	cord	and	traversing	the	brainstem	(as	part	of	the	
spinal	 lemniscus),	these	fibers	terminate	on	third-order	
neurons in the VPL nucleus of the thalamus.

Thalamocortical Projections

Third-order	neurons	in	the	VPL	thalamic	nucleus	project	
axons	through	the	dorsal	limb	of	the	internal capsule and 

the corona radiata to reach the postcentral gyrus of the 

cerebral	cortex.

In	 the	 dorsolateral	 tract	 these	 neurons	 ascend	 or	
	descend	 one	 to	 three	 spinal	 segments	 from	 their	 level	
of	 entry	 and	 then	 synapse	 in	 the	 substantia gelatinosa 

(lamina	 II	of	 the	dorsal	gray	horn),	 the	posteromarginal 

nucleus 	(lamina	I),	and/or	the	nucleus proprius	(laminae	
III	and	IV).

After	synapsing	in	the	dorsal	horn,	second-order neu-

rons	send	axons	to	the	contralateral	lateral spinothalamic 

tract, often crossing through the anterior white commis-

sure.	 Because	 the	 tract	 is	 formed	by	crossed	fibers	 that	
are	 added	medially	 as	 the	 spinal	 cord	 is	 ascended,	 the	
central	fibers	of	cells	(whose	peripheral	fibers	supply	the	
legs)	 are	 located	 lateral	 to	 those	 that	 supply	 the	 arms.	
Therefore,	the	spinothalamic	tract	is	somatotypically	ar-

ranged,	with	the	upper	extremities	represented	medially	
and	the	lower	extremities	and	sacrum	laterally.

During	its	passage	through	the	brainstem,	the	lateral	
spinothalamic	tract	is	known	as	the	spinal	lemniscus.	The	
spinal	lemniscus	is	located	lateral	to	the	medial lemniscus 

and	contains	fibers	of	 the	spinotectal	 tract	destined	 for	
the	 superior	 colliculus.	 The	 spinal	 lemniscus	 also	 gives	
off	collateral	branches	to	the	reticular	formation	at	sev-

eral	levels	of	the	brainstem.
Fibers	of	the	second-order	neurons	of	the	lateral	spi-

nothalamic	 tract	 terminate	 in	 the	ventral posterolateral 

(VPL) nucleus of	 the	 thalamus.	 The	 perception	 of	 pain	
and	temperature	is	initiated	in	the	VPL	nucleus	and	later	
modified	 in	 the	 cerebral	 cortex.	 Somatotopic	 order	 is	
maintained	in	the	thalamus.

Thalamocortical Projections

The	cell	bodies	of	third-order	neurons	are	located	in	the	
VPL	 nucleus	 of	 the	 thalamus.	 These	 cell	 bodies	 project	
axons	through	the	dorsal	limb	of	the	internal	capsule	and	
the	corona	radiata	 to	reach	the	primary	somatosensory	
cortex	I	in	the	postcentral	gyrus	(Brodmann’s	areas	3,	2,	
and	1)	and	somatosensory	area	II	in	the	anterior	aspect	of	
the	parietal	speculum.	Sensory	information	is	distributed	
from	these	areas	to	other	regions	of	the	cortex,	including	
motor	areas	and	the	parietal	association	areas.
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Fig. 14.2 Anterior spinothalamic tract.
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Dorsal Column–Medial Lemniscal 
System

See	Fig. 14.3.
The	dorsal	column–medial	lemniscal	system	mediates	

impulses	concerned	with	position	sense,	vibratory	sense,	
and	discriminative	touch.	Although	both	this	system	and	
the	 spinothalamic	 system	 transmit	 touch	 information,	
the	 dorsal	 columns	 alone	 carry	 information	 concerned	
with	 detailed	 localization,	 spatial	 forms,	 and	 temporal	
patterns	of	tactile	stimuli.

In	 contrast	 to	 the	 spinothalamic	 system	 in	which	fi- 

bers	cross	the	midline	of	the	spinal	cord	almost	upon	en-

tering	 it,	 dorsal	 column	fibers	 ascend	on	 the	 ipsilateral	
side	of	the	cord	and	decussate	in	the	caudal	medulla.

Receptors

Although	 the	 various	 histologic	 types	 of	 mechanore-

ceptors	are	not	specific	for	sensory	modality,	it	is	at	least	
known	 that	 the	 pacinian corpuscle	 mediates	 vibratory	
sense;	that	the	Meissner’s corpuscle mediates discrimina-

tive	touch;	and	that	a	variety	of	proprioceptors	of	muscle,	
tendon,	and	joint	mediate	position	sense.

In	contrast	to	the	thin,	unmyelinated	(slowly	conduct-
ing)	A-delta	and	C	fibers	that	carry	pain	and	temperature	
sensation,	 vibratory,	 position,	 and	 discriminative	 touch	
sensations	are	carried	in	large,	myelinated	(fast-conduct-
ing)	fibers	in	the	A-alpha	and	A-beta	range.

Spinal Pathways

The	cell	bodies	of	these	fibers,	located	in	the	dorsal	root	
ganglia,	 constitute	 the	first-order	neurons	of	 the	dorsal	
column–medial	 lemniscus	 system.	 Central	 processes	 of	
these	 neurons	 pass	 through	 the	medial	 portion	 of	 the	
dorsal	root,	then	directly	enter	and	ascend	in	the	dorsal	
columns	of	the	ipsilateral	side	of	the	spinal	cord.

As	 fibers	 enter	 the	 spinal	 cord,	 they	 are	 added	 in	 a	
medial	to	lateral	fashion,	creating	a	somatotopy	in	which	
long	 sacral	 fibers	 occupy	 the	 most	 medial	 aspect,	 and	
shorter	cervical	fibers	occupy	the	most	lateral	aspect	of	
the	dorsal	funiculus.

At	the	T6	level	and	above,	this	funiculus	is	divided	into	
two	 adjacent	 fasciculi	 by	 a	 septum.	 The	 dorsal	 column	
fibers	entering	at	 the	T6	 level	and	below	thus	 form	the	
fasciculus gracilis;	 dorsal	 column	fibers	 entering	 above	
this	level	form	the	more	laterally	situated	fasciculus cu-

neatus.
Upon	entering	these	fasciculi,	fibers	at	all	levels	bifur-

cate	into	long	ascending	and	short	descending	branches.	
The	descending	branches	travel	down	a	variable	number	
of	segments	to	synapse	on	interneurons	and	ventral	horn	
cells	involved	in	intersegmental	reflexes.

The	ascending	branches	travel	upward	into	the	caudal	
medulla,	where	fibers	of	 the	 fasciculus	gracilis	and	 fas-

ciculus	cuneatus	synapse	with	cells	of	the	nucleus gracilis 

and nucleus cuneatus,	respectively.	These	dorsal	column	
nuclei	contain	second-order	neurons	whose	axons	cross	
the	midline	as	internal arcuate fibers,	which	join	to	form	
the medial lemniscus	on	the	contralateral	side	of	the	spi-
nal	cord.

The	medial	 lemniscus	 ascends	 the	 contralateral	 half	
of	the	brainstem	and	terminates	on	third-order	neurons	
in	the	VPL	nucleus	of	the	thalamus.	Central	processes	of	
these	neurons	traverse	the	posterior	limb	of	the	internal	
capsule	and	corona	radiata	to	reach	the	postcentral	gyrus	
of	the	cerebral	cortex.

Lesions

Knowledge	of	the	anatomy	of	the	spinothalamic	and	dor-

sal	column	systems	aids	the	clinician	in	localizing	central	
nervous	system	(CNS)	lesions.	A	lesion	of	the	left	hemi-
cord	results	in	a	loss	of	pain	and	temperature	sensation	
on	 the	 contralateral	 side	 (right)	 and	 a	 loss	 of	 vibration	
and	position	sense	on	the	ipsilateral	side	(left).	Weakness	
is	ipsilateral.	If	the	sensory	deficits	are	both	on	the	same	
side,	the	lesion	must	be	above	the	spinal	cord	and	located	
in	the	brainstem	or	cortex.
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Fig. 14.3 Dorsal column–medial lemniscal system.
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Sensory Pathways for the Face

See	Figs. 14.4 and 14.5.
Sensory	 input	 from	most	 of	 the	 head	 and	much	 of	 the	
external	 ear	 is	 carried	 in	 the	 second	 and	 third	 cervical	
nerves	 in	 the	 spinothalamic	 and	dorsal	 column–medial	
lemniscal	pathways,	as	already	described.	General	sensory	
innervation	 of	 the	 face,	 on	 the	 other	 hand,	 is	 supplied	
entirely	by	the	trigeminal	nerve	(cranial	nerve	V).

The	 three	 divisions	 of	 the	 trigeminal	 nerve	
(ophthalmic,	 maxillary,	 and	 mandibular)	 each	 contain	
fibers	concerned	with	pain	and	temperature,	touch,	and	
proprioception.	 Afferent	 fibers	 that	 conduct	 impulses	
related	to	pain	and	temperature	and	touch	have	their	cell	
bodies	in	the	trigeminal	(gasserian)	ganglion—the	cranial	
nerve	 counterpart	 of	 the	 spinal	 ganglion.	Uniquely,	 the	
cell	bodies	of	axons	carrying	proprioceptive	information	
are	located	in	the	brainstem	(mesencephalic	nucleus).

Pain and Temperature

Pain	 and	 temperature	 sensation	 is	 mediated	 by	 axons	
that	have	cell	bodies	in	the	trigeminal	ganglion.	The	cen-

tral	processes	of	these	cell	bodies	traverse	the	lateral	part	
of the pons	to	enter	the	pontine	tegmentum.	Within	the	
pons,	these	axons	descend	in	the	spinal trigeminal tract 

to	 reach	 the	 associated	 nucleus	 (nucleus of the spinal 

trigeminal tract),	where	they	terminate	in	a	somatotopic	
fashion.	 Fibers	 of	 the	 mandibular	 division	 occupy	 the	
most	dorsal	aspect;	fibers	of	the	ophthalmic	division,	the	
most	ventral	aspect;	and	fibers	of	the	maxillary	division,	
an	intermediate	position	in	the	nucleus.

Trigeminothalamic	 axons arising from the second- 

order	 neurons	 in	 the	 spinal	 trigeminal	 nucleus	 project	
ventromedially,	 cross	 the	midline,	 and	 come	 into	 close	
association	 with	 the	 contralateral	 medial	 lemniscus.	
These	second-order	fibers	ascend	with	the	medial	 lem-

niscus in the ventral trigeminothalamic tract to terminate 

in	the	ventral	posteromedial	(VPM)	nucleus	of	the	thala-

mus.	Recall	that	the	medial	lemniscal	and	spinothalamic	
tracts	terminate	in	the	VPL	thalamic	nucleus.

Third-order	 neurons	 in	 the	 VPM	 thalamic	 nucleus	
project	axons	through	the	internal	capsule	to	the	soma-

tosensory	cortex.

Fig. 14.4 Sensory pathways for the face.
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Touch

Afferent	 fibers	 that	mediate	 touch	 and	 pressure	 sense,	
the	 latter	a	sustained	form	of	touch,	have	cell	bodies	 in	
the	 trigeminal	 ganglion.	 The	 central	 processes	 of	 these	
first-order	 neurons	 enter	 the	 pontine	 tegmentum	 and	

ascend	to	the	upper	pons,	where	they	synapse	with	sec-

ond-order neurons in the main sensory nucleus and the 

rostral	part	of	the	nucleus	of	the	spinal	trigeminal	tract.	
The	topographic	organization	of	cell	bodies	in	the	main	
sensory	nucleus	is	identical	to	that	in	the	nucleus	of	the	
spinal	trigeminal	tract.

Unlike	the	caudal	portion	of	the	nucleus	of	the	spinal	
trigeminal	 tract,	 in	which	 all	 of	 the	 axons	 are	 crossed,	
secondary	 trigeminal	fibers	 from	the	main	 sensory	nu-

cleus	and	 the	 rostral	part	of	 the	 spinal	 trigeminal	 tract	
are	 both	 crossed	 and	 uncrossed.	 They	 form	 the	 dorsal 

trigeminothalamic tract.
Both	 crossed	 and	uncrossed	fibers	 synapse	with	 cell	

bodies	in	the	contralateral	and	ipsilateral	VPM	thalamic	
nucleus,	 respectively.	These	third-order	cell	bodies	pro-

ject	axons	through	the	internal	capsule	to	the	postcentral	
gyrus	of	the	cerebral	cortex.

Proprioception

Proprioceptive	information	from	the	face	is	carried	by	af-
ferent	fibers	that	innervate	the	teeth,	periodontium,	hard	
palate,	 joint	 capsules,	 and	muscles	 of	mastication.	Un-

like	the	bipolar	trigeminal	neurons	concerned	with	pain,	
temperature,	 and	 touch,	 these	 unipolar	 neurons	 have	
their	cell	bodies	in	a	ganglion	that	has	been	“displaced”	
into	 the	 brainstem.	 This	 is	 the	mesencephalic	 nucleus,	
which	is	contained	in	the	periaqueductal	gray	of	the	mid-

brain.	 (It	 is	 termed	mesencephalic	nucleus,	 rather	 than	
ganglion,	because	it	lies	within	the	CNS.)

The	 central	 pathways	 of	 axons	 projected	 from	 the	
mesencephalic	nucleus	 are	not	known.	Collateral	fibers	
derived	from	proprioceptive	afferents	synapse	with	cells	
of	 the	 trigeminal	motor	nucleus,	 thus	 forming	 the	ana-

tomic	basis	of	the	jaw	jerk	reflex.

Cortical Sensation and Sensory 
Representation

Three	regions	of	the	cerebral	cortex	are	especially	impor-

tant	for	general	somatic	sensation.

Primary Somesthetic Area

The	 primary	 somesthetic	 area	 occupies	 the	 postcentral	
gyrus	on	 the	 lateral	 cerebral	 surface	 and	 the	paracentral	
lobule	on	the	medial	surface	(Brodmann’s	areas	3,	1,	and	2).	
Projections	from	the	VPL	and	VPM	thalamic	nuclei	consti-
tute	the	major	source	of	afferent	fibers.

The	 somatotopic	 organization	 of	 this	 area	 is	 similar	
to	 that	 found	 in	 the	motor	 cortex.	 The	 size	 of	 cortical	
representation	of	particular	body	parts	is	proportionate	
to	the	density	of	sensory	afferents	that	innervate	it.	The	
cortical	regions	that	represent	the	face,	hand,	and	mouth,	
therefore,	occupy	a	disproportionately	 large	area	of	 the	
cortex.

Fig. 14.5 7T ex vivo MRI showing the thalamus, midbrain, pons, 

and medulla level illustrating sensory pathways for the face.
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Although	 the	 contralateral	 side	 predominates,	 body	
parts	are	bilaterally	represented	in	the	secondary	somes-

thetic	area.	Regions	representing	the	face	are	most	ven-

tral	 in	 position,	 followed	 by	 the	 hand,	 arm,	 trunk,	 and	
legs,	in	that	order.

Somesthetic Association Area

The	 somesthetic	 association	 area	 occupies	 the	 superior	
parietal	 lobule	of	 the	 lateral	 cerebral	 surface	extending	
onto	 the	 adjacent	 medial	 surface.	 Receiving	 afferents	
from	 the	 first	 somesthetic	 area,	 the	 association	 area	
serves	to	integrate	various	types	of	sensory	input	and	to	
relate	 new	 sensory	 experiences	 to	 learned	 ones.	 Thus,	
handled	objects	may	be	identified,	without	visual	aid,	on	
the	basis	of	their	texture,	size,	and	shape	and	by	compar-

ison	with	previously	experienced	sensations.
Destructive	lesions	of	the	association	area	(or	the	pri-

mary	somesthetic	area,	from	which	it	receives	its	input)	
result	in	clinical	deficits	of	“cortical	sensation.”	Astereo-

gnosis	is	the	inability	to	identify	a	common	object	when	
held	in	the	hand	while	the	eyes	are	closed.	Agraphesthe-

sia	is	the	inability	to	recognize	letters	or	numbers	drawn	
on	the	hand.

Topographically,	 the	contralateral	half	of	 the	body	 is	
represented	as	 inverted	(upside	down).	From	ventral	 to	
dorsal	 on	 the	 postcentral	 gyrus	 are	 the	 pharyngeal	 re-

gion,	 face,	hand,	 arm,	 trunk,	 and	 thigh;	 extending	onto	
the	paracentral	lobule	are	the	leg	and	the	foot.

Although	 crude	 awareness	 of	 pain	 and	 temperature	
sensation	may	occur	in	the	absence	of	the	cerebral	cor-

tex,	detailed	localization	and	the	perception	of	more	dis-

criminative	qualities	(e.g.,	position	sense	and	fine	touch)	
requires	an	intact	primary	somesthetic	area.	Ablation	of	
the	postcentral	gyrus	thus	results	in	a	loss	of	these	“cor-

tical	sensations.”

Secondary Somesthetic Area

The	secondary	somesthetic	area	lies	in	the	superior	lip	of	
the	lateral	cerebral	fissure.	Its	function	is	less	clear	than	
the	 primary	 somesthetic	 area,	 but	 it	 appears	 to	 be	 in-

volved	in	the	further	elaboration	of	sensory	data	received	
from	 the	first	 area	 and	may	play	 a	 role	 in	 somatotopic	
pars	 representation.	Efferent	fibers	are	projected	 to	 the	
ipsilateral	 primary	 somesthetic	 area	 and	 the	 ipsilateral	
motor	and	supplementary	motor	areas.
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The visual system transforms visual representations of 

the external world into patterns of neural activity. As a 

peripheral receptor organ, the eye contains nonneural 

elements that transmit light stimuli. These stimuli im-

pinge on the neural elements of the eye, which respond 

by giving rise to impulses that are carried and processed 

in central pathways.

The testing of vision constitutes one of the most sensi-

tive and important parts of the neurologic examination. 

It is sensitive because the visual pathways traverse the 

brain’s entire horizontal axis and are thus vulnerable to 

a wide range of anatomic lesions. It is important because 

such	lesions	tend	to	produce	discrete	visual	deficits	that	
facilitate their localization.

The Retina

See Figs. 15.1 and 15.2.

The optic nerve and retina represent outgrowths of the 

forebrain that are specially adapted for light sensitivity, 

for modifying light information, and for transmitting the 

modified	information	to	the	thalamus	and	occipital	cor-

tex.

The	area	of	the	retina	where	the	optic	nerve	fibers	exit	
the eye is called the optic disc. Because it contains only 

nerve	fibers,	the	optic	disc	is	a	blind	spot.	Radiating	from	
the center of the disc are the retinal vessels.

 Visual System

Roughly	 two	 temporal	 disc	 diameters	 away	 from	
the optic disc lies the macula lutea, which occupies the 

center of the retina and is specialized for visual acuity. 

The greatest visual acuity occurs at a depression in the 

center of the macula, the fovea centralis, the central part 

of which contains only cone receptors (one of the two 

photoreceptor types).

The basic cell layers of the retina, from outside in, are 

the pigment epithelium, rods and cones, bipolar cells, and 

ganglion cells. Interneurons (i.e., horizontal cells and ama-

crine cells) and neuroglial cells are also present.

There are many more rods than cones. They are more 

concentrated in the periphery of the retina, and because 

they exhibit more convergence on bipolar cells (several 

rods synapsing with a single bipolar cell), they are also 

more sensitive to low levels of light (e.g., night vision). 

Cones, which are concentrated more centrally than rods, 

exhibit less convergence. They sometimes make one-

to-one synaptic contacts with bipolar cells, and they 

therefore provide greater discrimination (i.e., acuity) 

compared with rods. Cones alone are responsible for 

color vision.

Bipolar neurons connect rods and cones to the gan-

glion cells. Ganglion cell axons pass dorsally in the optic 

nerve and terminate in the lateral geniculate body of the 

thalamus. They transmit information laterally within in-

dividual layers of the retina.

Learning Objectives

•	 Describe the anatomy and histology of the retina.

•	 Compare and contrast rods and cones.

•	 Describe the visual pathway, from optic nerve to visual cortex.

•	 Appreciate the topography of the visual pathways.

•	 Define	the	blood	supply	to	the	various	components	of	visual	pathways.
•	 Explain	the	anatomic	basis	of	the	light	reflex	and	the	accommodation	reflex.
•	 Understand	how	to	localize	a	visual	field	defect.
•	 Determine the causes of color perception loss.
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Fig. 15.2 High resolution 7T ex vivo magnetic resonance imag-

ing (MRI) showing globe with melanoma (arrows indicate iris, 

lens, optic nerve, and melanoma). 
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Fig. 15.1 Retina.
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Visual Pathways

Optic Nerve, Optic Chiasm, and Optic Tract

See Figs. 15.3 and 15.4.

The optic nerve is formed by the myelinated axons of 

the retinal ganglion cells, which converge on the optic 

disc and pass through the foramina in the sclera (lam-

ina cribrosa). Although considered a cranial nerve (CN 

II), the optic nerve is more like a tract within the central 

nervous system, its myelin sheaths being formed by oli-

godendrocytes rather than by Schwann cells. Enveloped 

by the meninges, which fuse with the sclera, the optic 

nerve leaves the orbit through the optic canal. The cen-

tral retinal artery and vein are carried in the meningeal 

sheaths surrounding the optic nerve and are embedded 

in the ventral portion of the nerve.1

The optic chiasm constitutes a partial crossing of optic 

nerve	fibers.	Fibers	of	the	nasal	half	of	each	optic	nerve	
decussate	 to	 join	 the	 uncrossed	 temporal	 fibers	 on	 the	
opposite side. The optic tracts, which constitute a con-

tinuation of the optic nerves just dorsal to their partial 

decussation in the optic chiasm, are thus formed by tem-

poral	fibers	of	the	ipsilateral	optic	nerve	and	nasal	fibers	
of the contralateral optic nerve. In this manner, images in 

the	left	field	of	vision	are	represented	in	the	right	cerebral	
hemisphere, and vice versa.

The optic tract courses dorsolaterally around the cere-

bral	peduncles,	where	most	of	its	fibers	terminate	in	the	
lateral geniculate body	(LGB)	of	the	thalamus.	Other	fibers	
that are specialized for control of eye movements and the 

pupillary	light	reflex	terminate	in	the	superior colliculus 

and the pretectal region, respectively.

Fig. 15.3 Optic nerve, optic chiasm, and optic tract.

1Increased intracranial pressure is transmitted to the central vein 
by	 its	 surrounding	 cerebrospinal	 fluid.	 Given	 a	 sufficient	 increase	
in intracranial pressure, obstruction of the venous return from the 
retina may develop, thus engorging the optic disc. The funduscopic 
picture of a disc that is swollen secondary to increased intracranial 
pressure is referred to as papilledema.
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Fig. 15.4 High resolution axial T2-weighed MRI image of an ex 

vivo brain at 7T showing the optic chiasm (green arrow), left 

optic tract (red arrows), with fibers terminating in the left lat-

eral geniculate body (blue arrow). The white arrow shows the 

pulvinar nucleus of thalamus.
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Optic Radiation and Visual Cortex

See Fig. 15.5.

The LGB cells that receive impulses from the retinal 

ganglion cells in turn project axons in the optic radiation 

(geniculocalcarine tract), which passes dorsally through 

the retro- and sublenticular parts of the internal capsule 

and then around the lateral ventricle to terminate in the 

visual cortex (Brodmann’s area 17) of the occipital lobe. 

Those	fibers	of	the	optic	radiation	that	form	the	so-called	
Meyer’s loop pass through the temporal lobe en route to 

the visual cortex, where they terminate below the calcar-

ine sulcus.

The primary visual cortex occupies the medial aspect 

of the occipital lobe in the region of the calcarine sulcus. 

As	a	 result	of	 the	decussation	of	nasal	fibers	at	 the	op-

tic chiasm, each visual cortex receives information only  

from	 the	 opposite	 visual	 field.	 Furthermore,	 impulses	
initiated	in	the	inferior	retinal	quadrants	(upper	field	of	
vision) are projected on the lower bank of the calcarine 

sulcus; those initiated in the superior retinal quadrants 

(lower	field	of	vision)	are	projected	on	the	upper	bank.	In	
sum,	cortical	representation	of	the	visual	field	is	inverted	
and reversed from right to left.

The primary visual cortex sends impulses to the sur-

rounding association visual cortex (Brodmann’s areas 

18 and 19), which is responsible for higher visual func-

tions such as recognition of objects and perception of 

depth and color.

Fig. 15.5 Optic radiation and visual cortex.
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Topographic Organization of the Visual 
Pathways

There is a point-to-point projection from the retina to 

the LGB, and from the LGB to the visual cortex. Because 

of the highly organized topography of the visual projec-

tions, localized lesions tend to produce distinctive visual 

symptoms.

Vascular Supply to the Visual Pathway

See Fig. 15.6.

The retina and orbital portion of the optic nerve are 

supplied by the ophthalmic artery, which is the most 

proximal branch of the internal carotid artery. The intra- 

cranial portion of the optic nerve is fed by the internal 

carotid, anterior cerebral, and anterior communicating 

arteries. The optic chiasm is perfused by the internal 

carotid, anterior cerebral, and anterior communicating 

arteries, and, to a lesser extent, the posterior communi-

cating, posterior cerebral, and basilar arteries. The optic 

tract receives its major supply from the anterior choroidal 

artery. The lateral geniculate body is fed by the anterior 

choroidal artery laterally and the posterior choroidal ar-

tery medially. The major supply of the optic radiations is 

from branches of the middle cerebral artery rostrally and 

the posterior cerebral artery caudally. The majority of the 

visual cortex is fed by the posterior cerebral artery.

Fig. 15.6 Vascular supply to the visual pathway.
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Visual Reflexes

Certain	fibers	of	the	optic	tract	do	not	terminate	 in	the	
LGB, but rather enter the superior brachium to reach 

the pretectal area and the superior colliculus. They form  

the	afferent	limb	of	the	visual	reflex	arcs.

Pupillary Light Reflex

See Fig. 15.7.

The	pupillary	light	reflex	describes	the	response	of	the	
pupil (constriction) to a stimulus of bright light shone  

into the eye. On receiving the light stimulus, the retina 

sends impulses to the pretectal area of the midbrain, 

which relays the impulses to the Edinger-Westphal nu-

cleus of the oculomotor complex. Parasympathetic 

preganglionic fibers from the Edinger-Westphal nucleus 

(traveling in the oculomotor nerve) in turn stimulate 

postganglionic neurons in the ciliary ganglion, which pro-

jects	fibers	(short ciliary nerve) to the sphincter pupillae 

muscle in the iris.

Normally, both pupils constrict when light is shone in 

only one eye because neurons in the pretectal area pro-

ject to both the ipsilateral and the contralateral Eding-

er-Westphal nuclei, the latter via the posterior commis-

sure. The response of the eye into which the light was 

shone	 is	 termed	 the	direct	 light	 reflex;	 the	 response	of	
the contralateral eye is termed the consensual light re-

flex.

Fig. 15.7 Pupillary light reflex.
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Fig. 15.8 Accommodation reflex.

Accommodation Reflex

See Fig. 15.8.

This	 reflex	 consists	 of	 pupillary	 constriction,	 ocular	
convergence, and thickening of the lens as an adaptation 

of	 the	eyes	 for	near	vision.	An	example	of	 this	 reflex	 is	
looking at an object at the tip of your nose.

The	 visual	 pathways	 of	 this	 reflex	 include	 impulses	
that originate in the visual association cortex, traverse the 

superior brachium, and terminate in the pretectal area 

and the superior colliculus. The superior colliculus in 

turn stimulates the cranial nerve nuclei involved in ex-

traocular eye movement and the Edinger-Westphal nu-

cleus.	The	result	of	the	reflex	is	constriction	of	the	pupils,	
convergence (adduction) of the eyes, and contraction of 

the ciliary muscle, which results in a “rounding up” or 

thickening of the lens to accommodate near vision.
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Fig. 15.9 Optic nerve lesions.

Approach to the Patient with a 
Visual Field Defect

Because	the	shape	and	distribution	of	a	visual	field	deficit	
closely	reflect	the	site	of	a	lesion	in	the	visual	pathway,	
visual	field	testing	is	an	important	aspect	of	even	a	basic	
neurologic examination. Such testing is most commonly 

performed by a bedside confrontation test, although a 

formal	 visual	 field	 test	 using	 the	 Goldmann	 perimeter	
may	provide	a	more	accurate	assessment	of	a	visual	field	
defect. The common sites of lesions and associated visual 

field	defects	are	described	here.

Optic Nerve Lesions

See Fig. 15.9.

Complete optic nerve lesions result in monocular 

blindness. Partial lesions of the optic nerve result in 

 scotomas—the loss of function in the central or peripheral 

parts	of	 the	visual	field.	Typically,	 loss	of	 central	 	vision	
(central scotoma)	 occurs	 first	 when	 an	 extrinsic	 mass	
causes compression of an optic nerve. This is  because the 

papillomacular bundle conveying central vision is very 

vulnerable to extrinsic compression. Thus, the visual loss 

associated with a compressive mass spreads from the 

central	 to	 the	peripheral	part	of	 the	visual	field,	 rather	
than the other way around, as would be expected on 

purely anatomic grounds.
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Fig. 15.10 Junctional lesions.

Junctional Lesions

See Fig. 15.10.

Lesions at the junction between the optic nerve and 

chiasm may cause damage to both the optic nerve and 

the	fibers	of	Wilbrand’s knee	(i.e.,	the	retinal	fibers	of	the	
inferonasal quadrant of the optic nerve that project into 

the	 base	 of	 the	 opposite	 optic	 nerve).	 The	 visual	 field	
deficit	associated	with	a	junctional	lesion	comprises	loss	
of function in the ipsilateral eye (optic nerve lesion) and 

a defect in the contralateral superotemporal quadrant 

(Wilbrand’s knee lesion).
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Fig. 15.11 Chiasmal lesions.

Chiasmal Lesions

See Fig. 15.11.

Lesions of the optic chiasm	involve	the	nasal	fibers	of	
both optic nerves as they decussate to the opposite side. 

The	associated	visual	field	deficit	is	a	bitemporal hemia-

nopsia, which is classic for a lesion in the optic chiasm. 

Most commonly, the optic chiasm lies above the dia-

phragm sellae and the pituitary gland, tumors of which 

are the most common compressive masses of the optic 

chiasm. Anatomic variations do exist, however, and thus a 

prefixed chiasm refers to one that overlies the tuberculum 

sellae, and a postfixed chiasm refers to one that overlies 

the dorsum sellae.
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Retrochiasmal Lesions

In general, retrochiasmal lesions produce homonymous 

hemianopsias.	 Those	 lesions	 affecting	 the	 anterior	 ret-
rochiasmal pathway (i.e., optic tract and lateral genicu-

late body) tend to produce incongruous hemianopsias, 

whereas	 those	 lesions	 affecting	 the	 posterior	 pathway	
(i.e., optic radiation and visual cortex) tend to produce 

more congruous hemianopsias. A congruous defect sug-

gests that the shape of the defect is the same in both eyes, 

whereas an incongruous defect implies that the defect is 

different	in	the	two	half	fields.

Lesions Affecting the Anterior Retrochiasmal 
Pathway

See Fig. 15.12.

Optic Tract Lesions

Lesions of the optic tracts produce very incongruous ho-

monymous hemianopsias.

Lateral Geniculate Body Lesions

Lesions of the lateral geniculate body are rare. Like optic 

tract lesions, they produce incongruous homonymous 

hemianopsias.

Fig. 15.12 Optic tract and lateral geniculate body lesions.
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Fig. 15.13 Optic radiation lesions.

Optic Radiation Lesions

See Fig. 15.13.

Lesions of the optic radiations produce congruous ho-

monymous	 quadranopsias.	 Those	 lesions	 affecting	 the	
temporal lobe (Meyer’s loop) produce superior quadran-

tic	defects,	whereas	partial	lesions	affecting	the	parietal	
lobe produce inferior quadrantic defects. Most lesions 

involving	the	optic	radiations	affect	fibers	that	represent	
both	the	superior	and	inferior	visual	fields,	and	therefore	
result in homonymous hemianopsias.
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Visual Cortex

See Fig. 15.14.

Large	 lesions	 affecting	 the	 visual	 cortex	on	one	 side	
will produce a very congruous homonymous hemian-

opsia. Smaller lesions, particularly those that spare the 

occipital pole, tend to cause defects that spare central (or 

macular) vision. The explanation of this phenomenon is 

not entirely clear, although it is believed that there is ex-

tensive representation of macular vision at the occipital 

pole. Lesions that selectively involve the lower bank of 

the calcarine cortex are associated with an upper quad-

rantic defect, whereas lesions that selectively involve the 

upper bank of the calcarine cortex are associated with a 

lower quadrantic defect. In each case there is commonly 

macular sparing.

Loss of Color Perception

Loss of color perception may accompany partial defects 

in	the	visual	field	or	may	decline,	more	generally,	in	par-

allel with visual acuity loss. The presence of complete 

color blindness in the face of normal visual acuity, how-

ever, suggests a bilateral lesion in the inferomedial tem-

poro-occipital region.
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Fig. 15.14 Visual cortex lesions.
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The auditory system consists of the external ear, middle 

ear, cochlea of the inner ear, cochlear nerve, and central 

auditory pathways.

Functional Anatomy of the Auditory 
System

The External and Middle Ear

See Fig. 16.1.

The external ear comprises the auricle and the exter-

nal auditory meatus. It is separated from the middle ear 

by the tympanic membrane. The middle ear comprises 

three main chambers: the tympanic cavity, the mastoid 

antrum, and the eustachian tube. The tympanic cavity 

contains three ossicles that transmit vibrations from 

the tympanic membrane to the auditory labyrinth. The 

malleus abuts the tympanic membrane, the stapes abuts 

the oval window, and the incus is set between the two. 

The mastoid antrum communicates with pneumatized 

spaces of the mastoid. The eustachian tube connects the 

tympanic cavity with the pharynx.

 Auditory System

Learning Objectives

•	 Describe the anatomy of the external, middle, and inner ear.

•	 Appreciate the functional anatomy of the cochlea and organ of Corti.

•	 Explain the process of conductive hearing.

•	 Describe the central auditory pathways.

•	 Know how to approach a patient with hearing loss: Be able to distinguish between conductive and  

sensorineural hearing loss.

•	 Understand and know how to use the Weber and Rinne tests.
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Fig. 16.1 External, middle, and inner ear.
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The Inner Ear

See Figs. 16.1 and 16.2.

The inner ear comprises two parts: a bony labyrinth 

formed by cavernous openings in the petrous portion of 

the temporal bone and a membranous labyrinth formed 

by a simple epithelial membrane. The membranous laby-

rinth,	which	is	filled	with	a	fluid	called	endolymph,	lines	
the contours of the bony labyrinth from which it is sepa-

rated	by	a	fluid	called	perilymph.
The membranous labyrinth consists of the cochlea, the 

utricle and saccule, and the semicircular canals. The coch- 

lea, or auditory labyrinth, is responsible for hearing. The 

utricle and saccule and the semicircular canals make up 

the vestibular labyrinth.

Cochlea

See Figs. 16.1 and 16.2.

The cochlea is the auditory part of the membranous 

and bony labyrinth. It is shaped like the shell of a snail. 

It consists of (1) a bony core called the mediolus, which 

contains the cochlear part of the vestibulocochlear nerve, 

and (2) a cochlear canal, which winds two and one-half 

times around the mediolus like the threads of a screw.

The cavity of the cochlear canal is divided into three 

compartments: scala vestibuli, scala tympani, and scala 

media. The scala media, which is situated in the mid-

dle portion of the cochlear canal, contains endolymph. 

The scala vestibuli and scala tympani, which are situated 

above	and	below	the	scala	media,	respectively,	are	filled	
with perilymph. The scala vestibuli and scala tympani 

communicate with each other at the apex of the cochlea 

called the helicotrema; the scala media ends in a blind 

sac.

Reissner’s membrane separates the scala vestibuli from 

the scala media; the basilar membrane separates the 

scala tympani from the scala media. These membranes 

are attached to the bony wall of the cochlear canal by the 

spiral ligament.
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Fig. 16.2 Middle and inner ear.
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Organ of Corti

See Fig. 16.3.

The organ of Corti is composed of sensory hair cells. 

It is situated on the scala media side of the basilar mem-

brane. The hair cells of the organ of Corti contain stereo- 

cilia that project into an overlying gelatinous structure 

called the tectorial membrane. The sequence of steps in-

volved	in	the	transduction	of	fluid	wave	energy	into	elec-

tric action potentials is described as follows.

Inward movement of the oval window by the stapes 

sets	up	a	complicated	fluid	wave.	The	fluid	wave	travels	
along the scala vestibuli and scala tympani and across the 

scala media to cause upward displacement of the basilar 

membrane. As the basilar membrane is forced upward 

against	 a	 fixed	 tectorial	membrane,	 shearing	 forces	 are	
exerted on the intervening stereocilia, causing excitation 

of the sensory hair cells.

The point of maximum displacement along the basilar 

membrane is determined by the sound frequency trans-

mitted: low-frequency sounds result in maximum dis-

placement near the apex; high-frequency sounds result 

in maximum displacement near the base. Excitability of 

cochlear	nerve	fibers	is	also	frequency	dependent.	Each	
fiber	 is	most	sensitive	at	a	specific	 frequency.	This	spa-

tial distribution of sound frequency within the cochlea 

is clinically manifested by cochlear lesions that result in 

threshold losses for certain parts of the auditory spec-

trum.

Fig. 16.3 Organ of Corti.
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Conductive Hearing

See Fig. 16.4.

The mechanical events involved in the transduction 

of sound waves into chemoelectrical potentials occur as 

follows:

1. The auricle of the external ear collects sound waves 

that enter the external acoustic meatus and cause the 

tympanic membrane to vibrate.

2. This vibration is transmitted through the middle ear 

by the malleus, incus, and stapes.

3. Oscillation of the stapes at the oval window of the 

inner	ear	causes	fluid	waves	to	develop	within	the	
cochlea.

4.	 The	fluid	waves	are	carried	in	the	cochlea	by	peri-
lymph.

5. High-frequency (short) waves are carried at the base 

of the cochlea.

6. Low-frequency (long) waves are carried to the apex 

of the cochlea.

7.	 The	energy	of	the	fluid	waves	are	transmitted	across	
the scala media from the scala vestibuli to the scala 

tympani.	In	the	process,	the	fluid	waves	stimulate	
the sensory epithelium in the organ of Corti, which 

transduces	the	mechanical	energy	of	fluid	waves	into	
chemoelectrical potentials.

8. After crossing the scala media to reach the scala tym-

pani,	the	fluid	waves	descend	to	reach	the	oval	win-

dow.

9.	 The	fluid	wave	causes	the	round	window	membrane	
to move in and out. 

Two	features	of	the	middle	ear	enhance	the	efficiency	
of	the	energy	transfer	from	air	to	fluid:	(1)	because	the	
area of the oval window is substantially smaller than 

the area of the tympanic membrane, the vibratory force 

1. Sound waves
impinge on ear-
drum, causing it
to vibrate

2. Ossicles
vibrate as
unit

3. Stapes moves
in and out of
oval window

4. Sound waves
transmitted via
perilymph

5. High-frequency
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base of cochlea
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(long) waves at
apex of cochlea
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to scala tympani 

8. Descending wave
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Fig. 16.4 Conductive hearing.
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created by sound waves at the tympanic membrane is 

greatly	magnified	at	the	fluid	 interface	of	 the	oval	win-

dow;	(2)	because	fluid	has	a	higher	acoustic	impedance	
than	 air,	 the	 direct	 transfer	 of	 sound	waves	 to	 the	 flu-

id-filled	 cochlea	 would	 result	 in	 a	 substantial	 loss	 of	
energy.	 The	 transfer	 of	 sound	 energy	 to	 the	fluid-filled	
cochlea via the tympanic membrane and ossicles amelio-

rates this potential loss of energy.

Central Auditory Pathways

See Fig. 16.5.

Brainstem

Central	fibers	of	the	cochlear	nerve	enter	the	brainstem	
at the level of the pontomedullary junction. As they enter 

the	brainstem,	these	fibers	bifurcate	and	are	distributed	
to both dorsal and ventral cochlear nuclei that are located 

in the medulla adjacent to the inferior cerebellar pedun-

cles. The cochlear nuclei maintain the tonotopic organi-

zation present in the cochlea and the primary auditory 

fibers,	as	described	earlier.
The basic anatomy of the central auditory pathway in 

the brainstem is described as follows:

� Neurons in the dorsal cochlear nucleus project axons 

across the midline in the dorsal acoustic stria. These 

axons then ascend in the contralateral lateral lemnis-

cus to terminate in the inferior colliculus.

� Neurons in the ventral cochlear nucleus project axons 

to the ipsilateral and contralateral superior olivary 

nucleus, the latter via the trapezoid body. These axons 

then ascend in the contralateral lateral lemniscus to 

terminate in the inferior colliculus.

� Neurons in the inferior colliculus project axons to the 

medial geniculate body via the brachium of the infe-

rior colliculus.

The superior olivary nucleus and the nucleus of the 

lateral lemniscus are pontine nuclei that serve as relay 

and integration centers. They are situated between the 

cochlear nuclei in the medulla and the inferior colliculi 

in the midbrain.

The superior olivary nucleus is concerned with sound 

localization.	 This	 is	 accomplished	 by	 comparing	 differ-

ences in timing and intensity of sounds received in each 

ear. The superior olivary nucleus receives input from the 

ipsilateral and contralateral ventral cochlear nuclei (the 

latter via the trapezoid body) and projects to the nucleus 

of the lateral lemniscus and the inferior colliculus. The 

nucleus	of	the	lateral	lemniscus	receives	fibers	from	the	
lateral	lemniscus	and	contributes	fibers	to	the	same.

The inferior colliculi are two rounded elevations lo-

cated in the tectum of the midbrain. They project pri-

marily to the ipsilateral medial geniculate bodies via the 

brachium of the inferior colliculus.

Thalamus

The medial geniculate bodies are located in the posterior 

thalamus.	All	 secondary	cochlear	fibers	 synapse	first	 in	
one of the pontine nuclei or the inferior colliculus be-

fore	reaching	the	medial	geniculate	body.	No	fiber	in	the	
auditory pathway bypasses the medial geniculate body. 

Unlike the rest of the auditory pathway in the brainstem 

and cortex, the medial geniculate bodies do not possess 

commissural connections.

Auditory Cortex

The auditory cortex is located in the superior temporal 

gyrus,	 along	 the	 lateral	 (sylvian)	 fissure.	 It	 receives	 fi- 

bers	from	the	medial	geniculate	body.	These	fibers	ascend	
in the auditory radiation through the posterior limb of 

the internal capsule. Connections between the primary 

auditory cortex and adjacent association areas provide 

higher levels of integration. Thus, electrical stimulation 

in the area of the primary auditory cortex produces the 

sensation of simple sounds such as buzzing or ringing, 

whereas stimulation in the auditory association areas re-

sults in complex sounds such as that of a dog barking or 

a familiar voice.

Like the rest of the auditory system, the auditory cor-

tex is organized tonotopically: neurons concerned with 

low-frequency sounds are located anteriorly; neurons con-

cerned with high-frequency sounds are located posteri-

orly. Moreover, like the somatosensory and visual cortices, 

the auditory cortex is organized into functional columns. 

These include summation columns, which are primarily 

concerned with binaural input, and suppression columns, 

which are primarily concerned with monaural (contra- 

lateral) input.

Furthermore, the auditory cortex is functionally or-

ganized	by	layers:	layer	IV	receives	afferents	and	layer	V	
sends	efferents	to	the	inferior	colliculus.	Functional	lay-

ers, like functional columns, are also characteristic of the 

somatosensory and visual cortices.

Input in each ear is received bilaterally in the auditory 

system, beginning above the level of the cochlear nuclei. 

Commissural	fibers	connect	multiple	levels	of	the	brain-

stem, including the superior olivary nuclei (pons), the 

nuclei of the lateral lemniscus (pons), the nuclei of the 

inferior colliculi (midbrain), and  the auditory cortices 

(via	 the	 corpus	 callosum).	 As	 a	 result,	 lesions	 affecting	
the	central	auditory	fibers	do	not	produce	clinically	evi-
dent loss of hearing.

Like the visual cortex, where form, color, and stere-

opsis are processed in anatomically discrete areas of the 

brain, the auditory cortex deconstructs complex sounds 

into their elements of timing, intensity, and frequency. 

These are processed in parallel by functionally desig-

nated areas of the auditory cortex.
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Fig. 16.5 Central auditory pathways.

本书版权归Thieme所有



III System-based Anatomy and Differential Diagnosis434

Approach to the Patient with 
Hearing Loss

The mechanisms of hearing loss are divided into two 

main categories: conductive and sensorineural. Conduc-

tive and sensorineural hearing loss is commonly accom-

panied by tinnitus, a buzzing or ringing sound in the ear.

Conductive Hearing Loss

In conductive hearing loss, the mechanism by which 

sound is transformed and conducted to the cochlea is im-

paired. This results from lesions involving the external or 

middle ear.

Normally, the tympanic membrane and ossicles are 

responsible for transforming and amplifying sound wave 

energy	and	transmitting	it	to	a	fluid	medium	in	the	coch- 

lea of the inner ear. This pathway provides for an  

efficient	transfer	of	energy	from	sound	to	fluid.
In the absence of this normal pathway, transmission 

of	sound	energy	from	the	environment	to	the	fluid-filled	
cochlea is provided by bones of the skull. This occurs at 

the expense of considerable energy loss, which is clin-

ically expressed as a decrease in hearing. Patients with 

conductive hearing loss maintain good ability to hear 

loud noises, and they hear better in the setting of noisy 

backgrounds.

Common causes of conductive hearing loss include 

impacted	cerumen	 in	 the	external	ear,	 inflammation	of	
the middle ear (otitis media), and bony overgrowth and 

immobility of the stapes (otosclerosis).

Sensorineural Hearing Loss

Sensorineural hearing loss refers to hearing loss that is 

caused	by	a	deficit	 in	the	auditory	pathway	that	occurs	
central	to	the	oval	window.	Such	a	deficit	may	occur	 in	
the cochlea, the cochlear nerve or nuclei, or the central 

auditory pathway. The presentation of sensorineural 

hearing loss helps establish its etiology. Thus, bilateral 

and progressive deafness may be caused by ototoxic 

drugs, unilateral and progressive deafness may be caused 

by Meniere’s disease or acoustic neuromas, and unilat-

eral and acute deafness may result from viral infection or 

ischemic infarction.

Clinically, sensorineural hearing loss is suggested by 

a	selective	difficulty	in	hearing	high-pitched	sounds	and	
vowels. Formal audiometric testing of individuals with 

sensorineural hearing loss demonstrates a loss of speech 

discrimination that is out of proportion to associated 

pure-tone deafness. Indeed, patients with sensorineu-

ral	 deafness	 complain	 of	 difficulty	 hearing	 speech	 that	
is mixed with background noise. Conversely, pure tones 

may be distorted into a complex mixture of noisy, rough, 

or buzzing tones.

Tinnitus

Tinnitus aurium literally means “ringing in the ears.” It 

is a common complaint in adults and is frequently asso-

ciated with sensorineural hearing loss. Most commonly, 

it occurs as a result of lesions in the middle or inner ear.

Tinnitus may be subjective (heard only by the patient) 

or objective (heard by both the patient and the exam-

iner). In subjective tinnitus, the pitch of the tinnitus 

may be diagnostically useful. Conductive hearing loss is 

usually associated with low-frequency tinnitus, whereas 

sensorineural hearing loss is usually associated with 

high-frequency tinnitus. (Meniere’s syndrome, sensori-

neural hearing loss associated with low-frequency tinni-

tus, is an exception.)

Objective	tinnitus	signifies	a	disorder	outside	the	au-

ditory system. Sources of objective tinnitus include the 

eustachian tube, the ossicles, the palate, and cerebral vas-

cular malformations or aneurysms.
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Bedside Tests

The Weber Test

See Fig. 16.6.

The Weber test involves placing a vibrating tuning fork 

on the midline of the forehead and asking the patient to 

indicate on which side, if any, the sound is loudest (to 

lateralize, if possible, the sound). Normally, the sound is 

heard with equal force on both the right and the left sides 

(i.e., no sound lateralization). However, patients with con-

ductive hearing loss will lateralize the sound to the side 

of	the	affected	ear,	whereas	patients	with	sensorineural	
hearing loss will lateralize the sound to the normal ear.

The Rinne Test

See Fig. 16.7.

The Rinne test involves a two-step process in which air 

conduction is compared with bone conduction. The test is 

performed as follows: Place the stem of a vibrating tuning 

fork on the mastoid bone of the subject and count the 

number of seconds the vibration is heard. When the sub-

ject no longer hears the tuning fork (bone conduction), 

place the tines of the fork near the ear (air conduction). 

Then count the number of seconds the sound is heard by 

air conduction. Normally, air conduction is better than 

bone conduction, and thus the sound continues to be 

heard at the ear after it is no longer detectable at the mas-

toid bone, essentially twice as long, or a 2:1 ratio. In the 

Fig. 16.6 Weber test.
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presence of sensorineural hearing loss, there is an equal 

decrement in both air and bone conduction, and thus 

air conduction remains greater than bone  conduction, 

 although in a less than 2:1 ratio. In the presence of con-

ductive hearing loss, however, bone conduction is better 

than air conduction, and thus the tuning fork cannot be 

heard at the ear after it is no longer heard at the mastoid 

bone.

Because the cochlea and cochlear nerve are 

	tonotopically	organized,	lesions	affecting	these		structures	
produce	 frequency-specific	 hearing	 loss.	 For	 example,	
 lesions at the base of the cochlea result in threshold losses 

for high-frequency tones, whereas lesions at the apex of 

the cochlea result in threshold losses for low-frequency 

tones.	Moreover,	 the	 timing	 for	different	 frequencies	of	
the auditory spectrum may be altered.

Central Hearing Loss

Central hearing loss results from lesions in the central 

auditory pathway, including the brainstem, thalamus, 

auditory cortex, and their connections.

Because the central auditory structures above the 

level of the cochlear nucleus receive bilateral innerva-

tion,	unilateral	lesions	do	not	cause	clinically	significant	
hearing loss.

Although bilaterally innervated, the auditory cortex 

on one side is primarily responsible for localizing sounds 

from the opposite side. Thus, lesions in the auditory cor-

tex may impair ability to localize sounds and may make 

it	 difficult	 for	 a	 listener	 to	 ignore	 background	noise	 or	
competing messages.
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Fig. 16.7 Rinne test.
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Dizziness is one of the most common complaints for which 

patients seek the attention of a neurologist. Often the 

underlying disorder causing patients to experience dizziness 

is disequilibrium, which represents malfunction in one of 

three separate but communicating systems: the visual 

system, the proprioceptive system, or the vestibular system.

As will be seen, the diagnosis of disequilibrium as 

a disturbance of the vestibular system is based on a 

constellation of signs and symptoms elicited from the 

patient at bedside.

 Vestibular System

Learning Objectives

•	 Describe the histology and the functional anatomy of the utricle and saccule and the semicircular canals.

•	 Identify the connections that the vestibular system maintains with the spinal cord, the cerebellum,  

and the brainstem.

•	 Determine	the	anatomy	and	functional	significance	of	the	vestibulo-ocular	reflexes.	Know	the	anatomic	 
parts	that	serve	these	reflexes	and	understand	the	role	they	play.

•	 Define	nystagmus,	and	understand	its	anatomic	and	physiological	basis.
•	 Know	how	to	approach	a	dizzy	patient.
•	 Compare and contrast the clinical manifestations of peripheral and central vestibular dysfunction.

Much is understood about the anatomy and physiology 

of the vestibular system, the basic functions of which 

include the coordination of motor control, posture, 

equilibrium, and eye movements.

This chapter begins with a description of the functional 

anatomy of the peripheral vestibular system. Next, 

central connections with the spinal cord, cerebellum, and 

oculomotor system are discussed, followed by a practical 

approach to the dizzy patient.
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Fig. 17.1 Peripheral vestibular system. 

labyrinth formed by a simple epithelial membrane. The 

membranous	labyrinth,	which	is	filled	with	a	fluid	called	
endolymph, lines the contours of the bony labyrinth from 

which	it	is	separated	by	a	fluid	called	perilymph.

Peripheral receptors of the vestibular and auditory 

systems are contained within the membranous labyrinth. 

Two sets of structures comprise the vestibular portion 

of the labyrinth: (1) the utricle and saccule and (2) the 

semicircular canals.

Fig. 17.2 3D surface reconstruction of 3T MRI CISS sequence 

showing the three semicircular canals, vestibule, and cochlea 

of the right inner ear chambers.

Functional Anatomy

The Peripheral Vestibular System

See Figs. 17.1 and 17.2.

The peripheral vestibular system detects movement 

and position of the head in space.

The inner ear, or labyrinth, is composed of two parts: 

a bony labyrinth formed by cavernous openings in the 

petrous portion of the temporal bone, and a membranous 

本书版权归Thieme所有



Gelatinous cap

Supporting cells

Vestibular nerve fibers

Hair cells

Otoliths

TYPE I
TYPE II

Kinocilium

Stereocilium

Nerve chalice

Supporting cell

Myelin sheath
BM

Synaptic bar

Afferent fiber

Efferent fiber

III System-based Anatomy and Differential Diagnosis440

The Utricle and Saccule

See Figs. 17.3, 17.4, 17.5, and 17.6.

The utricle and saccule detect linear acceleration and 

the position of the head in space.

These structures are dilatations of the membranous 

labyrinth, separated (by perilymph) from the bony laby-
rinth.	They	are	filled	with	endolymph	and	lined	by	sim-
ple	 cuboidal	 epithelium	except	 at	 receptor-rich	 regions	
called maculae.

Utricular and saccular maculae are histologically iden-
tical. They contain the following four elements: (1) sup-

porting cells, which consist of simple columnar epithelial 

cells that are continuous with the simple cuboidal epi-
thelial cells that line the utricle and saccule; (2) hair cells, 

which are specialized receptor cells intercalated between 

the supporting cells; (3) an otolithic membrane, which 

is a gelatinous mass embedded with crystals of calcium 

carbonate (otoliths) that covers the hair cells; and (4) 

dendrites of cells in the vestibular ganglion, which carry 

afferent	impulses	from	the	hair	cells	to	the	vestibular	nu-
clei of the brainstem.

The “hairs” of a macular hair cell are microvilli. Each 

hair cell contains ~40 to 80 microvilli together with a 

single kinocilium that arises from a centriole. One kino-
cilium is located in the periphery of each hair cell, thus 

polarizing the hair cell in the direction of the kinocilium.

The kinocilia of the maculae of the utricle and saccule 

are arranged in such a way as to polarize the maculae in 

relation to an imaginary curved line called the striola. 

Utricular maculae are polarized toward the striola, sac-
cular maculae are polarized away from the striola. The 

functional	significance	of	this	arrangement	is	as	follows.
The weight of the otolithic membrane exerts a grav-

itational pull on hair cells. The orientation of the hair 

cells relative to this gravitational force determines the 

direction of their displacement. For example, when the 

head is held in the horizontal plane, the vertical gravity 

vector is perpendicular to the hair cell, and no displace-
ment occurs. When the head is tilted, say, to the left, 

hair cells follow, and the gravitational force of the oto-
liths,	now	at	an	angle	to	the	cells,	deflects	them	further	
in this direction.

Fig. 17.3 Histology of the utricle and saccule.

Fig. 17.4 Hair cell histology.
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Displacement of hair cells along the axis of polari-
zation depolarizes the cells and initiates excitatory im-
pulses	that	are	carried	in	afferent	fibers	to	the	vestibular	
nuclei.

Displacement of hair cells in the direction opposite to 

the axis of polarization hyperpolarizes the cells and initi-
ates inhibitory impulses.

Thus, in response to a tilt of the head, certain hair cells 

depolarize, whereas others hyperpolarize—depending on 

their	axis	of	polarization	(i.e.,	the	relation	of	their	kino- 

cilium to the striola). Because of their multiple axes of 

polarization (a product of the curved striola), the utri-
cle and saccule detect changes of head position in any 

 direction in the vertical (saccule) and horizontal  (utricle) 

planes. The overall pattern of macular activity—of 

 excitation and inhibition in both the utricle and the 

	saccule—is	finally	relayed	to	the	vestibular	nuclei,	where	
it signals the  position of the head in space. Although they 

predominantly function as sensors of static position, the 

utricle and saccule detect linear acceleration as well.

Fig. 17.5 Polarization of utricular and saccular maculae.

Fig. 17.6 Sensory hairs.
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The Semicircular Ducts

See Figs. 17.1, 17.7, 17.8, and 17.9.

The	 three	 endolymph-containing	 semicircular	 ducts	
which detect angular acceleration of the head in space 

are formed by the membranous labyrinth, in direct con-
tinuation with the utricle. Because the ducts lie in planes 

oriented at right angles to one another, they provide in-
formation about the angular acceleration of the head in 

any direction, though they lack the ability of the utricle 

and saccule to detect its static position.

One end of each duct enlarges at its point of attach-
ment to the utricle. These enlargements, or ampullae, are 

the functional counterparts of the maculae of the utricle 

and saccule. They contain a thickened sensory epithelium 

called the ampullary crest, which is composed of colum-
nar epithelial supporting cells with interspersed kinocil-
ia-containing	hair	cells.	These	hair	cells	are	embedded	in	
a gelatinous mass termed the cupula.	They	fill	the	space	
between the crest and the roof the ampulla. (The cupula 

is the equivalent of the otolithic membrane but lacks its 

high-specific-gravity	calcium	carbonate	crystals.)
Angular acceleration of the head causes displacement 

of	 endolymphatic	 fluid	 and	 movement	 of	 the	 cupula,	
which stimulates the hair cells.

The kinocilia of the horizontal ducts are polarized in 

the direction of the utricle. Bending hair cells of these 

ducts in the direction of the utricle thus results in excita-
tory output. Conversely, the kinocilia of the vertical ducts 

are polarized in the direction opposite the utricle. Bend-
ing hair cells in these ducts in the direction of the utricle 

thus results in inhibitory output.

In a given plane, the axis of polarization of the am-
pullae of a pair of ducts, one in the right ear and one in 

the	left,	are	mirror	images	of	one	another.	Deflection	of	
their	cupulae	by	the	clockwise	or	counterclockwise	flow	
of	endolymphatic	fluid	excites	the	duct	whose	hair	cells	
are	deflected	 toward	 the	 axis	 of	 polarization,	while	 in-
hibiting	the	duct	whose	hair	cells	are	deflected	opposite	
their	axis	of	polarization.	The	combined	effect	of	excita-
tory and inhibitory input from paired semicircular ducts 

on opposite sides of the head apprises the brain of the 

head’s rotary movements.

Fig. 17.7 Histology of ampullae.
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Fig. 17.8 Vestibular system and brainstem connections.

Fig. 17.9 Bilateral indication of movement.

本书版权归Thieme所有



LVN
IVN

MLF

MVN
SVN

Reticulospinal tract

Vestibular ganglion

Vestibular nerve

Vestibulospinal tract

Medial longitudinal
fasciculus

Motor nerveCervical cord

Spinal accessory
nucleus

Upper
medulla

Utricle

Ampulla

Saccule

Cochlea

III System-based Anatomy and Differential Diagnosis444

Vestibular System Connections

Vestibular–Central Nervous System

See Fig. 17.10.

Central projections of the vestibular system terminate 

in three major areas: (1) the spinal cord, (2) the cerebel-
lum, and (3) the oculomotor nuclei1 of the brainstem (III, 

IV, VI).

These	 areas	 are	 reached	 by	 second-order	 neurons	
whose cell bodies make up the superior, inferior, medial, 

and lateral vestibular nuclei (SVN, IVN, MVN, LVN). Input 

from	the	vestibular	labyrinth	is	transmitted	by	first-	order	
(bipolar) neurons whose cell bodies are located in the 

vestibular ganglion (Scarpa’s ganglion), which lies at the 

base of the internal auditory canal.

Vestibular	nerve	fibers	enter	 the	brainstem	between	
the	medulla	and	pons.	Part	of	these	fibers	terminate	on	
vestibular nuclei, and part continue on through the infe-
rior cerebellar peduncle to terminate in the cerebellum.

Second-order	neurons	of	the	vestibular	nuclei	project	
descending	 fibers	 to	 the	 spinal	 cord	 via	 the	 vestibulo- 

spinal tract (lateral vestibular or Deiters’ nucleus ex-
clusively)	as	well	as	ascending	fibers	 to	 the	oculomotor	
nuclei, some directly, some via the medial longitudinal 

fasciculus (MLF).	In	addition	to	receiving	fibers	from	the	
vestibular	 labyrinth,	 the	 cerebellum	 receives	 second- 

order neurons from the vestibular nuclei, also through 

the inferior cerebellar peduncle.

Fig. 17.10 Vestibular–central nervous system and vestibular- 

spinal connections.

1Oculomotor refers here to the cranial nerve nuclei that innervate the 
extraocular muscles, that is, the oculomotor (III), the trochlear (IV), 
and the abducens nuclei (VI), and not the oculomotor nucleus alone.
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Vestibular-Spinal Connections

See Fig. 17.11.

Two spinal pathways originate in the vestibular nu-
clear complex: the medial vestibulospinal tract and the 

lateral vestibulospinal tract. These pathways are respon-
sible for upright posture.

The medial vestibulospinal tract arises in the medial 

vestibular	nucleus.	 It	projects	crossed	and	uncrossed	fi- 

bers in the descending MLF as far as the cervical spinal 

segments.

The larger lateral vestibulospinal tract arises in the 

lateral vestibular nucleus (Deiters’ nucleus). It projects 

primarily	uncrossed	fibers	to	all	levels	of	the	spinal	cord.
Both vestibulospinal tracts terminate on interneurons 

in	 laminae	VII	and	VIII,	which	exert	a	 facilitatory	 influ-
ence on  and  motor neurons, particularly those that 

innervate extensor muscles. The tonic excitation of ex-
tensor (antigravity) motor neurons provides the physio-
logical basis for the maintenance of extensor muscle tone 

that is required for an upright body posture.

Because	unopposed	tonic	facilitatory	influence	on	spi-
nal motor neurons would result in muscular rigidity, the 

facilitatory	influence	of	the	vestibulospinal	tract	is	modi-
fied	by	the	inhibitory	influence	of	the	reticulospinal	tract.

Separation of the reticulospinal tract from its excita-
tory cortical input, as occurs in transection of the rostral 

brainstem, alters the balance of inhibitory and facilita-
tory	 influences	on	 the	extensor	motor	neurons	 in	 favor	
of facilitation. Decerebrate rigidity—an exaggerated tone 

of upper and lower limb extensors seen in patients with 

massive	 cerebral	 lesions	 that	 effectively	 disconnect	 the	
brainstem from the cerebrum—results from this unop-
posed facilitatory action of the lateral vestibulospinal 

tract on spinal motor neurons.

Vestibular-Cerebellar Connections

The connections between the cerebellum and the ves-
tibular system are conducted via the inferior cerebellar 

peduncle. They are reciprocal in the sense that the cer-
ebellum receives input from the vestibular system, and 

vice versa. These connections are responsible for body 

posture, equilibrium, and the control of eye movements.

Cerebellar	 afferents	 from	 the	 vestibular	 system	 in-
clude	both	first-order	neurons	that	originate	in	the	ves-
tibular	 labyrinths	as	well	 as	 second-order	neurons	 that	
originate in the ipsilateral vestibular nuclei.

The vestibulocerebellum, which is the part of the cer-
ebellum that reciprocates with the vestibular system, in-
cludes	the	flocculonodular	lobe	and	the	vermis.	Through	
its innervation of the vestibular nuclei the vestibulocer-
ebellum helps to control body posture, equilibrium, and 

eye movements.
Fig. 17.11 Vestibulo-ocular anatomy. 
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Vestibulo-ocular Reflexes

See Figs. 17.11 (page 417) and 17.12.

Movements of the head excite and inhibit the sem-
icircular ducts. These semicircular ducts in turn initi-
ate impulses that are relayed in the vestibular nuclei to 

 terminate in the oculomotor nuclei (III, IV, VI). This pro-
vides a mechanism for compensatory eye movements 

during movement of the head, as follows.

Imagine a woman reading a novel when she is  suddenly 

interrupted by the call of her roommate from another 

room.	While	maintaining	visual	fixation	on	the	passage	
she is reading, she rotates her head leftward in the hori-
zontal plane to better hear her roommate’s call. Unbe-
knownst to her, our reader’s leftward head rotation in 

the	horizontal	plane	results	in	the	flow	of	endolymphatic	
fluid	in	the	direction	opposite	the	head	rotation,	causing	
stimulation	of	the	left	horizontal	duct	(fluid	flowing	to-
ward	the	utricle)	and	inhibition	of	the	right	(fluid	flowing	
away from the utricle). A stimulated left horizontal duct 

increases	 the	 impulse	 frequency	 of	 its	 afferent	 output,	
which	 is	 transmitted	 to	vestibular	nuclei	via	first-order	
vestibular neurons.

Second-order	neurons	in	the	vestibular	nuclei	in	turn	
project to the contralateral abducens nucleus, which in-
nervates the right lateral rectus. This produces abduction 

of the right eye.

The ipsilateral oculomotor nucleus, which innervates 

the left medial rectus,	 receives	 input	 from	 the	 contra- 

lateral abducens nucleus via the crossed MLF as well as 

input from the vestibular nuclei directly. This produces 

adduction of the left eye.

Because the labyrinths work in pairs, an increase in 

afferent	output	of	the	left	horizontal semicircular duct is 

accompanied	by	diminished	afferent	output	in	the	same	
receptor on the opposite side of the head. The combined 

effect	of	these	two	pathways	is	simultaneous	contraction	
of the left medial rectus (adduction of the left eye) and 

the	right	lateral	rectus	(abduction	of	the	right	eye)	associ-
ated with relaxation of the left lateral rectus and the right 

medial rectus. As she rotates her head to the left, the eyes 

of our reader conjugately turn to the right, enabling her 

to	maintain	visual	fixation	on	her	novel.

Fig. 17.12 Vestibulo-ocular reflex.
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Nystagmus

See Fig. 17.13.

In our example, the angle of head rotation was small 

enough that compensatory eye movements enabled our 

reader to keep her eyes on her novel even as she turned 

her head away from it. But what if the angle of a head 

movement is too wide for the motion of the eyes in the 

orbits to compensate?

Such is the case when a subject is rotated 360  degrees 

around	 a	 vertical	 axis.	 In	 this	 case,	 slow	 vestibular-	
induced compensatory eye movements are interrupted 

by quick movements in the opposite direction.

Rhythmic alternation of such slow and quick 

 movements is termed nystagmus. By convention, 

the  direction of nystagmus is named for the fast 

phase, although the slow phase represents the true 

	labyrinth-stimulated	movement.
Physiological stimulation of a labyrinth produces 

 nystagmus in the plane of that labyrinth with a conju-
gate slow movement away from the stimulated labyrinth 

 followed by a quick component in the opposite direction.

Spontaneous (pathological) nystagmus likewise 

 results when the balance of tonic activity in the laby-
rinth is altered. Damage to the left vestibular labyrinth 

or	nerve,	 for	example,	 results	 in	unopposed	right-sided	

tonic activity with nystagmus that is indistinguishable 

from	that	produced	by	right-sided	stimulation.
Compared with peripheral vestibular nystagmus, cen-

tral-induced	 nystagmus	 due	 to	 interruption	 of	 central	
vestibulo-ocular	pathways	is	distinctive	in	the	following	
two	respects:	(1)	the	direction	of	central-induced	nystag-
mus is less predictable and may vary with the subject’s 

direction	of	gaze;	and	(2)	visual	fixation,	which	inhibits	
peripheral vestibular nystagmus, does not inhibit nystag-
mus due to central lesions.

The best way to anticipate the direction of  pathological 

nystagmus due to labyrinthine disease is to remem-
ber that it represents unopposed tonic activity of its 

 counterpart on the opposite side. Because the horizontal 

 semicircular ducts are most important clinically, it is also 

useful to remember that, when stimulated, they contract 

the ipsilateral medial rectus and the contralateral lateral 

rectus, and that they thus produce, when stimulated, a 

slow conjugate movement away from the stimulated duct 

followed by a quick movement in the opposite  direction. 

It is emphasized, however, that rote memorization of 

various patterns of pathological nystagmus, here as 

 elsewhere in neuroscience, is a recipe for frustration and 

failure.

Fig. 17.13 Physiologic and spontaneous nystagmus.
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Approach to the Dizzy Patient

The common denominator of symptoms caused by ves-
tibular system dysfunction is vertigo: the illusion of 

movement of self or environment.

In practice, true vertigo is a far less common complaint 

as compared with dizziness, a term that encompasses a 

wide array of meanings. The initial task in the diagnostic 

approach to dizziness thus consists of querying patients 

about what they means by “dizziness.” Descriptions that 

suggest	a	nonvestibular	pathophysiology	such	as	ortho- 

static hypotension, visual impairment, or proprioceptive 

loss will redirect the diagnostic evaluation accordingly.

The approach to the dizzy patient of evident vestib-
ular origin begins with the anatomic localization of the 

responsible lesion. Such lesions are conveniently catego-
rized as systemic, peripheral, or central in origin on the 

basis of the history and physical examination.

Systemic disorders, including cardiovascular, endo-
crine,	and	metabolic	diseases	that	secondarily	affect	the	
vestibular	system,	are	identified	by	their	systemic	signs	
and symptoms (Table 17.1).

Peripheral and central vestibular lesions are further 

subdivided as follows.

Table 17.1 Signs and Symptoms of Peripheral and Central Vestibular Lesions

Peripheral Vestibular

● Pathology affects the vestibular labyrinth and/or ganglia

● May present with hearing loss, tinnitus, ear pressure, and/or pain with labyrinth lesions

● May present with facial weakness with hearing loss and tinnitus with ganglia lesions

● Often see past-pointing to the affected side

● Nystagmus is often rotary and inhibited by visual fixation

● Associated autonomic symptoms—sweating, pallor, nausea, and vomiting

Central Vestibular 

Cerebellopontine angle lesions

● Hearing loss and tinnitus

● Loss of corneal reflex (ipsilateral) and facial numbness

● Facial weakness

● Ipsilateral ataxia and intention tremor

Brainstem and cerebellar lesions

● Vertigo mild

● Other cranial nerves affected—diplopia, dysarthria, perioral numbness

● Long-tract signs—hemiparesis, hemisensory loss, hyperreflexia

● Hearing loss and tinnitus absent
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Ipsilateral limb ataxia and intention tremor signal 

compression	of	the	cerebellum,	and	long-tract	signs	such	
as contralateral hemiparesis and hemisensory loss signal 

compression of the brainstem.

Compared with peripheral lesions, vertigo, nystag-
mus, and autonomic symptoms are mild.

Lesions in the Brainstem and Cerebellum

Isolated vestibular symptoms are rarely the result of le-
sions in the brainstem or cerebellum.

Rather, vertigo, which tends to be mild, is associated 

with other cranial nerve signs such as diplopia (III, IV, VI), 

dysarthria (IX and X), and perioral numbness (V), as well 

as	 long-tract	 signs	 such	 as	 hemiparesis	 (corticospinal	
tract) and hemisensory loss (spinothalamic tract).

Typically, hearing loss and tinnitus are absent in brain-
stem lesions, and autonomic symptoms are mild.

Vertebrobasilar	 insufficiency,	 a	 diminished	 flow	 of	
blood in the vertebrobasilar arterial system, is a common 

cause of the brainstem vestibular syndrome.

Interruption of vestibular pathways due to cerebel-
lar lesions, such as infarction in the territory of the pos-
teroinferior cerebellar artery, commonly results in limb 

ataxia and vertigo.

Peripheral Vestibular Lesions

Peripheral vestibular lesions occur in two major areas: 

the vestibular labyrinth and the vestibular ganglia and  

nerve within the internal auditory canal.

Lesions in the Vestibular Labyrinth

In addition to episodic vertigo, damage to the labyrinth 

most commonly presents with hearing loss, tinnitus, ear 

pressure, and pain.

On	examination	the	patient	points	to	the	affected	side.	
There is spontaneous nystagmus, with the quick compo-
nent	 directed	 away	 from	 the	 affected	 side.	 The	nystag-
mus, which is usually rotary due to involvement of ducts 

in both the vertical and the horizontal planes, is inhibited 

by	fixation.
Vertigo, nystagmus, and associated autonomic symp-

toms such as sweating, pallor, nausea, and vomiting are 

typically pronounced.

Common causes of lesions in the vestibular labyrinth 

include viral and bacterial infections and drug toxicity. 

(The aminoglycosides are notoriously ototoxic.)

Lesions in the Vestibular Ganglia and Nerve within 
the Internal Auditory Canal

The close proximity of the vestibulocochlear (VIII) and 

facial (VII) nerves, which come together within the in-
ternal auditory canal, accounts for the constellation of 

symptoms that accompany lesions in this site.

Ipsilateral facial weakness (VII) is characteristic. Hear-
ing loss and tinnitus are often present, but vertigo is less 

prominent, and ear pressure and pain are usually absent.

Central Vestibular Lesions

Central vestibular lesions occur in two major areas: the 

cerebellopontine angle (CPA) and the brainstem and cer-
ebellum.

Lesions in the Cerebellopontine Angle

The CPA is bounded by the cerebellum, the pons, and the 

petrous portion of the temporal bone. The facial (VII) and 

vestibulocochlear (VIII) nerves traverse this angle in their 

stretch between exiting the pontomedullary junction 

and entering the internal auditory canal.

Tumors, most commonly the vestibular schwannoma, 

are the major source of lesions in this area.

They cause (1) progressive hearing loss and tinnitus 

due to compression of the cochlear nerve (VIII), (2) loss of 

the	ipsilateral	corneal	reflex	and	facial	numbness	due	to	
compression	of	afferent	fibers	of	the	trigeminal	nerve	(V),	
and (3) facial weakness due to compression of the facial 

nerve (VII).
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This chapter discusses the ocular motor system. It is or-

ganized into six sections: (1) a description of the four 

types of eye movements, including saccades, smooth 

pursuit, vestibular-optokinetic, and vergence move-

ments; (2) a discussion of the anatomy and disorders of 

the supranuclear control system; (3) a discussion of the 

anatomy and localization of lesions involving the oculo-

motor nerves; (4) a description of the clinical features 

and anatomic localization of nystagmus; (5) a descrip-

tion of the anatomy and disorders of pupillary function; 

and (6) a discussion of the anatomy and disorders of the 

eyelid.

Four Types of Eye Movements

Saccades

See Fig. 18.1.

The major function of saccadic eye movements is to 

rapidly place the object of interest on the fovea. Saccadic 

eye	movements	may	be	volitional	(voluntary	refixations)	
or involuntary (quick phases of vestibular and optoki-

netic nystagmus). The stimulus required to elicit a sac-

cade consists of an object of interest in the peripheral 

eye	field.	From	stimulus	to	onset	of	eye	movement,	 the	
latency of saccadic eye movements is ~200 msec; a typi-

cal velocity is ~400 degrees/s (but may be as high as 600 

to 700 degrees/s.)

 Oculomotor System

One hypothesis suggests that saccadic movements are 

ballistic;	that	 is,	 they	are	not	modifiable	once	begun.	 In	
support of this hypothesis, it is argued that visual infor-

mation is sampled by the saccadic system. Once an object 

of	interest	is	identified	in	the	visual	periphery,	a	decision	
is made to generate a saccade that will bring the object 

into focus on the fovea. Depending on the retinal error 

(i.e., the distance between the retinal location of an im-

age and the fovea), the size, direction, and duration of a 

saccade are automatically calculated, and an irrevocable 

decision is made to generate the saccade. Once the sac-

cade is completed, the visual world is again sampled, and 

the process is then repeated.

The anatomic substrate for volitional saccades origi-

nates in the frontal eye fields (Brodmann’s area 8), which 

can initiate saccades in the contralateral direction, via de-

scending pathways to the superior colliculi. The superior 

colliculus receives an orderly retinal projection such that 

the	visual	field	 can	be	mapped	onto	 its	 surface.	 Stimu-

lation of the superior colliculus drives the eyes toward 

a	 point	 in	 the	 visual	 field	 that	 corresponds	 to	 the	 reti-
nal projection to that site. When the image of the target 

reaches the fovea, a negative feedback system involving 

the superior colliculus causes the eye movement to end.

Examination of saccadic eye movements is best per-

formed	at	 the	bedside	by	 instructing	the	patient	 to	fix-

ate alternatively on two targets, such as the tip of a pen 

and the examiner’s nose. Saccadic eye movements should 

be	examined	 in	 each	field	of	 gaze	 in	both	 the	horizon-

tal and vertical planes. The examination should deter-

mine whether the saccades are normal, whether they are 

promptly initiated, and whether they are accurate.

Learning Objectives

•	 Compare and contrast the four types of eye movements and their anatomic bases.

•	 Describe	the	anatomy	of	horizontal	eye	movements.	Understand	the	effects	of	stimulation	(or	 lesioning)	of	the	
components	parts	of	this	system,	including	the	frontal	eye	field	of	the	cerebral	cortex,	the	paramedian	pontine	
reticular formation, the abducens nucleus, the medial longitudinal fasciculus, and the oculomotor nucleus.

•	 Name the brainstem area associated with vertical eye movements and identify two disorders associated with 

vertical gaze palsies.

•	 Know the anatomy of the ocular motor nerves (cranial nerves III, IV, and VI), including the major structures they 

are associated with on their passage from the brainstem to the orbit.

•	 Describe the topographic localization of lesions involving the oculomotor nerves.

•	 Understand nystagmus and its classic pathologic forms, including the conditions associated with the various forms.

•	 Explain the innervation of the pupil, and the major pupillary abnormalities.

•	 Define	Horner	syndrome,	and	develop	an	approach	to	identify	its	cause.
•	 Know the innervation of the eyelid, and the disorders associated with ptosis and eyelid retraction.
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Fig. 18.1 Saccades.
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Smooth Pursuits

See Fig. 18.2.

The major function of the smooth pursuit system is to 

maintain the object of regard near the fovea, matching 

the eye with the target. The stimulus for smooth pursuit 

is the image of an object moving across the retina, usually 

within or near the fovea. The image of the object may 

not cover the fovea (it may be smaller) and may indeed 

 project outside the margin of the fovea, in the parafoveal 

region. This is preferential under conditions of poor ambi-

ent	light	because	rods	are	more	efficient	photoreceptors	
than are cones. In certain circumstances, the stimulus is 

not a visual image at all. Nonvisual stimuli, such as pro-

prioceptive information related to the movement of one’s 

own	limbs,	may	be	sufficient	to	generate	smooth	tracking	
movements.

The latency from stimulus to onset of smooth pursuit 

movements is 125 msec. The velocity of smooth pursuit 

movements matches the velocity of the target, which 

is typically less than 10% of saccadic eye movements 

(around 30 degrees/s). The feedback substrate is usually 

continuous and slow; objects that move fast may require 

a combination of pursuit and saccadic movements. Sac-

cadic movements in these instances allow the eye to keep 

up with the object.

The neural substrate for smooth pursuit involves the 

following sequence: Retinal information on the speed 

and direction of a moving target is projected on the stri-

ate visual cortex of the occipital lobes. This information 

is relayed to the ipsilateral middle temporal visual area, 

the	 frontal	 eye	 fields,	 and	 the	 pontine	 nuclei	 in	 a	 reti-
notopic	fashion.	After	modification	of	the	visual	impulses	
in	the	cerebellum	and	vestibular	nuclei,	 they	are	finally	
projected to the ocular motor nuclei. Note that smooth 
pursuit movements are identified with the ipsilateral oc-

cipital lobes, in contrast to saccadic movements, which are 
identified with the contralateral frontal lobes.

To examine smooth pursuits, ask the patient to hold 

the head still while tracking a small target, such as the 

tip of a pencil, held at least a meter in front of the patient. 

Move the target at a slow, uniform speed, and observe 

whether the eye movements match the velocity and direc-

tion of the target. If the pursuit gain is low, then catch-up 

saccades are noted; if the pursuit gain is too high, then 

backup saccades are noted. When evaluating a patient, 

it should be kept in mind that execution of smooth pur-

suits requires that a patient is able to normally attend and 

that pursuit movements naturally deteriorate with age. 

Smooth pursuit movements are also particularly sensi-

tive	to	drugs,	which	may	affect	the	results	of	testing.	Such	
drugs include phenytoin, barbiturates, diazepam, chloral 

hydrate, methadone, alcohol, and marijuana.

Fig. 18.2 Smooth pursuits.
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Function : To maintain eye position with respect
to changes in head and body position

Stimulus : Change in head and body posture

Latency :  10 ms

Velocity :  As high as 300o/sec

 Vestibular-optokinetic eye movements

 Vestibulo-ocular reflex

Retinal image is maintained by compensatory eye
movements that counteract the effects of head
movement. When head movement occurs, compensatory
eye movements are stimulated by sensory signals from the
vestibular system, the visual system and the somatosensory
system.

Target Target
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Vestibular-Optokinetic Eye Movements

See Fig. 18.3.

The function of vestibular-optokinetic eye movements 

is to maintain eye position with respect to changes in 

head and body position. To hold images on the retina, 

compensatory eye movements must be made to coun-

teract	the	effects	of	head	movement.	To	compensate	for	
loss of sensory input, and to counteract the entire range 

of	 different	 head	 movements,	 a	 redundant	 system	 of	
sensory signals contribute to the programming of com-

pensatory eye movements. These sensory signals include 

inputs from the labyrinthine semicircular canals, the 

otoliths, vision, and somatosensors that include muscle 

spindles and joint receptors.

Thus,	 the	 vestibulo-ocular	 reflex	 (VOR),	 which	 de-

pends on the semicircular canals, generates compensa-

tory eye movements during high-frequency rotational 

head movements. The latency of these movements is 

extremely short, in the order of 10 msec, and the fre-

quency is as high as 300 degrees/sec. Visual inputs form 

the stimulus for the optokinetic and smooth pursuit 

systems, which supplement the VOR during sustained 

(low-frequency) head movements. The otolithic organs, 

by virtue of their sensitivity to linear acceleration, gen-

erate compensatory eye movements during translational 

movements of the head. The combined inputs from the 

semicircular canals, the otolithic organs, the visual sys-

tem, and the somatosensors are relayed together in the 

vestibular nuclei, where a best estimate of the head’s 

movement is determined.

As part of the clinical examination of vestibular- 

optokinetic movements, bedside caloric testing is a 

 relatively simple method of determining the side of a 

peripheral	 vestibular	 lesion.	 If	 examination	 verifies	 the	
integrity of the tympanic membranes, the patient is posi-

tioned	supine,	with	the	head	flexed	30	degrees.	Flexion	of	
the head places the lateral semicircular canals in a verti-

cal position. Irrigate the external auditory canals on each 

side with a small amount of ice water (a normal response 

can be elicited with as little as 0.2 mL). Normally, the ear 

that is irrigated exhibits nystagmus with its quick phase 

in	 the	opposite	direction.	 Failure	 to	 elicit	 this	 response	
indicates loss of unilateral vestibular function.

Fig. 18.3 Vestibular-optokinetic eye movements.
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Function : To align the visual 
 axes to maintain 
 bifoveal fixation

Stimuli : Retinal disparity and
 retinal blur

Latency : 160 ms

Velocity : As high as 20°/sec

 Vergence eye movements

Retina Retina

Target

Convergence

Accommodation
of lens

Pupillary
constriction

Three elemets of accommodation reflex

Retina Retina

Target

Retinal disparity  and retinal blur (defocused 
image) occur when two images of an object  fall 
on non-corresponding retinal areas

Vergence movement  occurs in 
response to the stimulus of 
retinal disparity and retinal blur
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Vergence Eye Movements

See Fig. 18.4.

Vergence movements align the visual axes to maintain 

bifoveal	 fixation	 so	 that	 an	 object	 seen	 by	 both	 eyes	 is	
perceived as a single object. This requires that the ob-

ject of interest to fall on corresponding retinal points. In 

the event that two images of an object fall on noncorre-

sponding retinal areas in each eye, one of two possibili-

ties may occur. Either the object is perceived to exist in 

two separate locations simultaneously, causing diplopia, 

or the perception is created that two objects are located 

in the same position in space, causing visual confusion. 

Normally, when retinal disparity develops, it is so short- 

lived that it produces neither diplopia nor visual confu-

sion. The latency of vergence movements is ~160 msec, 

and the velocity is around 20 degrees/s.

The two primary stimuli of vergence movements are 

retinal disparity and retinal blur. Retinal disparity re-

fers to a disparity between the location of images on the 

two retinas, and retinal blur refers to defocused images. 

Whereas retinal disparity is associated with fusional 

vergence (in which the two retinal images are perceived 

as one), retinal blur leads to accommodation-linked ver-

gence. This latter type of vergence is associated with pu-

pillary constriction and lens accommodation in response 

to the retinal blur associated with near vision. Other ver-

gence stimuli include the sense of nearness (proximal 

vergence), which is related to cues such as perspective 

and size, and an underlying level of vergence tone (tonic 

vergence).

As mentioned, when the eyes focus on a near object, 

the	 response	 that	 occurs	 is	 the	 so-called	near	 reflex	or	
accommodation	reflex.	This	reflex	consists	of	(1)	conver-

gence of the eyes, (2) accommodation of the lens, and (3) 

pupillary constriction. As always, the purpose of the ver-

gence	component	of	this	reflex	is	to	maintain	the	image	
of the object on the fovea of each eye. Accommodation of 

the lens involves contraction of the ciliary muscle, which 

reduces the tension on the suspensory ligaments of the 

lens. This causes the lens to become more spherical to 

accommodate near vision. Constriction of the pupil helps 

to produce a sharper image, which also contributes to 

near accommodation.

Fig. 18.4 Vergence eye movements.
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Supranuclear Control of Eye 
Movements

In the broadest sense, there are two types of eye move-

ments, horizontal and vertical, that provide useful clin-

icoanatomic correlates. The following section describes 

the anatomy of these two types of movements and their 

associated clinical disorders.

Horizontal Eye Movements

Anatomy

See Fig. 18.5.

Horizontal	eye	movements	originate	in	either	the	fron-

tal lobe contralaterally (for saccades) or the ipsilateral oc-

cipital lobe (for smooth pursuits). The impulses carrying 

information about these movements travel through the 

Fig. 18.5 Anatomy of horizontal eye movements.

internal capsule to the paramedian pontine reticular for-

mation	 (PPRF)	in	the	pons. The left gaze center controls 

saccades to the left and smooth pursuit to the left. The 

converse is true for the right gaze center. The tract begins 

in	 the	 frontal	 lobe	gaze	 center	 and	projects	first	 to	 the	
PPRF	and	then	to	the	ipsilateral	sixth	nerve	nucleus.	The	
projection then reaches the contralateral third nerve nu-

cleus via the medial longitudinal fasciculus	(MLF).
(Stimulation of the superior colliculus results in con-

tralateral horizontal gaze, in part via stimulation of the 

contralateral	PPRF.)
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Disorders

There are three major types of horizontal eye movement 

disorders: internuclear ophthalmoplegia (INO), a gaze 

palsy, and one and a half syndrome.

Internuclear Ophthalmoplegia

See Fig. 18.6.

An	INO	represents	a	lesion	of	the	MLF	producing	fail-
ure of adduction on the side of the lesion and nystagmus 

of the abducting eye. In a posteriorly located INO, the 

vergence system is intact; in a centrally located INO, the 

vergence system is impaired.

Fig. 18.6 Internuclear ophthalmoplegia.
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Gaze Palsy

See Fig. 18.7.

Gaze palsy is characterized by impairment of the con-

jugate horizontal gaze to one side or the other.

Fig. 18.7 Gaze palsy.
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One and a Half Syndrome

See Fig. 18.8.

One and a half syndrome consists of (1) impairment 

of conjugate horizontal gaze to the side ipsilateral to the 

lesion, and (2) an INO on gaze to the side contralateral 

to the lesion. This is due to simultaneous involvement of 

the	PPRF	 (paramedian	pontine	 reticular	 formation)	and	

Fig. 18.8 One and a half syndrome.

ipsilateral	MLF	by	a	 lesion	located	in	the	pons.	Thus,	as	
illustrated by Fig. 18.8,	a	lesion	involving	the	right	PPRF	
and	right	MLF	will	result	in	the	impairment	of	right	lat-
eral	conjugate	gaze	(due	to	interruption	of	the	right	PPRF)	
and an INO on left lateral gaze (due to interruption of the 

right	MLF).
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Vertical Eye Movements

Anatomy

Vertical eye movements originate bilaterally and pass to 

the pretectal area (vertical gaze center) and thence to the 

third nerve and sixth nerve nuclei.

Disorders

See Fig. 18.9.

There are two major types of vertical gaze palsy, Pari-

naud’s syndrome and the Steele-Richardson-Olszewski 

syndrome.

Parinaud’s Syndrome

Also known as the sylvian aqueduct syndrome, Pari-

naud’s syndrome constitutes a problem with the upward 

gaze and is associated with hydrocephalus secondary to 

dilation of the sylvian aqueduct. The complete syndrome 

is characterized by the following problems: (1) vertical 

gaze paresis, (2) pupillary abnormalities, (3) retraction 

nystagmus, (4) lid retraction (Collier’s sign) when the 

patient looks up, (5) loss of convergence, and (6) loss of 

accommodation.

Steele-Richardson-Olszewski’s Syndrome

Steele-Richardson-Olszewski’s syndrome (primary su-

pranuclear palsy) constitutes a problem with downward 

gaze and is associated with nuchal rigidity and progressive 

 dementia.

Fig. 18.9 Disorders of vertical gaze.
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Ocular Motor Nerves and 
Localization of Lesions

The ocular motor nerves comprise the third, fourth, and 

sixth cranial nerves.

Third Nerve

Anatomy

See Figs. 18.10 and 18.11.

The third nerve nuclear complex is located near the 

midline at the level of the superior colliculus in the mid-

brain. It lies ventral to the cerebral aqueduct and dorsal to 

the medial longitudinal fasciculus. The Edinger- Westphal 

nuclei are most rostral. They contain parasympathetic 

neurons that mediate constriction of the pupil. The sub-

nuclei that subserve the levator palpebrae muscle are 

most caudal. They provide bilateral innervation. All the 

other subnuclei provide ipsilateral innervation except the 

superior rectus subnucleus, which innervates the con-

tralateral side.

The fascicles of the third nerve exit the midbrain in 

close association with the red nucleus and the cerebral 
peduncle.

In the subarachnoid space, the third nerve runs be-

tween the superior cerebellar artery and the posterior 
cerebral artery. It also runs in close association with the 

posterior communicating artery and the medial temporal 

lobe before piercing the dura just lateral to the posterior 
clinoid process to enter the lateral wall of the cavernous 
sinus.

Within the cavernous sinus, the third nerve separates 

into a superior and an inferior division. After traversing 

the cavernous sinus, both divisions pass through the 

	superior	 orbital	 fissure	 to	 enter	 the	 orbit.	 The	 superior	
division innervates the superior rectus and levator palpe-

brae superioris muscles. The inferior division innervates 

the inferior rectus, the inferior oblique, and the medial 
rectus muscles. The inferior division also contains par-

asympathetic	fibers	 that	mediate	pupillary	 constriction	
and  accommodation.

Fig. 18.10 Anatomy of third nerve.
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Topographic Localization of Third Nerve Lesions

See Fig. 18.12.

There are three major regions where a third nerve le-

sion may be produced: (1) nuclear, or within the third 

nerve	nucleus;	(2)	fascicular,	or	involving	the	fibers	of	the	
third nerve within the brainstem; and (3) subarachnoid, 

or involving the third nerve as it passes through the sub-

arachnoid space.

Nuclear Third Nerve Lesions

Nuclear third nerve lesions are rare. Nevertheless, three 

major	 patterns	 of	 deficits	 are	 associated	 with	 nuclear	
third nerve lesions: (1) complete third nerve palsy (in-

cluding ptosis) on the ipsilateral side, plus ptosis and su-

perior rectus palsy on the opposite side; (2) bilateral pto-

sis with normal extraocular movements; and (3) bilateral 

third nerve palsy with lid sparing.

Fascicular Third Nerve Lesions

Two brainstem lesions that involve the fascicular third 

nerve are (1) Benedikt’s syndrome, which comprises an 

ipsilateral third nerve palsy and a contralateral tremor, 

usually due to involvement of the red nucleus; and (2) 

Weber’s syndrome, which comprises an ipsilateral third 

nerve palsy and a contralateral hemiparesis due to in-

volvement of the ipsilateral cerebral peduncle.

Subarachnoid Third Nerve Lesions

Involvement of the third nerve in the subarachnoid space 

results in symmetric involvement of all divisions of the 

third nerve, with one exception. The exception is an 

	ischemic	 lesion.	 These	 lesions	 disproportionately	 	affect	
the internal portion of the nerve but spare the more 

	peripherally	 located	 parasympathetic	 fibers.	 The	 result	
is a pupil-sparing third nerve palsy, such as can occur in 

diabetes.

Cavernous Sinus Third Nerve Lesions

In the cavernous sinus, a third nerve palsy from a 

 compressive lesion is frequently accompanied by other 

ocular motor nerve lesions and an impairment in the 

ophthalmic division of the trigeminal nerve. Usually 

the third nerve palsy is of the pupil-sparing type because 

 compressive lesions in the cavernous sinus preferentially 

involve only the superior division of the oculomotor 

nerve,	which	contains	no	pupillomotor	fibers.	Finally,	the	
fronto- orbital pain that is often associated with a cavern-

ous sinus lesion may be the result of the fact that sensory 

fibers	 from	 the	 ophthalmic	 division	 of	 the	 trigeminal	
nerve join the oculomotor nerve within the lateral wall 

of the cavernous sinus.

Superior Orbital Fissure Third Nerve Lesions

Lesions of the third nerve in this location tend to be indis-

tinguishable from lesions in the cavernous sinus, except 

that the former lesions are more likely to be associated 

with proptosis.

Orbital Third Nerve Lesions

Lesions that involve the third nerve in the orbit are fre-

quently associated with other ocular motor signs as well 

as optic atrophy and proptosis. Isolated involvement of 

either the superior or inferior division of the oculomotor 

nerve is most commonly associated with lesions in the 

orbit.
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Fig. 18.12 Localization of third nerve lesions.
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Fourth Nerve

Anatomy

See Fig. 18.13.

The fourth nerve originates in the caudal midbrain. 

Two unique anatomic features of the fourth nerve are (1) 

that	its	fibers	exit	dorsally	and	(2)	that	they	decussate,	via	
the superior medullary velum, to the opposite side. The 

fibers	course	ventrally	along	the	edge	of	the	tentorium,	
to enter the cavernous sinus. Within the cavernous sinus, 

the fourth nerve courses ventral to the third nerve and 

dorsal	to	the	ophthalmic	division	of	the	fifth	nerve.	After	
exiting the cavernous sinus, the nerve passes through the 

superior orbital fissure to enter the orbit, where it inner-

vates the superior oblique muscle. The superior oblique 

muscle depresses and intorts the eye.

Fig. 18.13 Anatomy of fourth nerve.
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Topographic Localization of Fourth Nerve Lesions

See Fig. 18.14.

Isolated nuclear or fascicular lesions of the fourth 

nerve are rare. The most common fourth nerve lesion is a 

contusion of the nerve in its subarachnoid course against 

the edge of the tentorium. Bilateral lesions are not rare.

In a unilateral palsy (Fig. 18.15), the patient com-

plains of vertical diplopia that is made worse when the 

gaze is directed down and to the opposite side (such as 

is required to walk down stairs). These patients tilt their 

heads to the side opposite the paretic muscle to decrease 

the degree of diplopia. Isolated lesions of the fourth nerve 

in	the	cavernous	sinus	or	the	superior	orbital	fissure	are	
uncommon. Vertical diplopia due to a lesion in the orbit 

is more often caused by direct damage to the superior 

oblique muscle or trochlea.

Fig. 18.14 Localization of fourth nerve lesions.

Fig. 18.15 Unilateral fourth nerve palsy.
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Sixth Nerve

Anatomy

See Fig. 18.16.

The sixth nerve originates in the pons. It exits ventrally 

in the pons in the horizontal sulcus between the pons and 

medulla. In its subarachnoid course, the sixth nerve as-

cends along the base of the pons in the prepontine cistern 

and enters Dorello’s canal beneath Grüber’s (petroclinoid) 
ligament. It travels in the subarachnoid space along the 

clivus before it enters the cavernous sinus. In the caver-

nous sinus, the sixth nerve lies between the carotid ar-

tery medially and the ophthalmic branch of the trigeminal 
nerve laterally. Thus, unlike the other cranial nerves, which 

are located in the dural wall, the sixth nerve is more free 

floating	in	the	cavernous	sinus.	After	passing	through	the	
superior orbital fissure to enter the orbit, the sixth nerve 

innervates the lateral rectus muscle.
Fig. 18.16 Anatomy of sixth nerve.
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Topographic Localization of Sixth Nerve Lesions

See Fig. 18.17.

The sixth nerve palsy is the most common isolated oc-

ular motor nerve palsy. Lesions involving the sixth nerve 

nucleus cause both an ipsilateral lateral rectus palsy 

and an ipsilateral gaze palsy. The latter occurs because 

of  involvement of the abducens interneurons. These 

 interneurons send their axons to the contralateral third 

nerve nucleus via the contralateral medial longitudinal 

fasciculus.

Lesions of the sixth nerve fascicles are frequently asso-

ciated with an ipsilateral seventh nerve palsy and a con-

tralateral hemiparesis (Millard-Gubler syndrome).

The most common cause of a sixth nerve lesion in its 

subarachnoid course is increased intracranial pressure. 

This results in a sixth nerve palsy that may be associated 

with ipsilateral facial pain due to stretching of the root of 

the trigeminal nerve.

Fig. 18.17 Localization of sixth nerve lesions.
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A lesion of the sixth nerve in its petrous portion (i.e., in 

Dorello’s canal) may result in Gradenigo’s syndrome (Fig. 

18.18). Gradenigo’s syndrome is a clinical triad caused 

by	an	inflammatory	process	at	the	petrous	apex	(petrous	
apicitis). The triad comprises a lateral rectus palsy (due 

to involvement of the sixth nerve), retro-orbital pain 

(due	to	involvement	of	the	fifth	nerve),	and	deafness	(due	
to involvement of the eighth nerve).

Fig. 18.18 Gradenigo’s syndrome.
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Involvement of the sixth nerve within the cavernous 
sinus	 typically	 results	 in	Horner	 syndrome,	 in	 addition	
to a sixth nerve palsy (Parkinson’s syndrome). This is 

because	the	sympathetic	fibers	to	the	eye	join	the	sixth	
nerve for a short distance within the cavernous sinus. A 

similar syndrome may be caused by a lesion at the supe-

rior orbital fissure (Fig. 18.19), although this is frequently 

associated with proptosis.

Fig. 18.19 Superior orbital fissure syndrome.
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Nystagmus

Nystagmus is a biphasic ocular oscillation that comprises 

a fast component and a slow component. By convention, 

the	direction	of	the	nystagmus	is	defined	as	the	direction	
of the fast component. The neurophysiological basis of 

nystagmus is described in Chapter 17. In this section, the 

identifying features and the localizing value of the com-

mon	and	classic	forms	of	nystagmus	are	briefly	described.

Optokinetic Nystagmus

See Fig. 18.20.

Optokinetic nystagmus is elicited by moving a repet-

itive	 visual	 stimulus	 through	 the	 visual	 field.	 The	 slow	
phase of this nystagmus comprises a pursuit movement 

that follows the moving target. The fast phase comprises 

a saccade in the opposite direction. A lesion that involves 

the pursuit or saccadic pathways will disrupt this in-

duced form of physiological nystagmus.

Fig. 18.20 Optokinetic nystagmus.
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Vestibular Nystagmus

See Fig. 18.21.

Normally, the vestibular apparatus sends impulses to 

the	 paramedian	 pontine	 reticular	 formation	 (PPRF).	 In	
turn,	 the	PPRF	sends	 impulses	that	reach	the	 ipsilateral	
lateral rectus muscle and the contralateral medial rectus 

muscle via the medial longitudinal fasciculus. Any dis-

turbance in the balance of vestibular input between the 

two sides will result in vestibular nystagmus with a slow 

component to the side opposite the lesion. This nystag-

mus is typically associated with a rotatory component. 

It may be induced by caloric stimulation or rotation of 

the head.

Fig. 18.21 Vestibular nystagmus.

本书版权归Thieme所有



Right
Left

Right Left

Left gaze: slow component to left,

fast component to right

barbituate
Phenytoin

III System-based Anatomy and Differential Diagnosis472

Drug-Induced Nystagmus

See Fig. 18.22.

Drug-induced nystagmus is the most common type 

of nystagmus seen in clinical practice. It is characterized 

by a horizontal gaze–evoked nystagmus. The drugs that 

most commonly cause drug-induced nystagmus are al-

cohol, phenytoin (Dilantin), and barbiturates. Phenytoin 

toxicity may be quantitated by the degree of associated 

nystagmus. Barbiturate intoxication will cause degen-

eration of smooth pursuit movements, followed later 

by	degeneration	of	saccadic	eye	movements.	Finally,	se-

vere barbiturate intoxication eliminates even caloric re-

sponses. Thus, the patient with absent caloric responses 

but	an	intact	pupillary	light	reflex	may	be	in	a	metabolic	
(barbiturate) coma.

Fig. 18.22 Drug-induced nystagmus.
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Physiologic End-Point Nystagmus

See Fig. 18.23.

Physiologic end-point nystagmus is observed on ex-

treme lateral or upward gaze. It is distinguished from 

pathological nystagmus by its symmetry on the right 

and left side and by the absence of associated neurologic 

signs.

Fig. 18.23 Physiologic end-point nystagmus.
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Gaze-Evoked Nystagmus

See Fig. 18.24.

Gaze-evoked nystagmus is similar to that induced by 

drugs. Typically, it is associated with brainstem or cerebel-
lar disease. Bilateral horizontal gaze–evoked nystagmus 

is usually also associated with nystagmus on upgaze, but 

rarely is there downbeat nystagmus on downgaze.

Fig. 18.24 Gaze-evoked nystagmus.
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Gaze-Paretic Nystagmus

See Fig. 18.25.

Gaze-paretic nystagmus occurs in persons who seem 

unable to sustain an eccentric gaze. The eyes have a ten-

dency to wander toward the primary position. Corrective 

saccadic	movements	to	the	eccentric	position	define	this	
type of nystagmus. The most common cause of gaze-pa-

retic nystagmus is drug intoxication.

Fig. 18.25 Gaze-paretic nystagmus.
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Rebound Nystagmus

See Fig. 18.26.

Rebound nystagmus is a horizontal jerk nystagmus 

that is associated with cerebellar disease. It character-

istically appears to fatigue and change direction when 

lateral gaze is sustained or when the eyes are returned to 

primary position.

Fig. 18.26 Rebound nystagmus.

本书版权归Thieme所有



Note that down-beat nystagmus occurs
when eyes are in primary position.
compare gaze-evoked nystagmus which
occurs in vertical gaze.

Up

Up

Down

Down

Cardinal gaze: slow component up;

fast component down

Lesion

Foramen
magnum
lesion

18 Oculomotor System 477

Downbeat Nystagmus

See Fig. 18.27.

Downbeat nystagmus is associated with lesions at the 

foramen magnum. It is characterized by a slow compo-

nent in the upward direction and a fast component in the 

downward direction. Unlike gaze-evoked downbeat nys-

tagmus, which only occurs when the eyes are not in the 

primary position, true downbeat nystagmus is present in 

the primary position.

Fig. 18.27 Downbeat nystagmus.
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Upbeat Nystagmus

See Fig. 18.28.

Upbeat nystagmus is associated with medullary le-

sions. It is characterized by a slow component in the 

downward direction and a fast component in the upward 

direction. Unlike gaze-evoked upbeat nystagmus, which 

only occurs when the eyes are not in the primary po-

sition, true upbeat nystagmus is present in the primary 

position.

Fig. 18.28 Upbeat nystagmus.
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Periodic Alternating Nystagmus

See Fig. 18.29.

Periodic alternating nystagmus is characterized by a 

horizontal jerk nystagmus that periodically (e.g., every 

60 to 90 s) changes direction. It is most commonly asso-

ciated with foramen magnum lesions.

Fig. 18.29 Periodic alternating nystagmus.
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Seesaw Nystagmus

See Fig. 18.30.

Seesaw nystagmus is a dysconjugate nystagmus in 

which one eye rises and intorts while the other eye falls 

and extorts. It is most commonly associated with dience-

phalic and midbrain lesions.

Spasmus Nutans

See Fig. 18.31.

Spasmus nutans is a syndrome of infancy, which typ-

ically resolves spontaneously when the child is 3 or 4 

years old. It comprises a clinical triad of head nodding, 

nystagmus, and head turning. The nystagmus is fre-

quently mon ocular and variable.

Fig. 18.30 Seesaw nystagmus.

Fig. 18.31 Spasmus nutans.
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Convergence Retraction Nystagmus

See Fig. 18.32.

Convergence retraction nystagmus is associated with 

dorsal midbrain lesions (Parinaud’s syndrome). Attempts 

to gaze upward, in this condition, elicit jerky bilateral eye 

movements of retraction or convergence or both.

Ocular Bobbing

See Fig. 18.33.

Ocular bobbing is associated with massive pontine le-

sions. It is characterized by rapid downward movements 

of the eyes with a slow return to the primary position.

Fig. 18.32 Convergence retraction nystagmus.

Fig. 18.33 Ocular bobbing.
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Ocular Flutter and Opsoclonus

See Fig. 18.34.

Ocular	 flutter	 comprises	 a	 series	 of	 small	 saccades	
with normal intervening movements that occur upon at-

tempts	at	fixation.
Opsoclonus is characterized by repetitive, chaotic, 

saccadic movements that occur in all directions (dancing 

eyes),	preventing	fixation.	In	an	adult	or	older	child,	ops-

oclonus may be associated with a postinfectious enceph-

alopathy. In younger children, opsoclonus may develop as 

a	remote	effect	of	neuroblastoma.

Fig. 18.34 Ocular flutter and opsoclonus.
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Ocular Dysmetria

See Fig. 18.35.

Ocular dysmetria is characterized by a series of un-

dershooting and overshooting saccades that occur on at-

tempts	at	refixation.	Like	limb	dysmetria,	it	is	associated	
with lesions of the cerebellar pathways.

Square Wave Jerks

See Fig. 18.36.

Square wave jerks comprise pairs of saccades that are 

directed	away	from	and	then	back	to	fixation.	Although	
they may occur in normal persons, they are associated 

with cerebellar lesions.

Fig. 18.35 Ocular dysmetria.

Fig. 18.36 Square wave jerks.
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Ocular Myoclonus

See Fig. 18.37.

Ocular myoclonus is characterized by a continu-

ous rhythmic oscillation of the eyes. It is invariably 

 accompanied by myoclonic movements of the branchial 

musculature, such as the palate, the pharynx, or the face. 

Associated structural lesions typically involve the my-

oclonic triangle, which comprises the red nucleus, the 

ipsilateral inferior olive, and the contralateral dentate 

nucleus.

The Pupil

Innervation of the pupil comprises both sympathetic and 

parasympathetic input. These two sources of input are 

reciprocal in action: sympathetic activation causes pupil-

lary dilatation; parasympathetic activation causes pupil-

lary constriction.

Fig. 18.37 Ocular myoclonus.
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Sympathetic Innervation

See Fig. 18.38.

The sympathetic innervation of the pupil originates 

in the posterior hypothalamus. The first-order neuron 

that is projected by the hypothalamus proceeds through 

the lateral tegmentum of the brainstem to reach the in-

termediolateral gray matter of the C8–T2 segments of the 

spinal cord. The intermediolateral gray matter projects a 

second-order neuron,	which	sends	fibers	through	the	sym-

pathetic chain to reach the superior cervical ganglion. The 

superior cervical ganglion projects a third-order neuron, 

which joins the internal carotid artery to enter the cav-

ernous sinus. The third-order neuron joins the ophthalmic 

branch of the trigeminal nerve to enter the orbit, reaching 

the pupillodilator muscles via the long ciliary nerve.

In	addition	to	the	sympathetic	fibers	that	innervate	the	
pupil,	 there	are	 two	other	groups	of	 sympathetic	 	fi	bers	
that travel only part of the distance of the  pupillodilator 

pathway.	 The	first	 of	 these	 groups	of	fibers	 follows	 the	
external carotid artery, rather than the internal carotid 

artery, to innervate the sweat glands of the face (sudomo-

tor	and	vasomotor	fibers	to	the	face).	A	second	group	of	
fibers	continues	along	the	internal	carotid	artery	past	the	
cavernous sinus to follow the ophthalmic artery to the 

orbit.	 These	 fibers	 supply	 the	 superior	 tarsal	 muscles,	
which are responsible for elevation of the upper eyelid.

Fig. 18.38 Sympathetic innervation of pupil.
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Parasympathetic Innervation

See Fig. 18.39.

Parasympathetic	pupilloconstrictor	fibers	originate	in	
the Edinger-Westphal nucleus of the oculomotor complex. 

These	 preganglionic	 fibers	 accompany	 the	 oculomotor	
nerve through the subarachnoid space, cavernous sinus, 

and superior orbital fissure and into the orbit. Within the 

orbit	these	fibers	follow	the	inferior	division	of	the	oculo-

motor nerve until they terminate in the ciliary ganglion. 

The ciliary ganglion is located on the temporal side of 

the ophthalmic artery between the optic nerve and the 

lateral rectus muscle. Postganglionic neurons in the cili-

ary ganglion reach the pupilloconstrictor muscles via the 

short ciliary nerves.

Pupillary Abnormalities

A few of the pupillary abnormalities described here are 

frequently seen in clinical practice. Several other of the 

abnormalities are described more often than seen but are 

included in this discussion because they are classic clin-

ical	findings	that	tend	to	appear	on	board	examinations.

Fig. 18.39 Parasympathetic innervation of pupil.
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Marcus Gunn Pupil

See Fig. 18.40.

The	Marcus	Gunn	pupil	is	associated	with	an	afferent	
pupillary	 defect.	 An	 afferent	 pupillary	 defect	 is	 a	 dys-

function	in	the	afferent	fiber	anatomy	of	the	pupil,	that	
is, the optic nerve. It may be seen in conditions such as 

optic atrophy. In fact, the Marcus Gunn pupil is one of 

the most sensitive indicators of optic nerve dysfunction. 

This pupillary abnormality may be detected on exam-

ination	by	 the	 so-called	 swinging	flashlight	 test,	 as	 fol-
lows.	Normally,	when	a	flashlight	is	shone	on	one	eye	and	
then moved quickly to the other, the degree of pupillary 

constriction that is elicited with each maneuver is equal 

(i.e.,	pupillary	size	 remains	constant	after	 the	flashlight	

is	 swung).	 By	 contrast,	when	 a	flashlight	 is	 shone	on	 a	
good eye and then a bad one (i.e., one with an optic nerve 

lesion), a transient dilatation of the pupils will be seen 

as	the	flashlight	is	swung	to	the	bad	eye.	This	is	because	
a decreased amount of light is conveyed to the system 

when	a	flashlight	is	shone	on	the	affected	eye,	due	to	the	
affected	optic	nerve	(afferent	signal).

Fig. 18.40 Marcus Gunn pupil.
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1% Pilocarpine1% Pilocarpine

Pharmacologic mydriasis

In the normal person, or in the person with
parasympathetic denervation, the affected
pupil constricts because the drug acts directly
at the neuro-muscular juction.

Pharmacologic mydriasis Normal person

Topical administration of an atropine-like drug
results in pupillary dilation. To confirm the
diagnosis of pharmacologic mydriasis, instill
1% pilocarpine into the affected eye.

In the patient with pharmacologic neuromuscular
junction blockade (pharmacologic mydriasis), no
pupillary constriction occurs

III System-based Anatomy and Differential Diagnosis488

Pharmacological Mydriasis

See Fig. 18.41.

Topical administration of an atropine-like drug will 

cause pupillary dilatation (mydriasis or cycloplegia) 

unresponsive to light. The diagnosis of pharmacological 

blockade requires a high index of suspicion. If suspected, 

this	 diagnosis	may	 be	 confirmed	 by	 a	 pharmacological	
test, as follows. Instill 1% pilocarpine (acetylcholine) into 

the	affected	eye	or	eyes.	In	the	normal	person	or	in	the	
person with interruption of parasympathetic innerva-

tion, the pupil will constrict because the drug acts di-

rectly at the neuromuscular junction. In the patient with 

pharmacological blockade at the neuromuscular junc-

tion, however, no pupillary constriction will be observed.

Fig. 18.41 Pharmacological 

mydriasis.
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Weak miotic Weak miotic

Local ocular trauma may result in a fixed
and dilated pupil by one of two mechanisms. 

Traumatic mydriasis secondary to the loss of
parasympathetic tone may respond to the
administration of a weak miotic.

Pupillary sphincter injury Loss of parasympathetic tone

Traumatic mydriasis secondary to pupillary
sphincter muscle injury does not respond to
the administration of a weak miotic.
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Traumatic Mydriasis

See Fig. 18.42.

Ocular	 trauma	may	 result	 in	 a	fixed	and	dilated	pu-

pil by one of two mechanisms of injury. A transient loss 

of parasympathetic tone may accompany ocular trauma 

in the same manner as that of loss of sympathetic tone 

which occurs in patients with spinal shock. Alternatively, 

direct injury to the pupillary sphincter may result in pu-

pillary dilatation. Whereas weak miotics may cause con-

striction in the former group of patients, patients in the 

latter group will not respond.

Fig. 18.42 Traumatic mydriasis.
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The Adie’s tonic pupil is a fixed and dilated pupil
that is usually unilateral. The underlying defect
is a lesion of the ciliary ganglion. The diagnosis
of an Adie’s pupil may be established by the
administration of a very weak parasympathetic
(1/8% pilocarpine).

An Adie’s tonic pupil exhibits parasympathetic
supersensitivity. Therefore, the administration
of a very weak parasympathetic (1/8%
pilocarpine) leads to pupillary constriction.

Adie’s pupil Normal person

Adie’s pupil

In normal persons, a very weak parasympathetic
is ineffective as a pupillary constrictor.
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Adie’s Tonic Pupil

See Fig. 18.43.

The	Adie’s	tonic	pupil	is	a	fixed	and	dilated	pupil	that	
is usually unilateral. The underlying defect is a lesion of 

the ciliary ganglion. The diagnosis of an Adie’s pupil may 

be established by the administration of a very weak para-

sympathetic (0.125% pilocarpine). Although this solution 

is	ineffective	as	a	pupillary	constrictor	in	normal	persons,	
patients with a tonic pupil exhibit parasympathetic su-

persensitivity, which leads to pupillary constriction after 

the instillation of the weak miotic agent.

Fig. 18.43 Adie’s tonic pupil.
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Fig. 18.45 Axial T1-weighted MRI image with contrast, show-

ing a large left temporal lobe mass (orange asterisk), with left 

uncal herniation (yellow brace and red arrows) displacing and 

distorting the pons (green asterisk). 
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Hutchinson’s Pupil (“Blown Pupil”)

See Figs. 18.44 and 18.45.

In the presence of an expanding supratentorial mass, 

a central herniation syndrome may cause compression 

of the third cranial nerve, which gets caught between 

the herniating uncus and the tentorial edge. Because the 

para	sympathetic	fibers	of	 the	oculomotor	nerve	are	 lo-

cated peripherally, pupillary dilatation may develop in 

the absence of other signs of a third nerve palsy. In clin-

ical parlance, this is colloquially referred to as a blown 

pupil, a cardinal sign of a neurosurgical emergency.

Fig. 18.44 Hutchinson’s pupil.
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Argyll Robertson pupil

Associated with neurosyphilis

Usually bilateral

Characterized by reaction to near association,
but absence of reaction to light

Pupils miotic and irregular

Accommodation reflex intact Light reflex absent

Remember: Like a prostitute who transmits neurosyphilis,
the Argyll robertson pupil accommodates, but it does not react.
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Argyll Robertson Pupil

See Fig. 18.46.

This condition is associated with neurosyphilis. It is 

characterized by reaction to near association in the ab-

sence of reaction to light. That is, the pupil fails to con-

strict to light but does react during convergence. This 

has been referred to as light-near dissociation. The Argyll 

Robertson pupil tends to be miotic and irregular. Most 

commonly, there is bilateral involvement.

Fig. 18.46 Argyll Robertson pupil.
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Impairment of upgaze
Pupils react to near vision (accommodation)
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Associated with dorsal midbrain lesion (hydrocephalus, or
pineal region tumor)

Usually part of Parinaud’s syndrome
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Midbrain Pupillary Abnormalities

See Fig. 18.47.

Lesions in the region of the sylvian aqueduct are 
 associated with light-near dissociation (see p. 492). These 

abnormalities are typically seen as part of a Parinaud’s 

syndrome.

Fig. 18.47 Midbrain pupillary abnormalities.
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Pinpoint pupils

Pontine lesion is most common cause

Other causes include eye drops and narcotics
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Pinpoint Pupils

See Fig. 18.48.

The classic structural lesion associated with pinpoint 

pupils is a pontine lesion. Other causes of pinpoint pupils 

are eyedrops and narcotics.

Fig. 18.48 Pinpoint pupils.
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To distinguish between simple anisocoria and Horner syndrome, turn off the lights in the examining room.
If the smaller pupil is the abnormal one, Horner syndrome, then the anisocoria will become more pronounced.
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Horner Syndrome

See Fig. 18.49.

The	underlying	defect	in	Horner	syndrome	is	a	lesion	
in	 the	 sympathetic	 pathway.	 For	 lesions	 of	 the	 sympa-

thetic pathway that occur below the bifurcation of the 

carotid	 artery,	 the	 classic	 findings	 of	Horner	 syndrome	
are (1) ptosis, (2) miosis, and (3) anhydrosis. There may 

also be apparent enophthalmos, as a result of the nar-

row	palpebral	 fissure	 (an	 appearance	 that	 the	 affected	
eye is located deeper, “sunken in,” compared with the 

unaffected	eye).	For	lesions	that	occur	above	the	carotid	
bifurcation,	Horner	syndrome	comprises	only	ptosis	and	
miosis. Anhydrosis is absent in lesions at the level of the 

internal carotid artery or above (e.g., carotid dissection) 

because	sudomotor	and	vasomotor	fibers	to	the	face	fol-
low the external carotid artery at the bifurcation.

Pharmacological testing may aid in the establishment 

of	Horner	 syndrome.	 The	 test	 is	 performed	 as	 follows.	
Instillation of 10% cocaine solution into each eye blocks 

reuptake	 of	 norepinephrine	 at	 the	 neuroeffector	 junc-

tion. In normal persons, this causes pupillary dilatation. 

The pupils dilate in normal persons because of the accu-

mulation of norepinephrine (a sympathomimetic) at the 

pupillodilator	muscle.	 In	 the	 patient	with	Horner	 syn-

drome, however, the pupils do not dilate because there 

is no accumulation of norepinephrine. Blockade of the 

reuptake of norepinephrine does not cause accumulation 

of	norepinephrine	in	the	Horner	patient	because	they	do	
not release enough norepinephrine for it to accumulate.

Identification	of	the	level	of	lesion	in	Horner	syndrome	
(i.e.,	 first	 neuron,	 second	neuron,	 or	 third	neuron)	may	
usually	be	determined	on	clinical	grounds.	First-neuron	
lesions are typically accompanied by other signs of brain-

stem involvement, such as long tract signs or cranial nerve 

signs. Second-neuron lesions are usually associated with 

chest surgery, chest trauma, or pulmonary neoplasms in-

volving the sympathetic plexus. Third-neuron lesions are 

most common. They are usually caused by pathology in 

the neck, such as neck trauma, carotid vascular disease, 

or cervical bony abnormalities. Typically, ipsilateral facial 

sweating is spared.

Finally,	 to	distinguish	Horner	syndrome	 from	simple	
anisocoria (normal pupillary asymmetry), check the pu-

pillary	light	reflex.	If	both	pupils	react	normally	to	light,	
then the patient may have simple anisocoria. Turn the 

lights	off	in	the	examining	room	to	distinguish	between	
these two possibilities. If the smaller pupil is the ab-

normal one, then the anisocoria will become more pro-

nounced	when	the	lights	are	turned	off.	A	“dilatation	lag”	
of the smaller pupils implies poor sympathetic tone and 

suggests	the	diagnosis	of	Horner	syndrome.

Fig. 18.49 Horner syndrome.
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The Eyelids

Anatomy

See Fig. 18.50.

Eyelid opening is primarily a function of the levator 
palpebrae superioris muscle, which is innervated by the 

superior division of the oculomotor nerve. Two accessory 

muscles also contribute to eyelid opening. The superior 
tarsal muscle, or Müller’s muscle, is embedded in the le-

vator muscle and inserts on the tarsal plate. It is inner-

vated	by	sympathetic	fibers.	The	frontalis muscle helps to 

retract the eyelid in extreme upgaze. It is innervated by 

the facial nerve.

Both the levator and superior rectus are innervated 

by the superior division of the oculomotor nerve. To co-

ordinate simultaneous eyelid opening and upward gaze, 

the tone of the levator and superior rectus must remain 

relatively equal and constant. During forced lid closure, 

however, there is an inverse relationship between these 

two muscles such that forced lid closure is accompanied 

by elevation of the eyes (Bell’s phenomenon).

Normal eyelid closure is associated with loss of tone 

in	the	levator	muscle.	Forced	eyelid	closure	is	caused	by	
contraction of the orbicularis oculi muscle, which is in-

nervated by the facial nerve.

Fig. 18.50 Eyelid anatomy.
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Eyelid Abnormalities

See Fig. 18.51.

Ptosis is the paralytic drooping of the upper eyelid. 

Complete ptosis is usually caused by a third nerve palsy 

(loss of tone in the levator muscle), which is frequently 

also accompanied by pupillary dilatation and diplopia. 

Ptosis that is equal to or less than 2 mm may be caused by 

Horner	syndrome	(loss	of	tone	in	Müller’s	muscle),	which	
is usually also accompanied by miosis and anhydrosis. 

There are many other causes of ptosis. Myasthenia gravis 

is	typically	associated	with	bilateral	ptosis.	Frequently	it	
is also accompanied by weakness of eyelid closure and 

diplopia.

Eyelid retraction is present when there is sclera show-

ing between the iris and the eyelid. Thyroid ophthalmo-

pathy is a common cause of eyelid retraction. It is caused 

by a pathological shortening of the levator muscle. Bilat-

eral eyelid retraction, or Collier’s sign, is indicative of a 

dorsal midbrain lesion. It is frequently accompanied by 

light-near dissociation, and, unlike thyroid ophthalmop-

athy, there is no suggestion of lid retraction on downward 

gaze (Graefe’s sign). Lower eyelid retraction may be the 

earliest clinical lid sign of a facial nerve lesion, which is 

the most common cause of lower eyelid retraction.

Fig. 18.51 Ptosis.
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Learning Objectives

•	 Describe	the	anatomy	of	the	corticospinal	and	corticobulbar	tracts.
•	 Identify	 the	 extrapyramidal	 tracts	 that	 originate	 in	 the	brainstem.	Describe	 their	 course	 and	understand	 their	

functional	roles.
•	 Understand	the	clinical	significance	of	decerebrate	rigidity,	and	its	implication	for	localization.
•	 Understand	the	role	of	cerebral	and	cerebellar	extrapyramidal	systems.
•	 Develop	an	approach	to	a	patient	with	weakness,	comparing	and	contrasting	an	upper	from	a	lower	motor	neuron	

syndrome.
•	 Define	apraxia,	and	develop	an	approach	to	a	patient	with	apraxia.

19

The	motor	system	is	complex	and	has	many	components.	
The	system	is	composed	of	both	supraspinal	and	spinal	
pathways.	These	may	be	further	broken	down	into	path-

ways	that	begin	in	the	cortex	and	the	brainstem.	More-	
over,	 there	 are	 cortical	 and	 subcortical	 regions	 of	 the	

 Motor System

Fig. 19.1 Subcortical and corticospinal pathways.

brain	that	are	concerned	with	higher	order	control	of	the	
descending	 pathways.	 This	 chapter	 presents	 a	 descrip-

tion	of	the	anatomic	integration	of	these	components,	as	
well	as	the	neurologic	implications.
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Cortex

Corticospinal Tract

See	Figs. 19.1 and 19.2.
The	corticospinal	(pyramidal)	tract	drives	skilled	and	

precise	movement	of	the	upper	and	lower	extremities.	Its	
mechanism	of	action	is	via	the	contraction	of	individual	
muscles.

The	tract	begins	in	the	precentral	gyrus	(primary	mo-

tor	cortex,	Brodmann’s	area	4).	The	primary	motor	cortex	
is	arranged	somatotopically.	Stimulation	of	the	primary	
motor	 cortex	 results	 in	 individual	muscle	 contractions.	

These	contractions,	however,	are	only	a	small	aspect	of	
complex	 movements.	 Other	 regions	 of	 the	 cortex	 (i.e.,	
premotor	 cortex)	 are	 involved	 in	 and	 help	 coordinate	
complex	muscle	activity	(see	later	discussion).

The	 corticospinal tract	 is	 composed	 of	 ~1	million	fi-
bers.	Approximately	30%	arise	from	lamina	V	of	the	pri-
mary	motor	cortex,	30%	 from	the	premotor	cortex,	and	
40%	from	the	parietal	lobe	(sensory).

Fig. 19.2 Corticospinal tract.
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Course of the Corticospinal Tract

See	Fig. 19.3.
Axons	leaving	the	cerebral	cortex	descend	toward	the	

brainstem	by	way	of	the	corona radiata.	They	then	con-

verge	and	descend	 into	and	 through	 the	posterior	 limb	
of	the	internal capsule.	The	fibers	in	the	posterior	limb	of	
the	 internal	 capsule	 are	 arranged	 topographically,	with	
those	of	the	upper	extremity	located	in	the	rostral	part	
and	those	of	the	lower	extremity	located	more	caudally.

Axons	then	pass	through	and	form	the	cerebral pedun-

cles	of	the	midbrain	along	with	other	descending	cortical	
fibers.	 The	pyramidal	fibers	 remain	distinct	 and	occupy	
the	middle	 two-thirds	of	 the	peduncles.	Axons	continue	
on	as	the	descending	pyramidal tract	through	the	pons	and	
form	the	pyramids	on	the	ventral	aspect	of	 the	medulla.	
In	the	lower	medulla,	~90%	of	the	fibers	of	the	pyramids	
decussate.	The	decussated	fibers	then	form	the	lateral cor-

ticospinal tract	in	the	lateral	funiculus	of	the	spinal	cord.	
These	neurons	are	termed	upper	motor	neurons.	This	ter-
minology	is	important	to	note	when	evaluating	a	patient	
with	motor	weakness	(see	later	discussion).

The	upper	motor	neurons	of	the	lateral	corticospinal	
tract	descend	through	the	lateral	funiculus	of	the	spinal	
cord.	 At	 the	 appropriate	 levels,	motor	 neurons	 (seated	
in	 the	 ventral	 gray	matter)	 extend	 axons	 (lower	motor	
neurons)	 to	 innervate	 the	 extremity	 vasculature.	 These	
motor	neurons	 receive	 input	 from	descending	 axons	 in	
the	spinal	cord.	The	synapse,	from	upper	to	lower	motor	
neuron,	is	rarely	direct	(only	in	~10%	of	cases).	More	often	
than	not,	there	is	a	connection	with	interneurons	in	the	
intermediate	 spinal	 laminae	 prior	 to	 synapse	with	 the	
lower	motor	neuron.

As	previously	mentioned,	several	corticospinal	fibers	
do	not	cross	at	the	lower	medulla	and	descend	uncrossed	
in	the	ventral	funiculus	as	the	anterior	corticospinal	tract.

The	 lower	motor	neuron	 (alpha	motor	neuron)	 is	 lo-

cated	in	the	nuclei	of	the	medial	(trunk)	and	lateral	(ex-

tremity)	 portions	 of	 the	 ventral gray matter.	 The	 lower	
motor	axons	exit	through	the	ventral	roots	and	help	form	
the	spinal	nerves	at	the	appropriate	levels.	They	then	in-

nervate	the	skeletal	muscles	of	the	trunk	and	extremities.
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Fig. 19.3 Corticospinal tract, axial view.
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Corticobulbar Tract

Similar	 to	 the	 corticospinal	 tract	 anatomically	 and	 in	
function,	 the	 corticobulbar	 tract	 contributes	 to	 cranial	
nerve	innervation,	providing	supply	to	the	muscles	of	fa-

cial	expression	and	mastication	and	the	tongue.

Course of the Corticobulbar Tract

See	Fig. 19.4.
Fibers	 leave	 the	 cortex	 (primary	 motor	 cortex)	 and	

converge	 and	 descend	 through	 the	 corona radiata,	 the	
anterior	portion	of	the	posterior	limb	of	the	internal cap-

sule,	and	into	the	brainstem.	The	tract	continues	though	
the	 cerebral	 peduncle	 of	 the	 midbrain,	 occupying	 the	
middle	two-thirds

In	the	brainstem,	axons	of	the	corticobulbar tract	exit	
some	distance	above	their	respective	cranial	nerve	nuclei	
and	synapse	on	interneurons	in	the	reticular	formation.	
They	may	travel	in	the	reticular	formation,	medial	longi-
tudinal	 fasciculus,	 and	medial	 lemniscus	 to	 reach	 their	
cranial	nerve	nuclei.

The	majority	of	the	cranial	nerve	nuclei	are	innervated	
by	 both	 crossed	 and	 uncrossed	fibers.	 Therefore,	when	
one	fiber	is	injured,	innervation	from	the	uninjured	side	
(either	 crossed	 or	 uncrossed)	 still	 exists,	 and	 a	 deficit	
may	not	be	observed.	An	important	exception	to	this	 is	
the	facial	nucleus.	The	portion	of	the	facial	nucleus	that	
innervates	the	lower	facial	muscles	is	supplied	by	crossed	
upper	motor	neuron	fibers	only,	whereas	those	that	sub-

serve	the	upper	facial	muscles	receive	both	crossed	and	
uncrossed	 fibers.	 Thus,	 an	 injury	 to	 the	 corticobulbar	
tract	will	 result	 in	 contralateral	weakness	 of	 the	 lower	
facial	muscles,	leaving	the	upper	facial	muscles	intact.

Fig. 19.4 Corticobulbar tract.
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Brainstem

Several	 extrapyramidal	 motor	 tracts	 originate	 in	 the	
brainstem.	 The	 purpose	 of	 these	 tracts	 is	 to	 maintain	
muscle	 tone,	 posture,	 balance,	 and	 reflex	 movement.	
They	 are	 under	 supraspinal	 control,	 and	 their	 action	 is	
not	at	 the	conscious	 level.	 Injury	may	 lead	to	disinhibi-
tion	of	these	tracts	and	abnormal	posture	and	tone.

Reticulospinal Tract

There	are	two	components	of	the	reticulospinal	tract	sys-

tem.	These	are	the	pontine	and	medullary	reticulospinal	
tracts.	The	pontine	reticulospinal	tract	is	thought	to	be	an	
excitatory	tract	that	innervates	motor	neurons	supplying	
the	axial	 and	 limb	muscles.	 Its	greatest	effect	 is	on	 the	
axial	muscles	 in	 the	neck.	The	medullary	reticulospinal	
tract	is	an	inhibitory	tract.	It	may	act	to	keep	other	facili-
tatory	and	inhibitory	tracts	in	check	and	is	under	cortical	
control.	Loss	of	cortical	control,	as	with	upper	brainstem	
injury,	 is	a	component	of	 the	constellation	of	neural	al-
terations	 that	contribute	 to	extensor	 (decerebrate)	pos-

turing.
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Course of the Pontine Reticulospinal Tract

See	Fig. 19.5.
The	tract	arises	from	cells	in	the	pontine	tegmentum.	

It	descends	ipsilaterally	in	the	medial	anterior	funiculus	
traversing	the	length	of	the	spinal	cord,	and	in	the	pro-

cess	sending	many	branches	to	multiple	spinal	levels.

Fig. 19.5 Pontine reticulospinal tract.
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Course of the Medullary Reticulospinal Tract

See	Fig. 19.6.
The	 tract	 arises	 from	 the	 medial	 two-thirds	 of	 the	

medullary	reticular	formation.	Most	fibers	originate	from	
the	 nucleus	 reticularis	 gigantocellularis.	 The	 tract	 de-

scends	 in	 the	 lateral	 funiculi	 and	projects	 bilaterally	 to	
multiple	spinal	levels.

Fig. 19.6 Medullary reticulospinal tract.
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Vestibulospinal Tract

See	Fig. 19.7.
The	 predominant	 contribution	 to	 this	 tract	 is	 from	

the	lateral vestibular nucleus	(Deiters’	nucleus).	The	ves-

tibulospinal tract	 is	 the	main	 outflow	of	 the	 vestibular	
nuclei.	The	tract	descends	ipsilaterally	in	the	anterior	fu-

niculus.	The	tract	terminates	on	interneurons	at	all	spinal	
segments	but	has	its	strongest	influence	at	cervical	and	
lower	lumbar	regions.	Stimulation	of	this	tract	results	in	
excitation.	The	main	function	of	this	tract	is	to	maintain	
extensor	tone	and,	therefore,	balance.

Fig. 19.7 Vestibulospinal tract.
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Rubrospinal Tract

See	Fig. 19.8.
This	tract	originates	from	the	magnocellular	division	

of	the	red nucleus	in	the	midbrain.	The	tract	completely	
crosses	 in	 the	 ventral	 tegmentum	 and	 descends	 in	 the	
lateral	 funiculus	 in	 association	with	 the	 lateral	 cortico- 

spinal tract.	The	tract	descends	to	all	spinal	levels.	The	red	
nucleus	 receives	 input	 from	 the	cortex	and	cerebellum,	
which	then	influences	the	rubrospinal	tract.	Stimulation	
of	 the	 tract	 results	 in	excitation	of	motor	neurons	con-

trolling	contralateral	flexion.	The	tract	then	acts	to	main-

tain	tone	in	flexor	muscle	groups.

Fig. 19.8 Rubrospinal tract.
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Tectospinal Tract

See	Fig. 19.9.
This	 tract	 originates	 from	 cells	 deep	 in	 the	 superior 

colliculus.	The	tract	crosses	in	the	dorsal	tegmentum	and	
descends	 in	 the	 contralateral	 anterior	 funiculus.	 In	 the	
medulla,	 fibers	 become	 incorporated	 with	 the	 medial	
longitudinal	funiculus.	The	tract	continues	only	into	cer-

vical	segments,	mainly	the	upper	four	cervical	segments.	
The	tract	mediates	reflex	and	postural	movements	in	re-

sponse	to	visual	and	auditory	stimuli.

Decerebrate Rigidity

The	vestibulospinal	and	pontine	reticulospinal	tracts	fa-

cilitate	extensor	tone,	whereas	the	rubrospinal	tract	 fa-

cilitates	 flexor	 tone.	 The	medullary	 reticulospinal	 tract	
is	 inhibitory	 and	 acts	 in	 essence	 to	 maintain	 balance	
between	 extensor	 and	 flexor	 tone	 to	 permit	 smooth	
movement,	posture,	and	balance.	The	medullary	reticu-

lospinal	 tract	 is	under	cortical	control.	An	 injury	 to	 the	
midbrain	below	the	red	nucleus	 injures	the	rubrospinal	

tract	and	the	descending	cortical	control	of	 the	medul-
lary	 reticulospinal	 tract.	 This	 leaves	 the	vestibulospinal	
and	pontine	reticulospinal	tracts	unchecked	and	results	
in	decerebrate	posturing.	Clinically,	 the	patient	demon-

strates	extension	of	the	head	and	trunk.	The	upper	and	
lower	 extremities	 are	 extended	 and	 internally	 rotated.	
Often	the	prognosis	is	poor.	

Fig. 19.9 Tectospinal tract.
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Higher Orders of Control of the 
Descending Pathways

The	motor	system	is	under	the	influence	of	many	extrap-

yramidal	systems.	These	regions	essentially	initiate	or	re-

inforce	postural	movements	of	the	trunk	and	limbs.	The	
premotor	and	supplementary	motor	areas	are	located	an-

terior	to	the	primary	motor	cortex	and	contain	reciprocal	
connections	with	each	other	and	with	other	extrapyram-

idal	and	spinal	tracts.	These	areas	are	involved	with	plan-

ning	movement	or	keeping	the	primary	motor	neurons	in	
a	sense	of	readiness	to	visual,	tactile,	and	auditory	stimuli.	
In	essence	they	demonstrate	a	neuronal	discharge	prior	
to	the	movement	occurring.	The	cerebellum,	with	its	con-

nection	to	the	cortex	and	extrapyramidal	tracts,	acts	to	
regulate	and	control	muscle	tone,	coordinate	movement	
(especially	skilled),	and	control	posture	and	gait.	The	ba-

sal	ganglia	is	concerned	with	the	initiation	of	movement,	
as	well	as	coordinating	movement	and	posture.

Damage	 to	 any	 of	 these	 areas	 of	 higher	 control	will	
result	in	abnormal	movement	(e.g.,	tremor),	posture	(e.g.,	
dystonia),	or	tone	(e.g.,	hypotonia).	Essentially,	highly	or-

dered,	fine	movements	are	impaired	with	such	injuries.

Tremor

Definition and Categorization

Tremors	are	involuntary	movements	that	are	characteris-

tically	rhythmic and oscillatory.		
Two	kinds	of	motor	activities,	as	demonstrated	electro-

myographically,	produce	tremors:	
●	 Opposing muscle groups contract in an alternating 

fashion	(e.g.,	parkinsonian	rest	tremor)
●	 Agonist and antagonist muscles contract simulta-

neously	(e.g.,	essential	tremor)

Tremors	may	also	be	categorized	according	to	what	elicits	
them	as	follows:	
●	 Rest tremor	occurs	when	the	affected	limbs	are	at	

rest	(e.g.,	parkinsonian	tremor)		
●	 Postural tremors	occur	when	the	affected	limb	is	

held	in	a	maintained	posture	(e.g.,	essential	tremor	
and	the	tremor	of	Wilson’s	disease)	

●	 Action tremor occurs	when	a	specific	action	is	taken	
(e.g.,	picking	up	a	cup	of	coffee,	as	in	essential	tremor	
or	physiologic	tremor)	

●	 Intention tremor	occurs	when	an	intended	move-

ment	is	made	(e.g.,	a	finger-to-nose	movement,	as	in	
cerebellar	tremor)		

Characteristics of Major Tremor Types

Physiologic Tremor

Physiologic	tremor	is	a	normal	tremor	embedded	in	the	
motor	system,	which	is	symmetrical	at	onset	and	predom-

inantly	affects	the	hands.	Its	movement	so	fine	it	is		usually	
difficult	to	see	by	the	naked	eye,	but	can	be	brought	out	
in	a	maintained	posture	such	as	an	outstretched	hand.	It	
ranges	in	frequency	between	8	and	13	Hz.

Essential Tremor

Essential	tremor	is	a	bilateral	postural	tremor	with	a	fre-

quency	of	4	to	12	Hz,	typically	involving	the	hands	and	
forearms	symmetrically.	Other	regions	of	the	body,	such	
as	the	neck,	voice,	and	chin	may	alternatively	be		involved.	
The	 tremor	 is	 both	 visible	 and	 persistent.	 	Diagnosis	
	requires	presence	 for	more	 than	5	 years.	 It	 is	 the	most	
common	cause	of	tremor,	10	times	more	common	than	
Parkinson’s	disease,	afflicting	4%	of	 the	population	over	
the	age	of	40.	There	is	no	gender	predilection,	but	women	
are	four	times	more	likely	to	have	voice	and	head	tremor.	
The	 condition	 is	 associated	with	 disease	 of	 the	 denta-

to-rubro-thalamic	tract.		
The	disorder	is	partly	genetic.	The	trait	has	been	asso-

ciated	with	chromosomes	2p	and	3q,	demonstrating	an	
autosomal	dominance	pattern	of	 inheritance,	 but	 cases	
are	 sporadic.	 Symptoms	may	 begin	 at	 any	 age,	 even	 in	
childhood,	 but	 incidence	 increases	with	 advancing	 age,	
and	 prevalence	 is	 greatest	 by	 the	 age	 of	 60	 or	 older.	
	Differential	diagnosis	includes	the	tremor	of	Parkinson’s	
disease	(see	Table	19.1)	and	enhanced	physiologic	tremor.

Parkinsonian Tremor

The	tremor	of	Parkinson’s	disease	comprises	a	rest	tremor	
at	a	frequency	of	4	to	5	Hz	that	affects	the	distal	extremities.	
The	tremor	is	the	first	recognized	symptom	of		Parkinson’s	

Table 19.1 Major Pathologic Tremor Types

Essential Tremor Parkinson’s Disease Cerebellar Tremor

Action/postural tremor Resting tremor Intention tremor

More rapid frequency Slower frequency Slowest frequency

Not associated with bradykinesia, rigidity, and flexed 

posture

Associated with slow shuffling gait, rigidity, 

flexed posture, and imbalance

Associated with ataxia

Often bilateral Usually affects one side worse May be unilateral or bilateral

Often familial Rarely familial Rarely familial
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disease	in	the	majority	of	instances.	It	often	begins	unilat-
erally,	but	as	the	disease	progresses	it	typically	affects	both	
sides,	although	usually	asymmetrically.	Onset	is	insidious	
and	progression	 is	 gradual.	Accompanying	motor	 symp-

toms	include	bradykinesia,	rigidity,	a	stooped	posture,	and	
a	 festinating	 gait.	 Nonmotor	 symptoms	 may	 eventually	
intercede,	including	muscle	cramps,	personality	changes,	
and	cognitive	decline.	Unlike	essential	tremor,	the	disease	
is	rarely	familial.	Prevalence	and	incidence	increase	with	
age,	with	a	mean	age	of	onset	at	55	years.

Cerebellar Tremor

The	 hallmark	 of	 cerebellar	 tremor	 is	 that	 it	 requires	 a	
precise	and	projected	movement	to	manifest.	Hence,	its	
designation	as	an	intention tremor.	The	tremor	is	absent	
when	the	limb	is	at	rest	and	during	the	early	part	of	an	
intended	movement.	It	manifests	as	the	limb	approaches	
its	target	when	the	need	for	fine	adjustments	arises	(e.g.,	
as	 the	 finger	 approaches	 the	 nose	 in	 a	 finger-to-nose	
movement).	What	is	precipitated	is	a	2	to	4	Hz	side-to-
side	 rhythmic	 oscillation.	Although	 the	movements	 are	
mainly	 horizontal,	 and	 perpendicular	 to	 the	 projected	
path,	the	tremulous	movements	occur	in	more	than	one	
plane,	unlike	essential	tremor	and	the	tremor	of	Parkin-

son’s	disease.	The	tremor	is	always	associated	with	cere-

bellar	ataxia	and	is	due	to	disease	of	the	cerebellum	or	its	
connections.	It	may	involve	the	head	or	trunk.

Approach to the Patient with 
Weakness

Upper Motor Neuron Syndrome

The	upper	motor	neuron	(UMN)	consists	of	 the	pyram-

idal	 and	 extrapyramidal	motor	 systems.	 These	 include	
the	 cortex;	 the	 corticospinal	 tract	 (pyramidal	 system);	
and	the	rubrospinal,	 reticulospinal,	vestibulospinal,	and	
tectospinal	 tracts.	 In	 the	 spirit	 of	 practicality,	 however,	
the	UMN	is	generally	considered	the	corticospinal	tract.	
It	travels	from	the	cortex	through	the	subcortical	white	
matter,	the	internal	capsule,	the	brainstem,	and	the	spi-
nal	cord.	The	UMN	finally	ends	on	the	anterior	horn	cell.	
Injury	to	the	UMN	results	in	the	upper	motor	neuron	syn-

drome	(UMNS).
UMN	injury	results	in	a	typical	clinical	syndrome.	The	

syndrome,	in	and	of	itself,	is	not	specific	for	location.	The	
general	clinical	features	seen	include	weakness	in	the	af-
fected	muscle	 groups	 (never	 individual	muscles);	 spas-

ticity	with	hyperactive	reflexes,	including	Babinski’s	sign;	
normal	nerve	conduction	studies;	and	lack	of	atrophy	or	
fasciculations.

Although	the	UMNS	is	nonspecific,	the	patient’s	signs	
and	symptoms	may	be	helpful	in	localizing	the	patholog-

ical	 lesion	to	 the	cortex,	 internal	capsule,	brainstem,	or	
spinal	cord.

Lesions of the Cerebral Cortex

Lesions	involving	the	cerebral	cortex	often	lead	to	weak-

ness	of	 the	contralateral	arm,	 leg,	and	 lower	 face.	More	
often	 than	 not,	weakness	 of	 only	 the	 contralateral	 leg,	
or	only	 the	arm	and	 lower	 face,	 is	observed,	unless	 the	
lesion	 is	 large	 (e.g.,	 a	 complete	middle	 cerebral	 artery	
distribution	 stroke).	 If	 the	 lesion	 is	 large	enough,	 there	
may	also	be	alterations	of	sensation	of	the	contralateral	
limbs.	Rarely	is	complete	loss	of	sensation	observed.	The	
key	to	localization	in	the	cerebral	cortex	is	the	presence	
of	“cortical	findings.”	These	include	disorders	of	language	
(aphasia),	 loss	 of	 discriminative	 sensation	 (astereogno-

sis),	impairment	of	tactile	localization	(anosognosia),	and	
homonymous	visual	field	deficits.

Lesions of the Internal Capsule

Lesions	 of	 the	 internal	 capsule	may	 also	 result	 in	 con-

tralateral	weakness	of	the	arm,	 leg,	and	lower	face.	The	
weakness	is	usually	equally	distributed	between	the	arm	
and	leg.	Sensory	disturbances	are	often	observed.	“Corti-
cal	findings”	such	as	aphasia	are	not	observed.

Lesions of the Brainstem

Lesions	 of	 the	 brainstem	 are	 readily	 localized	 due	 to	
the	 involvement	 of	 the	 long	 descending	 and	 ascending	
tracts	and	associated	cranial	nerve	findings.	The	level	of	
the	brainstem	involved	is	discerned	by	the	cranial	nerve	
involved.	For	example,	lesions	of	the	brainstem	are	asso-

ciated	with	contralateral	weakness	with	ipsilateral	third	
nerve	palsy	(Weber’s	syndrome).	Lesions	of	the	pons	are	
associated	with	 contralateral	weakness	 of	 the	 arm	 and	
leg	 with	 ipsilateral	 weakness	 of	 the	 face	 or	 abducens	
nerve.	(See	chapter	6	for	a	detailed	review	of	brainstem	
syndromes.)

Lesions of the Spinal Cord

Lesions	of	the	spinal	cord	involve	only	the	upper	or	lower	
extremities;	therefore,	no	alterations	of	cognition	or	other	
cortical	or	cranial	nerve	findings	are	observed.	Findings	
of	weakness	or	sensory	changes	are	often	located	bilater-

ally.	As	opposed	to	supraspinal	lesions,	complete	sensory	
loss	may	be	observed	with	spinal	cord	lesions,

Lower Motor Neuron Syndrome

The	 lower	motor	neuron	(LMN)	consists	of	 the	anterior	
horn	cell	and	its	axon.	LMN	injury	typically	results	 in	a	
clinical	syndrome	(LMNS).	The	LMNS	consists	of	involve-

ment	of	individual	muscles,	atrophy	of	the	involved	mus-

cles,	flaccidity,	hypotonia,	loss	of	reflexes,	fasciculations,	
abnormal	nerve	conduction	studies,	and	denervation	po-

tentials	on	electromyography.
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integrated	in	the	parietal	lobe	and	influences	the	planned	
action.	 The	 formation	 of	 engrams	 of	 skilled	movement	
depends	on	the	integrity	of	the	dominant	parietal	lobe.

Apraxia	has	been	further	divided	into	ideational	and	
ideomotor	 apraxia.	 Ideational	 apraxia	 is	 the	 failure	 to	
conceive	and	act,	either	when	commanded	or	spontane-

ously,	whereas	 ideomotor	 apraxia	 is	 the	 ability	 to	 con-

ceive	of	the	motor	action	to	be	executed	but	the	inability	
to	act.

Clinical Testing of Apraxia

The	patient	may	be	 observed	during	dressing,	washing,	
shaving,	or	eating.	Certain	tasks,	such	as	waving	goodbye	
and	blowing	a	kiss,	 are	encouraged.	The	patient	 is	 then	
asked	to	perform	learned	complex	tasks,	such	as	hammer-

ing	a	nail,	unlocking	and	opening	a	door,	combing	the	hair,	
opening	a	bottle,	pouring	 the	contents	 into	a	glass,	 and	
finally	 drinking	 from	 the	 glass.	 An	 inability	 to	 perform	
such	tasks	(complex)	are	examples	of	ideational	apraxia,	
whereas	the	inability	to	perform	the	simpler	tasks	would	
be	considered	a	manifestation	of	ideomotor	apraxia.

The	 LMNS	 may	 result	 from	 damage	 to	 the	 anterior	
horn	cell	in	the	ventral	gray	matter	of	the	spinal	cord	or	
to	its	associated	root	or	peripheral	nerve.	Differentiation	
and	localization	may	at	times	be	difficult.	The	predomi-
nant	differentiating	factor	 is	the	presence	or	absence	of	
sensory	 findings.	 If	 it	 is	 purely	 a	motor	 syndrome,	 the	
lesion	must	be	located	in	either	the	anterior	horn	cell	or	
the	anterior	spinal	root	prior	to	exit	of	the	spinal	canal,	or	
it	must	 involve	a	purely	motor	peripheral	nerve.	 If	sen-

sory	findings	are	also	observed,	the	lesion	must	involve	a	
mixed	motor	and	sensory	peripheral	nerve.

Approach to the Patient with 
Apraxia

Apraxia	is	a	state	in	which	a	patient	without	an	alteration	
of	consciousness	and	without	weakness,	ataxia,	extrapyr-
amidal	findings,	or	a	sensory	loss	loses	the	ability	to	ex-

ecute	highly	 complex	and	previously	 learned	 skills	 and	
gestures.	Visual,	auditory,	and	somesthetic	information	is	
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The autonomic nervous system comprises the central 

and peripheral components of the nervous system that 

 regulate involuntary functions, such as those that are 

performed by smooth muscle, cardiac muscle, and glands.

Functionally, the two divisions of the autonomic 

 nervous system (sympathetic and parasympathetic) are 

distinguished on the basis of their tendency to spend 

(sympathetic) and conserve (parasympathetic) energy. 

Thus, the activation of the sympathetic system stimu-

lates an increase in heart rate and arterial blood pressure, 

dilatation of the pupils and bronchioles, and inhibition 

of the intestine and bladder wall, whereas the parasym-

pathetic	 activation	 system	 exerts	 an	 opposing	 effect.	
In	other	words,	 the	sympathetic	 system	 is	 the	 “fight	or	
flight”	 system,	 whereas	 the	 parasympathetic	 system	
maintains vegetative functions (e.g., digestion, urination, 

etc.). It is the delicate balance between the sympathetic 

and	 	parasympathetic	 outflow	 tracts	 that	maintains	 the	
dynamic equilibrium of the internal environment.

In maintaining homeostasis, autonomic function is 

 associated with several other responses. Thus, autonomic 

and endocrine activities are closely integrated in higher 

 Autonomic Nervous System

centers, as are psychological and emotional inputs. 

 Together with the autonomic system, they contribute to 

the so-called limbic system. For example, smelling or re-

membering a disagreeable food may cause one to become 

nauseous, with pallor, sweating, and lightheadedness.

Anatomically,	efferent	pathways	of	the	autonomic	nerv-

ous system constitute a two-neuron limb that consists of 

fibers	whose	site	of	contact	(i.e.,	synapse)	lies	outside	the	
central nervous system (CNS) in the autonomic ganglia.

Preganglionic	efferent	neurons	are	typically	small,	my-

elinated	group	B	fibers,	whereas	postganglionic		efferents	
tend	 to	 comprise	 smaller,	 unmyelinated	 group	C	fibers.	
The	preganglionic	parasympathetic	fibers	are	character-

istically long, synapsing in or near their target organs. 

That is, their ganglia are often in the organ itself, for ex-

ample, the myenteric plexus of the intestinal tract. The 

preganglionic	sympathetic	fibers	have	a	very	short	course	
and terminate proximally, in a collection of ganglia that 

together form the sympathetic trunk (paravertebral gan-

glia). The paravertebral ganglia (or sympathetic chain) run 

along the lateral margin of the vertebral bodies. The post-

ganglionic	 sympathetic	 fibers	 follow	 a	 long	 course	 that	

Learning Objectives

•	 Understand the functions of the autonomic nervous system.

•	 Compare and contrast the two divisions of the autonomic nervous system in the following ways:
◦	Function,
◦	Anatomic	architecture,
◦	Fiber	types	(which	are	myelinated,	which	unmyelinated?),	and
	◦	Neurotransmitters	released.

•	 Describe the anatomy of the sympathetic trunk, including its ganglia, and its connection to the spinal nerves via 

the gray and white communicating rami.  

•	 Determine	the	location	of	the	cell	bodies	and	sites	of	synapse	for	the	both	the	first	and	second	order	neurons	of	
the sympathetic nervous system (a.k.a. preganglionic and postganglionic neurons). Understand the routes these 

neurons take, and know the neurotransmitters they release.

•	 Understand the exception that the splanchnic nerve constitutes, and appreciate the identity of the related 

 prevertebral ganglia.  

•	 Compare and contrast the paravertebral and prevertebral ganglia, noting their relative proximity to the spinal 

cord, and the implications this has for the relative length of the sympathetic and parasympathetic preganglionic 

and postganglionic neurons.

•	 Explain the concept of divergence in the sympathetic nervous system, and understand how it is achieved.

•	 Identify the nuclei, ganglia, and target organs of the parasympathetic nervous system.

•	 Compare and contrast the location of the nuclei of the sympathetic and parasympathetic neurons.

•	 Describe	the	anatomy	of	the	afferent	pathways	for	both	the	divisions	of	the	autonomic	nervous	system.
•	 Compare	and	contrast	somatic	and	visceral	pain.	Understand	the	anatomic	basis	for	their	differences.
•	 Describe the anatomy of the enteric nervous system.

•	 Define	the	roles	of	central	control	of	autonomic	function,	and	identify	the	responsible	structures.
•	 Explain the innervation of the various organs cited in this chapter.

•	 Describe the major disorders associated with autonomic dysfunction.
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Alternatively,	 certain	 preganglionic	 fibers,	 which	
 together form the splanchnic nerve, pass through the 

 paravertebral ganglion without synapsing. Instead, they 

synapse in one of the prevertebral ganglia, which are 

 distal to the spine, such as the celiac ganglion or the 

 superior or inferior mesenteric ganglia. The neurotrans-

mitter  released by all preganglionic sympathetic neurons 

is  acetylcholine.

Upon leaving the paravertebral or prevertebral ganglia, 

many	 postganglionic	 fibers	 accompany	 arteries	 as	 they	
pass peripherally to innervate various internal organs. 

Other	postganglionic	fibers	leave	the	paravertebral	ganglia	
to return to the spinal nerves via the gray communicat-

ing rami, so called because most of these  postganglionic 

	fibers	 are	 unmyelinated.	 These	 fibers	 innervate	 blood	
vessels, sweat glands, and erector pili muscles, structures 

that receive no parasympathetic innervation.

Because preganglionic neurons characteristically 

 synapse on several postganglionic neurons, there is con-

siderable	 divergence	 “built	 into	 the	 system.”	 Function-

ally,	this	is	evident	in	the	widespread	effect	produced	by	
sympathetic stimulation.

Further	 contributing	 to	 this	 widespread	 effect	 are	
a	 group	 of	 preganglionic	 fibers	 that	 accompany	 the	
splanchnic nerves and establish synaptic contacts with 

the secretory cells of the adrenal medulla. This neural 

crest structure represents a collection of specialized 

postganglionic sympathetic neurons that release epi- 

nephrine and, to a lesser extent, norepinephrine directly 

into the bloodstream.

Except for the cells of the adrenal medulla, which use 

epinephrine,	and	the	fibers	that	innervate	sweat	glands,	
which use acetylcholine, the neurotransmitter released 

by all postganglionic sympathetic neurons is norepi- 

nephrine.

ends in their target organs. Occasionally preganglionic 

sympathetic	 fibers	 pass	 through	 the	 sympathetic	 chain	
and terminate in a more distal plexus, for example, the 

hypogastric	plexus.	These	preganglionic	fibers	are	known	
as splanchnic nerves.

Pharmacologically, acetylcholine is the neurotrans-

mitter at all autonomic ganglia. The postganglionic 

	parasympathetic	 fibers	 release	 acetylcholine	 as	 well.	
However,	most	postganglionic	sympathetic	fibers	release	
norepinephrine. Select postganglionic sympathetic neu-

rons, such as those that innervate sweat glands, release 

acetylcholine rather than norepinephrine.

The acetylcholine receptors on sympathetic postgan-

glionic cell membranes are nicotinic, whereas the re-

ceptors on the parasympathetic postganglionic cells are 

muscarinic. The presence of dopaminergic interneurons 

in autonomic ganglia suggests that these ganglia are in-

volved in the integration, rather than the simple relay, of 

information.

Efferent Pathways

Sympathetic Division

See Fig. 20.1.

The cell bodies of preganglionic sympathetic neurons 

are located in the intermediolateral cell column in the lat-

eral horn of the spinal cord between levels T1 and L2–L3. 

The axons of these preganglionic neurons exit the spinal 

cord via the ventral roots, pass through the white com-

municating rami (remember	 these	 preganglionic	 fibers	
are myelinated), and synapse on postganglionic neurons 

in the paravertebral ganglia of the sympathetic trunk at 

their level of entry, or they may ascend or descend the 

sympathetic	chain	to	finally	synapse.
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Fig. 20.1 Sympathetic outflow.
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Parasympathetic Division

See Fig. 20.2.

In contrast to the thoracolumbar distribution of the 

sympathetic division, the parasympathetic division is 

distributed both rostrally and caudally. The rostral com-

ponent of the parasympathetic division contains pregan-

glionic neurons that originate in the nuclei of cranial 

nerves III, VII, IX, and X. These preganglionic neurons 

project	 fibers	 that	 accompany	 their	 associated	 cranial	
nerves to terminate in ganglia comprising cell bodies of 

postganglionic neurons that innervate the eye, the sali-

vary glands, and the viscera of the abdomen and thorax. 

Associated	nuclei,	nerves,	ganglia,	and	effector	organs	are	
presented in Table 20.1.

The caudal component of the parasympathetic 

	division	 comprises	 preganglionic	 fibers	 that	 originate	
in	 spinal	 segments	 S2	 through	 S4,	 specifically	 in	 the	
	intermediolateral	 cell	 columns.	 These	 fibers	 exit	 the	
 spinal cord via the ventral roots to form long pelvic nerves 

that terminate in or near the pelvic viscera, where they 

synapse	on	short	postganglionic	fibers	that	innervate	the	
proximal and distal colon, the rectum, the bladder, and 

the genitalia.

Compared with the sympathetic system, the parasym-

pathetic system is capable of mounting a more discrete 

and localized response because there is less divergence 

in the contact between pre- and postganglionic neurons 

and between the postganglionic neurons and their target 

cells, and because acetylcholine is rapidly inactivated by 

acetylcholinesterase. Both the pre- and postganglionic 

neurons of the parasympathetic division use the neuro-

transmitter acetylcholine.

Table 20.1 Associated Nuclei, Nerves, Ganglia, and Effector Organs

Nerve (Nuclei) Ganglia Effector Organ(s)

CN III Edinger-Westphal nucleus Ciliary ganglia Ciliary dilator pupillae

CN VII Superior salivatory nucleus Pterygopalatine ganglion 

Submandibular ganglion

Mucosa of mouth parotid gland 

Sublingual-submandibular glands

CN IX Inferior salivatory nucleus Otic ganglion Mucosa of mouth 

Parotid gland

CN X Dorsal motor nucleus of the vagus Heart 

Larynx 

Trachea 

Bronchi 

Lung 

Liver 

Gallbladder 

Pancreas 

Spleen 

Kidney 

Esophagus 

Stomach 

Small intestines 

Ascending and transverse colon
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Fig. 20.2 Parasympathetic division.
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Afferent Pathways

Sympathetic and Parasympathetic Divisions

Both divisions of the autonomic nervous system contain 

afferent,	as	well	as	efferent,	pathways.	Afferent	fibers	in	
the sympathetic division pass through the sympathetic 

ganglia without synapsing. They enter the spinal nerves 

via the white communicating rami and synapse in the 

dorsal root ganglia of T1 through L2. By contrast, the cell 

bodies	of	the	parasympathetic	afferent	fibers	are	located	
in the sensory ganglia of their associated cranial nerves 

and the dorsal root ganglia of segments S2 through S4.

The	central	branches	of	the	autonomic	afferent	fibers	
travel	alongside	or	are	mixed	with	the	somatic	afferents	
(e.g., in the spinothalamic tract). Thus, the autonomic 

components of the general sensory system are funda-

mentally identical to their somatic counterparts, except 

that the former mediate stimuli such as stretch of the 

hollow organs and lack of oxygen, whereas the latter me-

diate stimuli such as heat and touch. Furthermore, some 

visceral	 afferents	 terminate	 in	 higher	 autonomic	 cen- 

ters, such as the brainstem reticular formation and the 

hypothalamus,	where	 they	 constitute	 the	 afferent	 limb	
of	autonomic	reflex	mechanisms	(e.g.,	those	involved	in	
the control of arterial blood pressure, heart rate, and res-

piration).

Thus,	afferent	pathways	play	an	important	role	in	var-

ious	 reflexes	of	 the	 autonomic	nervous	 system	and	 are	
responsible as well for the conduction of visceral pain. 

Unlike the somatic sensory system, however, it is only in 

the presence of dysfunction or disease states that the im-

pulses of the autonomic nervous system reach the level 

of consciousness.

Visceral pain exhibits several qualities that distinguish 

it from somatic pain. In particular, visceral pain is poorly 

localized and has a tendency to be felt on the body sur-

face at a distance from its true source in the visceral or-

gan (so-called referred pain). Also, visceral pain is aching 

in quality and characteristically stimulates autonomic 

responses (increased or decreased heart rate, sweat-

ing,	 etc.).	 Afferent	 fibers	 carrying	 visceral	 pain–related	
impulses run exclusively in the sympathetic system, 

whereas	 nearly	 all	 other	 visceral	 afferents	 run	 in	 the	
para sympathetic system.

Visceral pain is most commonly induced by distention 

of a hollow viscus, such as the intestine. Other causes 

of visceral pain include rapid stretching of a solid organ, 

peritoneal irritation, and the anoxia of ischemic cardiac 

muscle.

The anatomic substrate of referred pain comprises 

central	 axons	 of	 autonomic	 and	 somatic	 afferents	 that	
may terminate in identical spinal segments, although 

their peripheral branches supply structures that are 

widely separated. Thus, anginal pain, associated with is-

chemic heart disease, is often referred to the left side of 

the chest and to the inner aspect of the left arm, because 

the	central	branches	of	the	sensory	fibers	that	supply	the	
heart originate in segments T1 through T4 or T5 of the 

spinal	 cord	 (segments	 that	 also	 receive	 sensory	 fibers	
from the chest wall and arm).

The Enteric Nervous System

The enteric nervous system is so called because it repre-

sents a form of visceral innervation that is histologically 

and pharmacologically distinct from both the sympa-

thetic and the parasympathetic systems. Comprising a 

collection of neurons contained within the walls of the 

gastrointestinal tract, the enteric nervous system is ca-

pable of producing peristaltic activity in the absence of 

extrinsic stimulation.

The neurons of this system are organized into two 

nerve plexi: (1) the myenteric (Auerbach’s) plexus, which 

lies between the longitudinal and circular muscle layers; 

and (2) the submucosal (Meissner’s) plexus, which lies in 

the connective tissue between the circular muscle layer 

and the muscularis mucosae. A combination of bipolar 

and unipolar neurons, ensheathed by neuroglia-like cells, 

are represented, as are a constituency of interneurons. 

The intrinsic neurons that innervate the smooth muscle 

and glands within the walls of the gastrointestinal tract 

comprise excitatory neurons that release acetylcholine 

and inhibitory neurons that release a variety of peptides. 

Excitatory and inhibitory extrinsic inputs, which modu-

late the activity of the intrinsic neurons, are derived from 

cholinergic preganglionic parasympathetic neurons and 

noradrenergic postganglionic sympathetic neurons, re-

spectively.

本书版权归Thieme所有



III System-based Anatomy and Differential Diagnosis518

Central Control of Autonomic 
Function

Supraspinal	control	of	autonomic	spinal	 reflexes	 is	me-

diated by the hypothalamus and cardiovascular and res-

piratory centers located in the reticular formation of the 

brainstem.	Important	spinal	reflexes	are	discussed	here.

Respiratory Center: Autonomic Control of 
Respiration

Respiration is coordinated by a respiratory center that 

consists of an aggregation of brainstem nuclei comprising 

the nucleus of the solitary tract, the nucleus ambiguus, 

and nuclei of the reticular formation. The cells of these 

nuclei are activated by vagal impulses, as well as by di-

rect changes in their chemical environment, especially 

by	the	accumulation	of	carbon	dioxide.	Efferent	impulses	
are carried in the reticulospinal pathway to lower motor 

neurons that innervate the diaphragm and the intercostal 

muscles.

Expiration is generally a passive action that results 

from recoil of the expanded chest after inspiration. The 

lung	is	protected	from	overinflation	through	a	respiratory	
center control mechanism known as the Hering-Breuer 

reflex.	As	the	lung	is	inflated	to	its	volume,	afferent	im-

pulses are sent to the expiratory center through a relay 

in the nucleus of the solitary tract. The expiratory center 

in turn inhibits the inspiratory center, and hence inspi-

ration takes place. This is followed by a passive (elastic) 

expiratory movement. The rate of lung expansion also 

contributes to this process.

The rate and depth of respiratory movements are also 

mediated	by	reflexes	 involving	chemoreceptors	that	are	
sensitive to decreases in arterial oxygen tension, such as 

which occurs in the context of increased need (e.g., vig-

orous exercise) or decreased supply (e.g., lowered oxygen 

tension at high altitudes).

Cardiovascular Center: Autonomic Control 
of the Cardiovascular System

Under normal conditions the sympathetic cardiovascular 

center maintains a low-frequency tonic activity. How-

ever,	 an	 autonomic	 reflex	 arc	 permits	 the	 heart	 to	 re-

spond appropriately to an increase or decrease in arterial 

blood pressure.

Thus, baroreceptors (those that respond to pressure) 

on the terminals of peripheral branches of the vagal and 

glossopharyngeal nerves supply the aortic arch and the 

carotid sinus at the bifurcation of the common carotid 

artery. The central processes of these nerves, whose cell 

bodies are located in cranial nerve ganglia, terminate in 

the nucleus of the solitary tract in the medulla (nucleus 

solitarius).	Second-order	fibers	of	the	afferent	limb	orig-

inate in this nucleus to reach the cardiovascular center 

of	the	reticular	formation,	whence	efferent	fibers	project	
to the nucleus ambiguus and the intermediolateral cell 

column of the spinal cord. By stimulating and inhibit-

ing the sympathetic and parasympathetic supply to the 

heart, the autonomic cardiovascular center can compen-

sate for changes in arterial blood pressure as detected 

by the baroreceptors and their vagal and glossopharyn-

geal	afferents.	As	one	assumes	an	upright	position	from	
lying down, blood is suddenly pooled in the numerous 

systems of the lower extremities. This pooling would re-

sult in a decrease in cerebral perfusion were it not for 

the	autonomic	reflex.	In	fact,	an	autonomic	reflex	usually	
compensates for a perceived decrease in blood pressure, 

thus avoiding the occurrence of orthostatic syncope. As it 

happens, the baroreceptors in the aortic arch and carotid 

sinus detect the sudden decrease in arterial wall tension 

(i.e.,	 low	blood	pressure)	 and	 reflexively	 increase	 affer-

ent impulses to the nucleus solitarius. The cardiovascular 

center,	 in	 turn,	 increases	 sympathetic	 outflow	 and	 de-

creases parasympathetic input, causing a constriction of 

the peripheral vasculature and increase in heart rate and 

stroke volume. The end result is maintenance of blood 

pressure and a balanced autonomic system.
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Hypothalamus: Control and Mediation of 
Numerous Autonomic Functions

See Fig. 20.3.

By	its	direct	and	indirect	influence	on	lower	autonomic	
centers in the brainstem and spinal cord, and through 

its connections with the endocrine pituitary gland, the 

hypothalamus controls and integrates a large number of 

autonomic functions. In general, stimulation of the ante-

rior hypothalamus results in a parasympathetic response, 

whereas stimulation of the posterior hypothalamus leads 

to a sympathetic response.

The hypothalamus receives input from multiple 

structures that it integrates in the visceral, limbic, and 

endocrine. This input is passed on directly or indirectly 

to lower autonomic centers in the brainstem and spinal 

cord	to	effect	the	desired	physiological	response(s).
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Fig. 20.3 Hypothalmus and endocrine control.
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Autonomic Innervation: Some 
Examples

Eyes

See Figs. 20.4 and 20.5.

The	preganglionic	parasympathetic	fibers	that	supply	
the eye originate in the Edinger-Westphal nucleus of the 

oculomotor complex and pass through the oculomotor 

nerve to reach the ciliary ganglion, where they synapse 

on	 postganglionic	 neurons.	 The	 postganglionic	 fibers	
travel within the short ciliary nerves to innervate the 

constrictor pupillae and the ciliary muscle. These para-

sympathetic	fibers	that	supply	the	eye	constitute	the	ef-
ferent	limb	of	the	pupillary	light	reflex.	Activation	of	the	
parasympathetic system then results in constriction of 

the pupil (miosis) and contraction of the ciliary muscle, 

which	results	 in	a	 “rounding	up”	of	 the	 lens	and	hence	
accommodation for near vision.

The	preganglionic	sympathetic	fibers	that	supply	the	
eye originate in the intermediolateral cell column in 

segments	T1	and	T2.	These	fibers	ascend	in	the	sympathetic	
trunk and terminate on postganglionic neurons in the 

superior	 cervical	 ganglion.	 The	 postganglionic	 fi	bers	
first	 accompany	 the	 internal	 carotid	 and	 ophthalmic	
arteries, traverse the ciliary ganglion and the short and 

long  ciliary nerves without synapsing, and innervate 

the dilator pupillae and the superior tarsal muscles. 

	Activation	of	sympathetic	fibers	results	in	dilation	of	the	
pupil and maintenance of an elevated eyelid. Interruption 

of the sympathetic pathway to the eye results in the 

clinical constellation of ptosis, miosis, and apparent 

enophthalmos (i.e., the globe appears recessed in the face). 

If a more proximal sympathetic interruption occurs, anhi- 

drosis (lack of sweating to the face) occurs as well. This 

constellation is classically known as Horner syndrome. 

This syndrome may also occur as a consequence of 

interrupting	 sympathetic	 fibers	 descending	 on	 spinal	
levels from the hypothalamus.

Heart

Sympathetic supply to the heart begins with preganglionic 

fibers	 that	 arise	 in	 the	 intermediolateral	 cell	 column	of	
segments	T1	through	T5.	These	fibers	ascend	in	the	sym-

pathetic trunk to terminate on postganglionic neurons in 

the superior, middle, and inferior cervical ganglia and the 

upper	 thoracic	 ganglia.	 The	 postganglionic	 fibers	 leave	
these ganglia to form the cardiac nerves, which innervate 

the pacemaker cells and cardiac muscle. Activation of the 

sympathetic	fibers	 increases	both	 the	heart	 rate	and	the	
force of cardiac muscle systolic contraction. In contrast, 

stimulation of the parasympathetic supply of the heart, 

which is carried in the vagus nerve, reduces the heart rate 

and may slightly decrease its force of contraction.

Lungs

Activation	of	the	sympathetic	fibers	that	originate	in	seg-

ments T2 through T5 of the sympathetic trunk that end 

on the bronchi and blood vessels of the lungs results in 

bronchodilation and vasoconstriction. In contrast, bron-

choconstriction, vasodilation, and increased glandular 

secretion	 follow	 stimulation	 of	 the	 parasympathetic	 fi-
bers that pass from the brainstem through the vagus to 

the lungs.

Gastrointestinal Tract

The parasympathetic supply to the gastrointestinal tract 

is derived from both the cranial and the spinal compo-

nents of the autonomic nervous system. The cranial com-

ponent	contributes	fibers	that	run	in	the	vagus	nerve	to	
supply the length of the gastrointestinal system, exclud-

ing the descending and sigmoid colon and the rectum. 

The	latter	are	supplied	by	spinal	fibers	that	arise	in	the	
intermediolateral cell columns of S2 through S4 to form 

the pelvic splanchnic nerves.

The	preganglionic	parasympathetic	fibers,	both	cranial	
and spinal, synapse on the postganglionic neurons that 

constitute the myenteric (Auerbach’s) and submucosal 

(Meissner’s) plexi in the gastrointestinal wall. Activation 

of the parasympathetic system stimulates peristaltic ac-

tivity, relaxes the sphincters, and increases the secretion 

of gastric and intestinal walls.

In contrast, activation of the preganglionic sympa-

thetic supply to the gastrointestinal system, which passes 

uninterruptedly through the sympathetic trunk to estab-

lish synaptic contact with postganglionic neurons in the 

prevertebral ganglia (the celiac ganglion and both the 

superior and inferior mesenteric ganglia), results in re-

duced peristalsis, sphincteric contraction, and decreased 

glandular secretion.

Adrenal Medulla

The adrenal medulla consists of secretory cells, derived 

from the neural crest, which represent specialized post-

ganglionic sympathetic neurons that release epinephrine 

and, to a lesser extent, norepinephrine directly into the 

bloodstream, upon stimulation by cholinergic pregan-

glionic sympathetic neurons. This neuroendocrine gland 

thus constitutes an important means for the initiation 

and maintenance of rapid and widespread sympathetic 

response to stressful situations.
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Fig. 20.4 Preganglionic and postganglionic oculomotor complex.

Fig. 20.5 Horner syndrome.
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Fig. 20.6 (a) Autonomic innervation of the bowel and  

genitourinary system.

Urinary Bladder

See Fig. 20.6.

The urinary bladder receives both sympathetic and 

parasympathetic innervation, each division containing 

both	afferents	and	efferents.	Proprioceptive	afferents	 in	
the	parasympathetic	fibers	detect	distention	of	the	blad-

der	and	reflexively	stimulate	parasympathetic	efferent	fi-
bers, which arise in spinal segments S2 through S4 and 

end in the detrusor muscle of the bladder wall to cause 

contraction and emptying of the bladder. In the adult, 

supraspinal	 influences	permission	of	 voluntary	 bladder	
control.	 Stimulation	 of	 sympathetic	 efferent	 fibers	 that	
innervate the trigone (sphincter) inhibits micturition, 

whereas	 activated	 sympathetic	 afferents	 carry	 pain-re-

lated impulses that detect overdistention of the bladder.
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Fig. 20.6 (Continued) (b) Detailed innervation of the  

genitourinary system.
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Hereditary Sensory and Autonomic 
Neuropathies (HSANs)

There are four types of HSANs, a group of conditions in 

which primary sensory and autonomic neurons either 

fail to develop or atrophy and degenerate. The various 

types produce a variety of symptoms, but what they all 

share in common is insensitivity to pain.

Autonomic Failure in the Elderly

Orthostatic hypotension is prevalent in the elderly. Auto-

nomic dysfunction in this group may also include ther-

moregulatory impairment, susceptibility to hypothermia 

or hyperthermia when exposed to low or high ambient 

temperatures, loss of sweating in the lower body, and 

increased sweating in the head and arms. Erectile 

 dysfunction and incontinence also increase in incidence 

as a function of age, but may be related to other causes. 

Side	effects	 from	medication	often	 taken	by	 the	elderly	
for conditions such as hypertension, prostatic hypertro-

phy,	and	depression	also	have	autonomic	side	effects	and	
should be considered potential causes of geriatric ortho-

static hypotension.

Autonomic Dysfunction in Spinal Cord 
Injury

Among patients with severe spinal cord injury spinal 

shock may be observed, the main feature of which is 

hypotension	with	bradycardia.	The	latter	finding	distin-

guishes this condition from hypovolemic shock, which 

is typically accompanied by tachycardia. (The distinction 

is important here because it has implications for treat-

ment.)  

After spinal shock dissipates, sympathetic and para-

sympathetic	 reflex	 functions	 return—because	 afferent	
and	efferent	connections	with	 isolated	spinal	 segments	
remain	intact—but	these	are	no	longer	under	the	control	
of	higher	centers.	Thus,	 cervical	cord	 lesions	effectively	
disconnect sympathetic cardiovascular responses infor-

mation from baroreceptor from reaching the medulla. On 

the one hand, a fall in blood pressure is thus not compen-

sated for by sympathetic vasoconstriction, leaving quad-

riplegics susceptible to orthostatic hypotension. On the 

other hand, cutaneous stimuli in segments of the body 

below the level of the spinal cord injury may increase 

blood pressure.

Bowel and bladder responsiveness, which is ini-

tially	inhibited	due	to	flaccidity	caused	by	spinal	shock,	
	becomes	 automatic	 as	 the	 spinal	 reflexes	 return.	 This	
accounts	 for	 the	 reflex	penile	 erection	 (priapism)	often	
seen in spinal cord injury.

Autonomic dysreflexia,	 a	 mass	 reflex	 marked	 by	
flexor	 spasms	 of	 the	 legs,	 bladder	 emptying,	 severe	
 hypertension, bradycardia, and sweating, may be precip-

itated by innocuous stimuli, such as a pinprick, passive 

movement, tracheal suctioning, cutaneous stimuli, or an 

Autonomic Disorders

Multiple System Atrophy (Shy-Drager 
Syndrome)

This syndrome combines progressive central autonomic 

failure and multiple system atrophy manifested by or-

thostatic hypotension, akinesia, and rigidity. The main 

problem is orthostatic fainting. The condition leads to 

incapacity within a few years. The principal cause is de-

generation of the lateral horn neurons of the thoracic 

spinal segments, although it may be accompanied by de-

generation of catecholamine-containing brain stem cells, 

and distal ganglionic and postganglionic degeneration. 

Sympathetic dysfunction leads to depressed circulation 

of norepinephrine responses to standing and exertion. 

Impotence	and	loss	of	libido	are	often	the	first	symptoms	
in	males;	disturbance	 in	micturition	affects	both	males	
and females. Orthostatic hypotension may lead to drop 

attacks or gradual loss of consciousness over about a 

minute. Thermoregulatory sweating is diminished or ab-

sent, and respiratory disturbances may lead to obstruc-

tive sleep apnea, and sometimes death. Examination may 

reveal pupillary abnormalities, including Horner’s syn-

drome. Although mild parkinsonian features or cerebellar 

ataxia sometimes develop, dysautonomia predominates.

Pure Autonomic Failure

This idiopathic disorder of the peripheral autonomic 

nervous system, which is less common than Shy-Drager 

syndrome, is characterized mainly by degeneration 

of postganglionic sympathetic neurons. The parasym-

pathetic nervous system is relatively spared. Motor 

 symptoms are distinctively absent, and the CNS is not in-

volved. Like Shy-Drager syndrome, from which it may be 

distinguished by pharmacologic testing, common signs 

and symptoms include anhidrosis, orthostatic hypoten-

sion, impotence, and atonicity of the bladder. Also like 

Shy-Drager syndrome, orthostatic fainting predominates.

Peripheral Neuropathy with Secondary 
Orthostatic Hypotension

A number of acute and chronic peripheral neuropathies 

(including diabetic, alcoholic, amyloid, and  Guillain-Barré) 

are associated with impairment of autonomic functions, 

the most serious feature of which is orthostatic hypoten-

sion. Orthostatic hypotension is caused by dysfunction 

of	 baroreceptor-related	 nerves	 or	 postganglionic	 effer-

ent	 sympathetic	 fibers.	 The	 autonomic	 disorder	 caused	
by diabetes is especially important. It is characterized by 

some combination of erectile dysfunction, constipation 

or diarrhea, hypotonia of the bladder, gastroparesis, and 

orthostatic hypotension.
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Regional Pain Syndromes

Reflex Sympathetic Dystrophy (RSD), also known as 

Chronic Regional Pain Syndrome Type 1 (CRPS 1), is a 

pain syndrome involving an extremity, characterized by 

 persistent burning pain, hyperpathia (exaggerated re-

sponse to painful stimuli), and allodynia (perception of 

an innocuous stimulus as painful). Typically associated 

with a minor trauma of a nonmajor nerve, or no evidence 

of nerve injury at all, the condition usually presents with 

signs of sympathetic hyperactivity or hypoactivity, as 

 described in the following.

Causalgia, also known as Chronic Regional Pain 

Syndrome II (CRPS II), is a related disorder caused by 

partial injury to a peripheral nerve, such as the median 

or ulnar nerve, or, less often, the sciatic or peroneal 

nerve. Clinical manifestations include persistent and 

severe	burning	pain	and	exquisite	sensitivity	to	touch—
so much so that even the pressure of clothing or drafts 

of air become intolerable. Sudomotor, vasomotor, and 

dystrophic	 changes	 often	 occur,	 leaving	 affected	 skin	
moist, cool or warm, often shiny and smooth, hairless, 

discolored, and sometimes swollen with edema. The 

affected	limb	may	exhibit	osteopenia.
Interestingly, for unclear reasons, prolonged casting 

or immobilization of a limb may produce a similar syn-

drome of pain and autonomic changes.

overdistended bladder. In severe cases cerebral dysau-

toregulation may lead to seizures or visual defects.

Acute Autonomic Crises (“Sympathetic 
Storm”)

Among patients with severe head injury, especially 

those who exhibit decorticate or decerebrate postur-

ing, an  episodic hypersympathetic state may develop 

 chronically. The phenomenon is characterized by parox-

ysms of extreme hypertension, profuse diaphoresis, and 

pupillary dilation, often arising during periods of rigid 

extensor posturing. The responses appear to originate 

from an unregulated autonomic nervous system in which 

the hypothalamus is no longer under normal inhibitory 

control.

Hyperhidrosis

A localized form of this condition may cause intolera-

ble social embarrassment. Excessive sweating typically 

	occurs	on	the	palms,	but	may	affect	the	feet	or	the	axil-
lae.	It	results	from	overactivity	of	sudomotor	nerve	fibers.	
Potential causes include injury to the spinal cord (e.g., 

syringomyelia), peripheral nerve injury (e.g., median 

or sciatic nerve injury), and dysfunction of the eccrine 

sweat glands. Primary or essential hyperhidrosis may be 

familial. Anticholinergics, beta-blockers, botulinum toxin 

injections, and topical agents are among the treatment 

options.	 Surgical	 sympathectomy	 is	 often	 effective,	 but	
carries	the	risk	of	potential	side	effects,	including	pneu-

mothorax, Horner’s syndrome, and compensatory sweat-

ing in other areas of the body.
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Consciousness means awareness of self and environment. 

The modern era of the study of consciousness began in 

the 1920s when it was discovered that awake and sleep-

ing states were associated with distinctive electroen-

cephalographic (EEG) patterns. These early EEG records 

showed that alertness was associated with low-voltage 

fast activity, sleep with high-voltage slow activity (Fig. 

21.1).

Later experiments demonstrated that the EEG pattern 

of sleep was replaced by a pattern of wakefulness after 

stimulation of the brainstem reticular formation. Further, 

this change resembled the EEG patterns during the tran-

sition between drowsy and awake states. Although these 

studies suggested that the reticular formation exerted 

broad	and	diffuse	influence	over	the	cerebral	cortex,	the	
anatomic and physiological mechanisms remained un-

clear. In particular, the connecting pathways between the 

reticular formation and the cerebral cortex were not well 

understood.

Two observations proved pivotal. First, it was noted 

that stimulation of the reticular formation activated the 

EEG, even after the placement of destructive lesions in 

the ascending sensory pathways (e.g., the medial lem-

niscus and the spinothalamic tract). Second, ascending 

sensory pathways conducted impulses normally, even 

when destructive lesions were placed in the reticular 

 formation.

 Consciousness

These observations implied that a second ascending 

system, anatomically and physiologically distinct from 

the	“specific	sensory	pathways,”	carried	impulses	gener-

ated in the reticular formation. Two separate ascending 

pathways evidently existed: (1) a long ascending path-

way	concerned	with	specific	sensory	modalities	and	(2)	
an ascending reticular activating system (ARAS) con-

cerned with arousal.

Further studies showed that both systems synapse 

in the diencephalon before reaching the cerebral cortex. 

However, the long ascending pathway synapses in “spe-

cific	thalamic	nuclei”	(ventral	posteromedial	and	ventral	
posterolateral nuclei), whereas the ARAS synapses in 

“nonspecific	thalamic	nuclei”	(intralaminar,	midline,	and	
reticular nuclei). Furthermore, although both systems 

terminate in the cerebral cortex, the long ascending path-

way terminates in the primary sensory cortex; the ARAS 

terminates	diffusely	throughout	the	cerebral	cortex.
Clearly, then, the reticular formation, which was dis-

cussed in Chapter 6 in the context of the anatomy of 

the brainstem, is a morphological designation. It refers 

to	 a	diffuse	network	of	neurons	with	a	wide	variety	of	
functions and connections. By contrast, the ARAS is a 

functional designation: it refers to a system of neurons 

concerned with arousal, some of which are found in the 

reticular formation.

Learning Objectives

•	 Define	consciousness.
•	 Understand what anatomic structures are responsible for consciousness.

•	 Relate the EEG wave patterns associated with awake and sleeping states.

•	 Describe the anatomy of the ascending reticular activating system, identifying the structures that are involved.

•	 Develop an approach for a comatose patient.

•	 Appreciate the anatomic substrate responsible for a depressed level of consciousness.

•	 Know how the Glasgow Coma Scale works.

•	 Identify the major respiratory patterns associated with coma, and appreciate their localizing value.

•	 Understand the localization value of the various pupil morphologies and responses in coma.

•	 Compare and contrast decorticate and decerebrate posturing.

•	 Identify the major herniation syndromes, and determine the cardinal clinical manifestations of each.

•	 Know	the	clinical	findings	that	characterize	metabolic	encephalopathy,	and	contrast	these	with	the	findings	
 produced by structural lesions causing coma.
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Fig. 21.1(a-e) Characteristic electroencephalographic (EEG) 

 patterns associated with awake and sleeping states.
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Ascending Reticular Activating 
System

See Fig. 21.2.

Several levels of the neuraxis contribute to the ARAS: 

(1)	 afferent	 sensory	 pathways,	 (2)	 the	 reticular	 forma-

tion, (3) the thalamus, and (4) the cerebral cortex.

Sensory Pathways

Widespread sources of sensory input are projected onto 

the reticular formation. These sensory stimuli possess 

varying capacities to arouse—some weak, such as a gen-

tle whisper; some strong, such as a bucket of cold water 

thrown on a sleeping subject’s head. Important sources 

of sensory input include (1) ascending tracts of the sen-

sory system, (2) sensory cranial nerves, (3) the cerebel-

lum, and (4) the cerebral cortex. Cortical input provides 

an	 important	 feedback	mechanism	 that	modifies	 other	
sources of sensory input.

Reticular Formation

The	reticular	formation	is	a	diffuse	aggregation	of	cells	in	
the central brainstem that possesses an unusually wide 

range of neural connections. These connections involve 

the reticular formation in several functions, including 

motor control, control of the respiratory and cardiovas-

cular system, sensory control, and consciousness. Retic-

ular neurons that contribute to the ARAS are concerned 

with consciousness. They receive sensory inputs from 

multiple regions that project to the thalamus through 

long axons.

Thalamus

The thalamus contains three sets of functionally related 

nuclei:	 (1)	 the	 “specific	 thalamic	nuclei,”	which	 receive	
sensory	and	motor	input	and	project	to	specific	areas	of	
the	cerebral	cortex;	(2)	the	“association	thalamic	nuclei,”	
which receive input from other thalamic nuclei and pro-

ject to association areas of the cerebral cortex; and (3) the 

“nonspecific	thalamic	nuclei,”	which	receive	 input	 from	
the ARAS and project to large areas of the cerebral cortex.

The	nonspecific	thalamic	nuclei,	which	contribute	to	
the ARAS, are the intralaminar, midline, and reticular nu-

clei.

Cerebral Cortex

As noted, cortical electrical activity as recorded by the 

EEG correlates well with the behavioral expression of 

 consciousness—the awareness of self and environment. The 

awake person demonstrates low-voltage, high- frequency 

EEG activity ( and b; > 8H3), whereas the sleeping patient 

demonstrates high-voltage, low-frequency EEG activity 

( 1 to 4H3). Activation of the cerebral cortex is dependent 

on thalamocortical innervation.

Specific	sensory,	motor,	and	cognitive	functions	have	
long	been	known	to	“localize”	to	specific	areas	of	the	brain.	
By	contrast,	no	specific	region	of	the	brain	is		responsible	
for initiating or maintaining arousal. Rather, all areas of 

the cortex appear to contribute equally to consciousness. 

Thus, consciousness requires an intact cerebral cortex, 

and	cerebral	lesions,	if	sufficiently	large,	may	impair	con-

sciousness. The degree of impairment is proportional to 

the size of the cerebral lesion and bears little relation to 

what area of the cortex has been lesioned.
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Fig. 21.2 Ascending reticular activating system.
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Approach to the Comatose Patient

Consciousness is the awareness of self and environment. 

Unconsciousness, it follows, is its opposite: a lack of 

awareness of self and environment. States of conscious-

ness and unconsciousness occur along a continuum of 

varying levels of awareness, where wakefulness and 

coma represent two extremes.

Behaviorally, coma is the complete lack of awareness 

of self and environment. Pathologically, it may be due to 

one of two possible conditions: (1) a bilateral cerebral 

hemisphere disturbance or (2) a dysfunction of the ARAS.

A logical diagnostic approach in the comatose patient 

begins with a history of the present illness from friends, 

relatives, police, or paramedics and a specially tailored 

neurological examination. Primarily on the basis of the 

clinical signs elicited by exam, an anatomic localization 

may then be deduced. Finally, on the basis of primar-

ily	historical	 clues,	 the	 clinician	must	 ask	what	 specific	
pathological process is most likely responsible and what 

therapeutic intervention is most appropriate.

Neurologic Examination

The purpose of the neurologic examination in the stu-

porous	or	comatose	patient	is	to	define	the	level	of	con-

sciousness	and	to	localize	the	site	of	the	offending	lesion.
Levels of consciousness are often described, in order 

of decreasing intensity, in terms of wakefulness, obtun-

dation,	stupor,	and	coma.	Their	determination	and	differ-

entiation are largely subjective. A more objective and re-

producible approach is to observe the patient’s response 

to a series of increasingly intense stimuli. The Glasgow 

Coma Scale is a commonly used method for testing and 

recording the consciousness level (Fig. 21.3).

Localizing	the	site	of	the	offending	lesion	in	the	coma-

tose patient may be reduced to the interpretation of four 

clinical signs: respiratory pattern, pupillary response, eye 

movements, and motor response.

Fig. 21.3 Glascow Coma Scale.
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Respiratory Pattern 

See Fig. 21.4.

Four	 identifiable	 patterns	may	 be	 seen	 in	 coma:	 (1)	
Cheyne-Stokes respiration is a pattern in which periods of 

hyperventilation alternate with periods of apnea. There 

is	 a	 gradual	 increase	 in	 the	 respiratory	 rate	 that	finally	
peaks and then gradually decreases, followed by a period 

of apnea. Cheyne-Stokes respiration is associated with bi-

lateral hemispheric disorders, metabolic disorders, and 

brainstem disorders above the level of the upper pons. (2) 

Central neurogenic hyperventilation is a rare pattern of 

breathing characterized by a sustained, rapid respiratory 

rate. It is associated with lesions between the low mid-

brain and upper pons. (3) Apneustic breathing is marked 

by prolonged pauses at the end of inspiration. It is associ-

ated with lesions at the level of the lower pons. (4) Ataxic 

breathing is a completely irregular respiratory pattern in 

which deep and shallow breaths occur randomly. It is as-

sociated with lesions in the medulla.

Fig. 21.4 Respiratory patterns in coma.
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Pupillary Response

See Fig. 21.5.

The functional anatomy of the pupillary response is 

described in Chapter 18. More than any other clinical sign 

in the comatose patient, an abnormal pupillary response 

suggests the presence of a structural, rather than a met-

abolic, lesion. Furthermore, pupillary size and reactivity 

help localize the site of the structural lesion. Midbrain 

lesions are associated with pupils that are midposition 

and	fixed	 (loss	of	 sympathetic	and	parasympathetic	 in-

put). Pontine lesions are associated with pupils that are 

pinpoint (loss of sympathetic input). A unilateral dilated 

pupil implies herniation of the uncus (medial temporal 

lobe) through the tentorial opening. This results in com-

pression of the ipsilateral oculomotor nerve (loss of par-

asympathetic input).
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Fig. 21.5 Pupillary response in coma.
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Eye Movements

See Fig. 21.6.

The functional anatomy of eye movements and the 

oculocephalic	 reflex	 are	 described	 in	 Chapter	 18.	 The	
evaluation of eye movements in the comatose patient 

involves observation of spontaneous eye movements 

and	 elicitation	 of	 two	 ocular	 reflexes.	 The	 most	 com-

mon spontaneous eye movements are so-called roving 

eye movements in which the eyes drift slowly from side 

to	 side.	 Two	 ocular	 reflexes	 aid	 in	 the	 diagnosis	 of	 eye	
movement	 abnormalities:	 the	 oculocephalic	 reflex	 and	
the	oculovestibular	reflex.	These	reflexes	are	inhibited	in	
the awake and alert patient but are conducted normally 

in the comatose patient with an intact brainstem. In the 

oculocephalic	reflex,	or	doll’s	eyes	maneuver,	lateral	rota-

tion	or	flexion/extension	of	the	head	produces	conjugate	
deviation of the eyes in the direction opposite the move-

ment	of	the	head.	In	the	oculovestibular	reflex,	cold	wa-

ter irrigation of the tympanic membrane results in slow 

conjugate deviation of the eyes toward the irrigated ear. 

If	 the	oculovestibular	 reflex	 is	 intact,	 then	 the	 lesion	 is	
most likely above the brainstem. As described in Chapter 

18, eye movement abnormalities result from destructive 

lesions in the cerebral hemispheres and the brainstem. 

Hemispheric	lesions	that	involve	the	frontal	eye	fields	re-

sult in conjugate deviation of the eyes away from the side 

of the associated hemiplegia. They may be overcome by 

the	oculocephalic	 and	oculovestibular	 reflexes,	particu-

larly by the latter, which presents the stronger stimulus. 

Brainstem lesions produce eye movement abnormalities 

of two types: (1) lesions of the paramedian pontine retic-

ular formation (PPRF) result in conjugate deviation of the 

eyes toward the side of the associated hemiplegia, and (2) 

lesions of the medial longitudinal fasciculus (MLF) result 

in loss of adduction of the ipsilateral eye. Neither of these 

brainstem lesions, which localize to the pons, is over-

come by oculocephalic or oculovestibular stimulations. 

In metabolic coma, the oculocephalic and oculovestibular 

reflexes	 are	maintained	 early	 on	 but	 are	 then	 progres-

sively lost as the level of coma deepens.

Fig. 21.6 Eye movements in coma.
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Motor Response

See Fig. 21.7.

In the comatose patient, motor function is assessed by 

observing the motor response to the application of a nox-

ious stimulus. Pressure applied to the supraorbital ridge, 

the nail bed, or the sternum is easily elicited noxious 

stimulus associated with a minimum of tissue trauma. 

Three patterns of responses may be observed: appropri-

ate, inappropriate, and no response. An appropriate re-

sponse, such as the quick withdrawal of a limb from a 

noxious stimulus, demonstrates the integrity of the mo-

tor pathways that innervate the limb. No response, as-

suming the integrity of sensory pathways, which is tested 

by stimulation of both sides of the body, implies a lesion 

in the motor pathway. This may be unilateral, suggest-

ing a structural lesion in the contralateral cerebral hemi-

sphere or brainstem, or bilateral, suggesting a pontine or 

medullary lesion. Finally, inappropriate responses, which 

may occur spontaneously, include decorticate and de-

cerebrate rigidity. Decorticate posturing	refers	to	flexion	
of the arm at the elbow, adduction of the shoulder, and 

extension of the leg and ankle. It is classically associated 

with lesions at or above the level of the diencephalon. 

Decerebrate rigidity refers to the extension of the arm, 

internal rotation at the shoulder and forearm, and leg ex-

tension. It is classically associated with lesions at the level 

of the upper brainstem but may occur in association with 

massive hemispheric lesions or in the setting of severe 

metabolic coma.

Fig. 21.7 Motor responses in coma.
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Anatomic Localization of a Lesion Causing 
Coma

The	first	 step	 in	 anatomic	 localization	 in	 the	 comatose	
patient is to determine whether the lesion causing coma 

is structural, which may require emergent neurosurgical 

intervention,	 or	 diffuse	 and	 metabolic,	 which	 requires	
appropriate medical management. Structural lesions are 

identified	as	supratentorial,	depending	on	their	location	
above or below the tentorium.

Supratentorial Lesions

Supratentorial	 lesions	 cause	 coma	 by	 affecting	 both	
cerebral hemispheres or by exerting downward pressure 

that compresses and displaces the diencephalon 

and midbrain. Compression and displacement of the 

diencephalon and midbrain are the more common 

cause. It is recognized by the appearance of a sequence 

of respiratory, pupillary, ocular, and motor signs that 

correspond to the rostrocaudal progression of impaired 

brain function—first diencephalic, then midbrain, 

pontine, and medullary. Dysfunction below the level of 

the diencephalon is associated with a poor neurologic 

recovery.

Downward displacement of brain tissue associated 

with supratentorial lesions may result in herniation of 

that tissue through the tentorial opening. Two herniation 

syndromes, uncal syndrome and central herniation, are 

described here.
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dilated pupil is the earliest sign of uncal herniation. This 

may be rapidly followed by complete oculomotor nerve 

paralysis, stupor and coma, loss of oculovestibular re-

sponses, and ipsilateral and then bilateral hemiplegia. The 

contralateral cerebral peduncle lesion causing ipsilateral 

hemiplegia is known as Kernohan’s notch; it is produced 

by compression of the cerebral peduncle against the free 

edge of the tentorium on the opposite side.

Uncal Syndrome

See Figs. 21.8 and 21.9.

For mechanical reasons, expanding temporal lobe le-

sions tend to cause medial displacement of the uncus 

and hippocampal gyrus across the edge of the tentorial 

opening. As a result, the ipsilateral oculomotor nerve is 

caught between the swollen uncus, and the contralateral 

cerebral peduncle is compressed against the free edge of 

the tentorium on the opposite side. Clinically, a unilateral 

*

Fig. 21.9 Coronal T1-weighted MRI image showing large 

left temporal mass (asterisk) with considerable mass effect 

 including left uncal herniation (yellow brace) and brainstem 

compression (red arrow).
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Central Herniation Syndromes

Central herniation involves the downward displacement 

of the diencephalon and the adjacent midbrain through 

the tentorial opening. It is early on associated with loss 

of	 consciousness	 because	 the	 diencephalon	 is	 the	 first	
structure encroached upon. Frontal, parietal, and occipital 

lesions are most commonly responsible. Clinically, central 

herniation is characterized by a rostrocaudal progression 

of	functional	impairment	affecting	first	the	diencephalon,	
then the midbrain, pons, and medulla, in that order. Four 

stages	 of	 rostrocaudal	 deterioration	 are	 identified:	 (1)	
the diencephalic stage (Fig. 21.10) is  characterized by 

 diminished consciousness,  Cheyne-Stokes respirations, 

small pupils with a small range of contraction, normal 

oculocephalic and oculovestibular responses, and 

appropriate motor responses to noxious stimuli. (2) 

The midbrain–upper pons stage (Figs. 21.11 and 21.12) 

is	 characterized	 by	 sustained	 tachypnea,	 	dilated	 fixed	
pupils, impaired oculocephalic and oculovestibular 

responses, and decerebrate rigidity. (3) The lower pons–

upper medulla stage (Fig. 21.13) is characterized by rapid 

shallow	or	ataxic	respirations,	midposition	fixed	pupils,	
and	motor	flaccidity.	(4)	The	medullary	stage	is	terminal.	
It is characterized by periods of apnea associated with an 

irregular pulse hypotension.

Fig. 21.10 Central herniation (diencephalic stage).
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Fig. 21.11 Central herniation (midbrain–upper pons stage).
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Fig. 21.13 Central herniation (lower pons-upper medulla stage).

Fig. 21.12 Coronal T1-weighted MRI image showing large left 

temporal mass whose considerable mass effect includes down-

ward herniation (yellow brace) over the left tentorial insecure 

(red arrow)
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Subtentorial Lesions: Foramen Magnum Herniation

See Fig. 21.14.

Subtentorial structural lesions cause clinical deterio-

ration marked by coma and focal brainstem signs. They 

often develop rapidly and do not exhibit the rostrocaudal 

progression associated with supratentorial lesions. Rapid 

progression occurs in part because of the small size of the 

subtentorial mass.

Pathologically, subtentorial lesions may cause coma 

by destroying or compressing brainstem tissue. Brain-

stem compression results from one or more of three 

pathological mechanisms: (1) direct compression of the 

midbrain–pontine reticular formation, (2) upward herni-

ation of the cerebellar vermis through the tentorial open-

ing, compressing the midbrain and diencephalon, or (3) 

downward herniation of the cerebellar tonsils through 

the foramen magnum, compressing and displacing the 

medulla.

Clinically, destructive lesions can often be precisely 

localized by the brainstem signs that accompany the de-

velopment of coma: (1) midbrain lesions are associated 

with	midposition	fixed	pupils	and	long	tract	motor	signs	
secondary to involvement of the cerebral peduncles. (2) 

Rostral pontine lesions are associated with pinpoint pu-

pils caused by interruption of sympathetic pathways and 

internuclear ophthalmoplegia caused by damage to the 

medial longitudinal fasciculus. (3) Lower pontine lesions 

are associated with pinpoint pupils and abnormal lateral 

conjugate gaze secondary to involvement of the para-

median pontine reticular formation. Usually these are 

accompanied by variable motor signs and an abnormal 

pattern of respiration.

Upward herniation of the cerebellar tonsils through 

the foramen magnum causes compression of the medulla 

with resultant respiratory and circulatory collapse. Coma 

then results from anoxia secondary to cardiopulmonary 

failure, rather than medullary compression per se.

Fig. 21.14 Subtentorial lesions.
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Diffuse Brain Dysfunction (Metabolic 
Encephalopathies)

See Fig. 21.15.

In contrast to the clinical rostrocaudal deterioration 

of supratentorial lesions and the easily localized signs 

of subtentorial lesions, the metabolic encephalopathies 

produce signs of partial dysfunction at many levels of the 

neuraxis.

The	finding	of	reactive	pupils	in	the	presence	of	wide-

spread brainstem dysfunction is the hallmark of the met-

abolic encephalopathies.

Hyper-	or	hypoventilation	 is	usually	nonspecific	and	
simply	reflects	widespread	brainstem	depression.

The	eyes	first	rove	randomly,	and,	as	the	coma	deep-

ens, they come to rest in the forward position. Tonic con-

jugate lateral deviation of the eyes suggests the presence 

of a structural lesion.

Motor abnormalities in the comatose patient with 

metabolic encephalopathy are of two types: (1) nonspe-

cific	changes	that	progress	with	deepening	of	coma	from	
mildly increased tone to decorticate and decerebrate ri-

gidity, and (2) abnormal involuntary movements that are 

characteristic of metabolic disease. The latter includes 

tremor, which is coarse and irregular and usually absent 

at	rest;	asterixis,	which	is	a	flapping	movement	of	dorsi-
flexed	hands	 that	 represents	sudden,	arrhythmic	 lapses	
of postural tone; and multifocal myoclonus, which con-

sists of startle-like muscle group contractions that are 

irregular in rhythm and amplitude, and asymmetric and 

asynchronous in distribution.

Fig. 21.15 Diffuse brain dysfunction.
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Coma

Comatose patients exhibit no eye opening, follow no 

commands, demonstrate neither verbal nor nonverbal 

communication, and manifest no purposeful movement 

(although	reflexive	movements	may	occur).

Vegetative State

If coma is a state of complete unconsciousness, with no 

eye opening, the vegetative state is a state of complete 

unconsciousness with some eye opening and periods of 

wakefulness and sleep. It is the presence of the sleep–

wake cycle with periodic eye opening that distinguishes 

this state from coma. Other observed behaviors may 

include unintelligible verbalizations, facial expression 

(without apparent cause), brief tracking eye movements, 

and a startle response (to loud noises). Like coma, how-

ever, patients in a vegetative state do not follow com-

mands, do not communicate either verbally or nonver-

bally, and do not demonstrate purposeful movements. 

Afflicted	 patients	 may	 be	 characterized	 as	 exhibiting	
wakefulness without awareness. Vegetative state, in other 

words, is a wakeful state, but it is a wakeful state marked 

by the complete inability to experience self or environ-

ment.	After	4	weeks,	this	state	is	considered	“persistent”;	
after 3 months (nontraumatic brain injury), or 12 months 

(traumatic brain injury), this state is considered perma-

nent.

Altered States of Consciousness

Other states of diminished consciousness, in order of in-

creasing consciousness, include (1) the vegetative state, 

(2) the minimally conscious state, and (3) the confusional 

state.  Typically, brain injured patients pass through vari-

ous phases of recovery, a process that can stop at any one 

of these phases, which, on a continuum from complete 

unconsciousness to an increasing level of consciousness, 

form distinct divisions from coma to the vegetative state, 

to the minimally conscious state, and to the confusional 

state.  

Depending on the severity of injury, not all of these 

phases emerge. For example, a less severely injured pa-

tient	may	transition	rapidly,	seemingly	“skipping”	inter-

mediate phases which may be poorly recognized, or not 

occur at all. By contrast, more severely injured patients 

may stall at one stage or another, never transitioning to 

a higher level of recovery. Rarely does coma last more 

than 4 weeks. And while some coma patients move from 

coma to the vegetative state, others pass from coma to a 

state of semi-consciousness, although they rarely emerge 

directly to normal consciousness.

Among patients who remain in the vegetative state 

for 1 month after traumatic brain injury, approximately 

50% will eventually recover consciousness. A grimmer 

fate	awaits	those	who	suffer	nontraumatic	brain	injuries,	
such	as	deprivation	of	blood	flow	or	deprivation	of	oxy-

gen after cardiac arrest. Those who lapse into a persistent 

vegetative state may survive for years.
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Minimally Conscious State

On a continuum of increasing consciousness after the 

vegetative state, the minimally conscious state comprises 

a	state	of	limited,	but	definite,	awareness	of	self	and	envi-
ronment. Thus, the patient in a minimally conscious state 

may occasionally follow commands, communicate yes or 

no (verbally or by gesture), speak some understandable 

words or phrases, respond to people, things, or events 

with behaviors such as crying, smiling, or laughing, make 

sounds or gestures, reach for objects, try to hold or use 

objects, or visually focus on moving or still people or 

things. Signs of awareness, however, are characteristically 

inconsistent.  

Emergence from a minimally conscious state requires 

consistent volitional behavior.  

Confusional State

After emerging from a vegetative state (or directly 

from a comatose state), brain injured patients typically 

 transition to a confusional state (compare the minimally 

conscious state). Such patients may communicate, fol-

low commands, and use objects consistently, while they 

exhibit disorientation, and severe impairments in atten-

tion,	memory,	and	other	cognitive	functions,	a	fluctuating	
level of responsiveness, restlessness, sleep disturbance, 

daytime lethargy, and delusions or hallucinations. Once 

the confusional state is attained, it portends further im-

provement, the extent of which is typically determined 

by the severity of the initial injury, the presence and ex-

tent of medical comorbidities, and the duration of the 

confusional state.

Lastly, the following rule should be remembered in the 

evaluation of the patient with an apparent altered con-

sciousness: In order to establish the presence of a truly 

diminished level of consciousness it is necessary to ex-

clude other causes of nonresponsiveness such as  aphasia, 

agnosia, apraxia, or sensory or motor  impairment. A 

quadriplegic,	 or	 a	 “locked-in	 patient,”	 for	 example,	
 cannot respond with movement, nor can an aphasic re-

spond verbally; however, neither condition is necessarily 

associated with an altered consciousness.

Table 21.1 Coma, vegetative state, and minimally conscious state compared

Coma Vegetative State Minimally Conscious State

Eye opening No Yes Yes

Sleep–wake cycles No Yes Yes

Visual tracking No No Often

Spontaneous movement Posturing/None Reflexive/Patterned Automatic/Object manipulation

Response to pain Posturing/None Posturing/Withdrawal Localization

Object recognition No No Inconsistent

Follows commands No No Inconsistent

Verbalization No Random vocalization Intelligible words

Communicates No No Inconsistent

Affective response No Random Contingent
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Learning Objectives

•	 Compare	and	contrast	declarative	and	nondeclarative	memory,	and	semantic	and	episodic	memory.
•	 Know	the	anatomic	substrate	that	distinguishes	long-term	from	short-term	memory.
•	 Understand	what	mental	activity	helps	sustain	working	memory.
•	 Describe	the	role	played	by	the	medial	temporal	lobe	in	long-term	memory	storage.
•	 Identify	where	in	the	brain	long-term	memories	are	stored.
•	 Describe	the	general	process	by	which	the	medial	temporal	lobe	consolidates	long-term	memories.
•	 Name	the	medial	temporal	lobe	structures	relevant	to	memory.
•	 Identify	the	structures	that	form	afferent	and	efferent	connections	with	the	hippocampus.
•	 Understand	some	of	the	basic	cellular	mechanisms	by	which	memories	are	consolidated,		

including	the	differences	between	short-term	and	long-term	consolidation	mechanisms.
•	 Describe	LTP,	and	its	role	in	long-term	memory.
•	 Identify	some	of	the	common	types	of	memory	failure.
•	 Compare	and	contrast	the	distinctive	features	that	characterize	memory	loss	due	to	normal		

aging	versus	that	due	to	Alzheimer’s	disease.

22 Memory

Any	cognizant	human	being	knows	intuitively	that	mem-
ory	is	fundamental	to	the	human	condition.	Whether	we	
remember	 it	 favorably—“God	 gave	 us	 memory	 so	 that	
we	 may	 have	 roses	 in	 December”—or	 prefer	 to	 forget	
it—“Happiness	 is	 good	 health	 and	 a	 bad	memory”—we	
are	hard	pressed	to	deny	that	memory	is	the	queen	of	the	
human	faculties.

You	may	ask:	Why	include	memory	in	a	book	on	neu-
roanatomy	 and	 neurologic	 diagnosis?	 Because	 memory	
typifies	how	 form	and	 function	 emerge	 in	 the	brain	 to	
produce	the	endowment	that	best	defines	us—not	just	as	
humans,	 for	we	are	not	alone	in	our	capacity	for	mem-
ory,	but	as	truly	unique	individuals.	Surely,	we	would	be	
remiss—as	we	were	 in	 our	previous	 edition—to	discuss	
the	 faculties	 for	movement,	 somatic	 sensation,	 and	 the	
special	senses	with	no	mention	of	how	brain	structures	
permit	us	to	think,	learn,	and	remember.	

As	it	happens,	the	substrate	of	memory	defies	simple	
explanation:	on	one	 level,	memory	comprises	cells	 that	
signal	one	another	to	mark	a	record	in	the	brain	with	a	
plasticity	that	 is	modulated	by	activity	and	experience;	
on	 another	 level,	memory	 comprises	 brain	 circuits	 and	
systems.		

But	what	is memory?	From	where	does	it	originate?	Is	
there	more	than	one	kind?	What	brain	structures	enable	
it?	And	how	do	they	interact?	Finally,	what	happens—as	
it	so	often	does,	sometimes	temporarily,	sometimes	trag-
ically—when	memory	falters?

Short-Term and Long-Term Memory 
(Fig. 22.1)

The	 faculty	 of	 memory	 has	 long	 been	 understood	 to	
	constitute	more	than	one	memory	system;	the	most	ba-
sic	categories	are	the	short-term	memory	and	long-term	
memory	 systems.	 The	 distinction	 between	 these	 sys-
tems	is	well	established.		They	are,	in	fact,		fundamentally	
	different:	 not	 only	 are	 these	 memory	 types	 applied	
	differently,	 they	 are	 also	 based	 on	 different	 neural	
	mechanisms.
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Memory

Decalrative memory

(conscious)

Nondeclarative memory

(nonconscious)

Immediate memory

(typically 30 s or less)

Long-term memory

(dorsolateral prefrontal,
parietal, sensory cortices
PLUS hippocampus/medial
temporal lobe structures)

Short-term memory

(dorsolateral prefrontal,
parietal, sensory cortices

MINUS hippocampus/medial
temporal lobe structures)

Semantic memory

(facts)

Episodic memory

(experiences)

Skills, habits,
emotional learning,

reflexive learning

Working memory

(min/h; may transition
 to long-term memory)
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cortex,	 auditory	 cortex,	 and	 sensorimotor	 cortex	when	
visual,	 auditory,	 and	 touch	 information,	 respectively,	 is	
being	held	in	temporary	storage.	These	regions	have	re-
ciprocal	connections	with	the	frontal	lobe	where	work-
ing	memory	 information	may	 be	 held,	 and	which	may	
serve	the	executive	function	of	guiding	information	flow.	
Think	of	the	frontal	lobe	as	a	CEO	tasked	with	establish-
ing	rules	so	that	memories	may	be	accessed	strategically.

Long-Term Memory

Like	 immediate	 and	working	memory,	 long-term	mem-
ory	 storage	 requires	 the	 cooperation	 of	 disparate	 brain	
	regions,	with	the	following	difference:	Long-term	mem-
ory	is	distinguished	by	the	part	played	by	medial	temporal	
lobe	structures,	including	the	hippocampus,	brain	regions	
conspicuously	not	involved	in	short-term	memory.

Two	 systems	of	 long-term	memory	 are	distinguished	
based	on	what	and	how	things	are	remembered:	“declar-
ative”	 memories	 refer	 to	 conscious	 memories	 of	 facts	
and	 experiences;	 “non-declarative”	 memories	 refer	 to	
non-conscious	memories	of	skills.		Declarative	memories	
may	be	further	specified	as	“semantic”	(memory	of	facts)	
or	“episodic”	(memory	of	experiences).

Declarative and Nondeclarative 
Memories (Fig. 22.1)

Declarative	 memory	 refers	 to	 those	 memories	 we	 are	
conscious	of;	nondeclarative	memory	refers	to	those	that	

Short-Term Memory: Immediate and 
Working Memory

What	has	 traditionally	been	called	short-term	memory	
has	largely	been	replaced	by	the	concepts	of	immediate	
memory	and	working	memory.	Immediate memory	refers	
to	 information	actively	held	 in	mind:	 it	 is	characteristi-
cally	 limited	 in	 capacity—typically	no	more	 than	 seven	
items—and	short	in	duration—typically	no	more	than	30	
seconds	 (unless	 the	 information	 is	 rehearsed).	 Working 

memory	 is	more	durable.	 It	may	persist	as	a	 temporary	
memory	 lasting	 for	 minutes	 or	 hours,	 but	 it	 may	 also	
transition	to	become	a	stable	long-term	memory.		

Neither	 immediate	 memory	 nor	 working	 memory,	
however,	 functions	 as	 a	 single	 storage	 system	 through	
which	 all	 memories	 pass	 on	 their	 way	 to	 long-term	
storage.	Rather,	they	appear	to	constitute	a	collection	of	
parallel	processing	systems	containing	temporary	mem-
ories;	and	different	types	of	these	systems	exist.	For	ex-
ample,	one	type,	the	so-called	phonological	loop,	permits	
temporary	 storage	 of	words	 and	meaningful	 sounds	 as	
when	we	hold	 in	mind	 a	 telephone	 number	 before	we	
dial	 it.	 Another	 type,	 a	 temporary	 visuospatial	 storage	
system,	allows	us	to	keep	in	mind	faces	or	the	floor	plan	
of	a	home.		

Working	memory	has	been	associated	with	 the	dor-
solateral	 prefrontal	 cortex,	 the	 parietal	 cortex,	 and	 the	
sensory	 cortices.	 (This	 is	 similar	 to	 long-term	memory	
structures,	minus,	 importantly,	 the	hippocampus.)	 Sus-
tained	neuronal	 activation	has	 been	 observed	 in	 visual	

Fig. 22.1 Types of memory. The faculty of memory comprises 

distinct memory systems, as illustrated in this flowchart.
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III System-based Anatomy and Differential Diagnosis548

Pathways of Long-Term Memory

Let	us	consider	by	way	of	example	what	happens	in	the	
time	between	seeing	an	object	and	storing	it	in	long-term	
memory.	

Visual	 perception	 begins	 when	 light	 enters	 the	 eye	
and	is	refracted	by	the	cornea,	passes	through	the	pupil,	
is	 further	 refracted	 by	 the	 lens,	 and	 then	 lands	 on	 the	
retina,	whence	it	travels	via	the	optic	nerve,	through	the	
optic	chiasm,	and	is	then	passed	to	the	lateral	geniculate	
body	 (LGB)	of	 the	 thalamus	via	 the	optic	 tract;	 relayed	
from	 the	 LGB	 through	 the	 optic	 radiation	 it	 arrives,	 fi-
nally,	in	brain	area	V1,	the	primary	visual	cortex,	where	
memory	storage	may	commence	(Fig.	22.2a).

The	 visual	 input	 received	 by	 area	V1	 then	 proceeds	
along	 two	 anatomically	 distinct	 paths	 (Fig.	 22.2b).	One	
path,	a	 “ventral”	stream,	flows	 forward	 to	 the	 temporal	
lobe,	 culminating	 in	 the	 inferior	 temporal	 cortex	 (area	
TE).	The	information	is	then	analyzed	by	area	TE,	which	
measures	the	visual	form	and	quality	of	the	object	per-
ceived.	 A	 second,	 “dorsal”	 stream	flows	 forward	 to	 the	
parietal	cortex	(area	PG),	where	area	PG	analyzes	the	lo-
cation	of	the	perceived	object	in	space.	Thus,	two	parallel	
paths,	 one	 ventral	 and	 one	 dorsal,	 activate	 simultane-
ously,	and	terminate	in	separate	brain	regions	that	ana-
lyze	the	visual	input	in	two	distinct	ways.		Moreover,	this	
information	 can	persist	 in	working	memory	 so	 long	 as	
neural	activity	is	sustained	as	these	two	systems	connect	
reciprocally	with	the	frontal	cortex.	Rehearsal	of	the	ma-
terial	to	be	remembered	sustains	this	neuronal	activity;	
redirect	 your	 attention—and	 thus	 terminate	 rehearsal—
and	the	memory	fades	quickly.

Such	 temporarily	 stored	 information,	 however,	 need	
not	 vanish:	 it	 can	 also	 enter	 long-term	 memory.	 The	
medial temporal lobe	 facilitates	 this	 transition—but	 not	
as	 the	 ultimate	 long-term	 memory	 receptacle.	 Rather,	
the	 medial	 temporal	 lobe’s	 role	 in	 long-term	 memory	
formation	 consists	 in	 a	 process	 called	 consolidation—a	
sort	 of	 preparatory	 phase	 for	 information	 intended	 for	
long-term	 storage.	 The	 actual	 repository	 for	 long-term	
memory	comprises	instead	the	same	structures	that	have	
perceived,	processed,	and	analyzed	the	information	to	be	
stored,	namely,	area	TE,	area	PG,	and	other	areas.

are	 nonconscious.	 Examples	 of	 the	 former	 are	 remem-
bering	a	phone	number	or	remembering	a	childhood	ex-
perience.	 Examples	 of	 the	 latter	 are	 skills,	 for	 instance,	
the	“muscle	memory”	exhibited	when	we	play	the	piano	
or	ride	a	bike.	But	nondeclarative	memory	capacity	goes	
beyond	muscle	memory	and	other	skills,	encompassing	
habits,	emotional	learning,	and	reflexive	forms	of	learn-
ing	 such	 as	 associative	 learning	 (classical	 and	 operant	
conditioning)	 and	 nonassociative	 learning	 (habituation,	
sensitization)	 (Table	 22.1).	 What	 particularly	 charac-
terizes	nondeclarative	learning	is	that	it	occurs	without	
awareness.	 The	 study	 of	 nondeclarative	 learning	 and	
memory	has	historically	been	the	realm	of	psychologists;	
in	this	chapter,	we	shall	focus,	for	the	most	part,	on	the	
processes	involving	declarative	memory.

Semantic and Episodic Memories 
(Fig. 22.1)

Declarative	 memory	 comes	 in	 two	 forms:	 semantic	
memory—the	memory	for	facts—and	episodic	memory—
the	memory	for	experiences.	Semantic memory	allows	us	
to	 recall	 the	 date	 and	 events	 of	 the	 French	Revolution;	
episodic memory	allows	us	to	recall	where	and	when	we	
learned this	information.	Spatial	and	temporal	memory—
the	where	and	when	of	learned	material—is	thus	central	
to	episodic	memory.	The	frontal	lobe	plays	a	major	role	
in	this	form	of	memory.	This	latter	observation	is	consist-
ent	with	 the	 fact	 that	 children	 and	 the	 elderly—whose	
frontal	lobes	are	less	developed	(children)	or	vulnerable	
to	 compromise	 (the	elderly)—have	more	difficulty	with	
spatial	and	temporal	memory,	as	do	patients	with	frontal	
lobe	 damage.	Whether	 animals	 are	 capable	 of	 episodic	
memory	is	not	known	(and	difficult	to	discern);	however,	
the	enlarged	frontal	lobes	possessed	by	Homo sapiens	is	
consistent	with	the	proposition	that	episodic	memory	is	
peculiarly	human.

Table 22.1 Nondeclarative memory

Types Definitions

Habits Behavioral routines, repeated regularly, usually subconsciously

Skills Ability acquired by training

Emotional learning Acquisition of skills/attitudes necessary to understand/manage emotions, set goals,  

show empathy, manage conflicts, etc.

Classical conditioning A form of associative learning in which two stimuli are linked to produce a new learned response

Operant conditioning A form of associative learning in which the strength of a behavior is modified by reinforcement or punishment

Habituation A form of nonassociative learning in which there is a decline in responding to a repeated stimulus

Sensitization A form of nonassociative learning in which there is a progressive amplification in responding to a repeated 

stimulus
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III System-based Anatomy and Differential Diagnosis550

thing	happened:	H.M.	suffered	permanent	and	profound	
forgetfulness.	The	case	of	H.M.	has	been	 studied	 inten-
sively,	and	these	studies	reveal	that	while	H.M.	retained	
his	capacity	for	immediate	recall	and	working	memory,	
he	was	totally	incapable	of	forming	long-term	memories.

As	 it	happens,	 in	order	 to	establish	 long-term	mem-
ory,	 the	medial	 temporal	 lobe	must	 first	 store	 aspects	
of	 the	 developing	memory,	 and	 then	 interact	with	 the	
cortical	areas	that	perceived	and	processed	what	is	to	be	
remembered.	In	the	absence	of	this,	long-term	memory	
is	impossible,	a	reality	that	plagues	Alzheimer’s	patients	
whose	degenerative	disease	targets	the	medial	temporal	
lobe	early.	(Whether	this	disease	or	other	forms	of	pro-
found	forgetfulness	represent	a	permanent	loss	of	stored	
memories,	or	simply	loss	of	access	to	them,	is	a	tantaliz-
ing	 question.	 Evidence	 seems	 to	 favor	 the	 former.)	Nor	
does	damage	to	medial	temporal	lobe	structures	discrim-
inate	 among	 items	 to	 be	 remembered:	 bilateral	medial	
	temporal	lobe	loss	extinguishes	remembrance	of	names,	
faces,	 odors,	 objects,	 and	musical	 phrases	 alike;	 and	 it	
likewise	involves	widespread	sensory	sources—prohibit-
ing	long-term	memories	from	perceptions	originating	in	
touch,	sight,	smell,	and	sound.	Notable	too	is	that	medial	
temporal	lobe	damage	affects	not	only	the	acquisition	of	
new	memories—its	primary	consequence—but	may	also	
affect	the	retrieval	of	previously	stored	ones.	Finally,	and	
rather	interestingly,	the	clinical	deficit	produced	by	iso-
lated	medial	temporal	lobe	damage—long-term	memory	
loss—is	discrete:	other	cognitive	functions,	including	for	
example	perceptual	ability,	persist	unscathed.

The Functional Anatomy of the Medial  
Temporal Lobe

The	medial	 temporal	 lobe	 comprises	 the	hippocampus,	
the	 amygdala,	 and	 surrounding	 cortex	 which	 is	 com-
posed	of	the	perirhinal	cortex,	the	entorhinal	cortex,	and	
the	parahippocampal	cortex	(Fig.	22.3).	The	amygdala,	as	
discussed	 in	 the	 chapter	 on	 the	 Limbic	 System,	 plays	 a	
main	role	in	human	emotion	(and	emotional	memory);	
it	does	not	appear	to	participate	in	declarative	memory.	
Cell	 groups	of	 the	hippocampus	critical	 to	memory	are	
contained	in	the	so-called	CA1	and	CA3	regions.		The	cor-
tex	surrounding	the	hippocampus	is	crucial	 to	memory	
formation.		

But	how	do	the	medial	temporal	lobe	structures	con-
solidate	long-term	memories?	This	task	is	accomplished	
by	 changes	 in	 the	 neurons	 that	 constitute	 these	 struc-
tures.	 Such	 changes	 have	 been	 demonstrated	 in	 exper-
iments	 in	which	 neurons	 acquire	 stable	 new	 response	
properties	as	a	result	of	training.	By	recording	neuronal	
activity	in	the	inferior	temporal	lobe	of	monkeys,	scien-
tists	 have	 shown	 that	 the	 response	 pattern	 of	 neurons	
can	be	altered	as	a	result	of	training—and	that	these	new	
response	patterns	can	be	“remembered.”	What	is	more,	
these	 altered	 neuronal	 response	 patterns	 developed	
during	 training	have	been	 shown	 to	parallel	 behavioral	
learning.	 (We	 will	 have	 more	 to	 say	 later	 about	 what	
these	neuronal	changes	consist	in.)

Other	 studies	 have	 also	 shown	 that	 the	 location	 of	
information	storage	is	highly	specific.	Thus,	the	cortical	
areas	 responsible	 for	 remembering	 the	names	of	 tools	
are	separate	anatomically	from	the	areas	responsible	for	
the	names	of	animals.	Further,	the	areas	active	during	the	
learning	of	items	for	a	particular	category	are	also	active	
during	 the	 recall	 of	 these	 items,	 not	 only	 highlighting	
neural	 specificity,	 but	 also	 corroborating	 that	 the	
brain	areas	 involved	 in	perception	and	processing	also	
participate	in	memory	storage.

The Medial Temporal Lobe and Long-Term Memory

As	already	mentioned,	the	medial	temporal	lobe	plays	no	
role	in	immediate	and	working	memory.	These	memories	
rely	only	on	the	cortices	other	than	the	medial	temporal	
lobe.	 	Due	 to	 absence	of	 access	 to	 the	medial	 temporal	
lobe,	in	the	early	stages	of	memory	formation,	items	can	
only	be	maintained	in	memory	so	long	as	they	remain	“in	
view,”	or	at	least	as	long	as	the	material	can	be	rehearsed.	
Terminate	rehearsal,	and	memories	perish	quickly—often	
in	seconds.

To	establish	a	long-term	memory	the	medial	temporal	
lobe	 is	 crucial.	 There	 is	 no	 better	way	 to	 illustrate	 the	
critical	 role	 of	 the	 medial	 temporal	 lobe	 in	 long-term	
memory	 than	 the	 famous	 case	 of	 patient	H.M.,	 a	 hap-
less	sole	who	suffered	a	head	injury,	burdening	him,	as	a	
consequence,	with	intractable	seizures.	In	a	daring	(and	
successful)	attempt	to	cure	his	epilepsy	patient	H.M.	un-
derwent	 surgical	 removal	 of	 both	 his	medial	 temporal	
lobes,	including	the	hippocampi.	And	then	an	unexpected	
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cortical	regions	gradually	undergo	change—establishing,	
for	example,	new	synaptic	connections—broadening	the	
complexity	 and	 distribution	 of	memory	 storage	 to	 en-
compass	disparate	cortical	regions.	A	precise	explanation	
of	the	underlying	neural	events	involved	in	stabilization	
remains	elusive,	but	more	will	be	said	about	this	below.

Of	particular	interest	to	sleep-deprived	students	is	the	
observation	that	the	stabilization	of	memories	continues	
during	sleep.	Animal	studies	have	shown	that	the	neural	
activity	evoked	in	learning	continues	during	subsequent	
sleep.	After	training,	the	dialogue	between	the	hippocam-
pus	and	the	neocortex,	detected	during	slow-wave	sleep,	
suggests	 a	 role	 for	 the	hippocampus	 like	 that	 of	 an	or-
chestra	conductor	directing	the	players	(the	neorcortex)	
to	establish	more	permanent	and	stable	memories.	 (Al-
ternatively,	this	soporific	task	may	be	better	understood	
as	an	attempt	to	fend	off	forgetfulness,	rather	than	as	an	
advance	of	long-term	memory	storage.)	Caveat discipuli:	
all-nighters	impair	memory	performance!

In	 sum,	 the	 reorganization	and	 stabilization	of	 long-
term	memory	 takes	days,	months,	 or	 years—depending	
on	the	material	learned—and	it	appears	to	consist	in	the	
gradual	formation	of	links	between	widespread	cortical	
areas.

Memory at the Cellular and 
Molecular Level 

Missing	 from	what	has	been	said	 so	 far	about	memory	
is	an	answer	to	this	fundamental	question:	What	are	the	
neural	mechanisms	that	underlie	our	capacity	for	mem-
ory?	As	this	is	an	anatomy	book,	we	will	have	to	satisfy	
ourselves	with	only	a	brief	and	limited	summary	of	this	
fascinating	topic.

Mechanisms in Nondeclarative Memory

Synaptic	connections	between	neurons	are	not	fixed:	they	
can	be	modified	by	learning.	What	is	more,	such	changes	
in	synaptic	strength—the	basic	building	blocks	of	memory	
storage—are	durable.	Several	mechanisms	exist	whereby	
synaptic	connections	are	modified.	The	most	common	of	
these	mechanisms—and	there	are		others—is	an	alteration	
in	the	number	of	synaptic	vesicles	released	by	the	presyn-
aptic	terminals,	a	mechanism	that	may	coexist	with	other	
mechanisms,	such	as	a	change	in	the	shape	or	structure	
of	 a	 presynaptic	 terminal.	 	Habituation—a	 type	 of	 non-
declarative	memory	characterized	by	learning	to	ignore	
repeated	 unimportant	 	stimuli—provides	 an	 	excellent	
	example	of	this:	underlying	habituation	is	the	loss	of	syn-
aptic	strength	among	the	neuronal	connections	activated	
by	the	perceived	stimuli.	The	modified	neurons	and	their	
connections	that		constitute	the	substrate	of	nondeclara-
tive	memory	are	identical	to	those	connections	activated	
during	the	behavior	being	modified.		

The	major	projections	on	the	hippocampus	originate	in	
the	entorhinal	cortex,	which	receives	projections,	in	turn,	
from	 the	perirhinal	 and	parahippocampal	 cortical	 areas.	
All	three	cortices	both	send	and	receive	projections	to	and	
from	other	cortical	areas	widely.	And	yet	they	are	not	mere	
funnels	for	the	hippocampus	to	receive	information	from	
elsewhere	 in	 the	brain:	 they	are	 important	 to	 long-term	
memory	storage	in	their	own	right.	In	fact,	direct	damage	
to	these	cortices	produces	more	profound	memory	deficits	
than	isolated	damage	to	the	hippocampus.	It	appears	then	
that	rather	than	the	medial	temporal	lobe	functioning	as	a	
single	memory	system,	various	parts	of	this	brain	region	
serve	subfunctions	in	the	process	of	remembering.

Memory Stability

Memories	are	not	fixed	at	the	time	of	learning.	Rather,	the	
process	of	establishing	a	persisting	and	stable	declarative	
memory	takes	time:	in	fact,	it	continues	in	the	hours	after	
the	material	to	be	remembered	is	learned.	In	this	interval	
between	 learning	and	memory	fixation,	 the	memory	 is	
vulnerable	 to	 disruption.	 This	 process	 of	memory	fixa-
tion	and	stabilization—a	process	 termed	consolidation—
requires	the	medial	temporal	lobe	and	may	develop	over	
years.	 The	 robustness	 of	 memories	 thus	 stabilized	 is	
demonstrated	by	the	observation	that	damage	to	mem-
ory-related	 brain	 structures	 impairs	more	 recently	 ac-
quired	memories	first	and	more	profoundly	as	compared	
to	more	remotely	acquired	memories.	This	so-called	“ret-
rograde	amnesia”	(the	loss	of	memories	acquired	before	
a	brain	insult)	thus	exhibits	a	“temporal	gradient,”	illus-
trating	how	 resistance	 to	memory	disruption	gradually	
develops	 over	 long	 time	 periods,	 as	memories	 become	
increasingly	stabilized.

That	damage	to	the	medial	temporal	lobe,	as	shown	in	
experimental	animal	studies,	produces	deficits	in	recent	
memory	while	remote	memories	are	relatively	preserved	
also	supports	the	concept	that	 long-term	memories	are	
ultimately	stored	(as	already	mentioned)	not	in	the	me-
dial	temporal	 lobe,	but	in	the	neocortex.	The	concept	is	
further	 corroborated	by	 studies	of	patients	with	 lateral	
temporal	or	prefrontal	cortical	injuries,	in	whom	remote	
memories	are	impaired.

The	hippocampus,	it	seems,	gradually	withdraws	from	
the	process	of	memory	fixation	over	a	period	of	days	to	
months,	 allowing	memories	 to	be	 stored	 in	neocortical	
areas	where	 the	memories	 are	 stabilized.	Once	fixated,	
these	memories	may	be	slowly	influenced	by	other	cor-
tical	 information;	but	 they	 remain	 relatively	 stable	and	
robust.	Are	memories	then	literally	transferred	from	the	
hippocampus	 to	 the	 neocortex	 for	 permanent	 storage?	
The	answer	is	more	nuanced:	as	time	elapses	after	learn-
ing,	the	neocortex	gradually	assumes	more	responsibility	
in	preserving	memory,	 acting	as	 the	ultimate	keepsake	
of	declarative	memory	in	the	sense	that	over	time	these	
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Neural networks	 comprise	 both	 long-range	 connec-
tions	between	disparate	brain	regions	and	local	circuits.	
These	 network	 connections	 can	 sustain	 neuronal	 firing	
by	the	use	of	recurrent	excitatory	connections,	a	process	
termed	 reverberatory activity.	 Another	mechanism	 cre-
ates	a	positive	feedback	loop,	known	as	disinhibition,	by	
activating	reciprocal	inhibitory	synapses	between	popu-
lations	of	neurons.	In	this	case,	for	example,	the	activation	
of	an	inhibitory	neuron	population	A	leads	to	decreased	
output	 in	 an	 inhibitory	 neuron	 population	 B,	which	 in	
turn	disinhibits	population	A,	further	enhancing	A’s	fir-
ing	rate,	and	so	on.

In	 addition	 to	 the	 above	 two	mechanisms,	 the	 effi-
ciency	of	working	memory	and	the	persistent	activity	in	
the	prefrontal	cortex	also	appears	to	depend	on	the	mod-
ulatory	 transmitter	 dopamine,	 enhanced	 by	 the	 seem-
ingly	ubiquitous	cAMP	second	messenger	system.

Long-Term Memory Neural Mechanisms

In	contrast	to	declarative	working	memory,	which,	as	we	
have	seen,	depends	on	persistent	neural	firing,	declara-
tive	long-term	memory	depends	on	long-lasting	changes	
in	synaptic	connections.	And	central	anatomically	is	the	
hippocampus	and	its	associated	structures	in	the	medial	
temporal	lobe.	We	have	previously	emphasized	this.	Left	
unexplained	so	far	are	the	neural	mechanisms	involved	
in	establishing	these	enduring	changes	in	synaptic	con-
nections.	The	topic	is	complex,	and	a	detailed	description	
of	it	is	beyond	the	scope	of	this	text.

Long-Term Potentiation (LTP)

One	 of	 the	 fundamental	 neural	 mechanisms	 that	 un-
derlie	 long-term	memory	formation	in	the	medial	tem-
poral	 lobe	 structures	 is	 long-term potentiation (LTP),	 a	
long-lasting	increase	in	neuronal	excitatory	postsynaptic	
potentials	(EPSPs).	In	reality,	LTP	is	a	family	of	processes	
rather	than	a	single	process,	with	each	process	employing	
a	 slightly	 different	 set	 of	 second	messenger	molecules.	
Some	 of	 these	 molecules	 work	 presynaptically,	 others	
postsynaptically,	 still	others	 in	both.	Several	 features	of	
LTP	explain	 its	ability	 to	efficiently	strengthen	synaptic	
connections.	First,	it	is	rapidly	induced:	a	single	high-fre-
quency	train	of	electrical	stimuli	can	double	the	strength	
of	a	 synaptic	connection.	Second,	 it	 is	widespread;	 it	 is	
employed	by	each	of	the	major	pathways	carrying	infor-
mation	to	and	from	the	hippocampus.	Third,	it	is	stable,	
lasting	for	hours	or	even	for	up	to	days	once	induced.	It	is	
not	likely	coincidental	that	the	qualities	of	speed	and	du-
rability,	present	in	LTP,	meet	the	demands	of	the	memory	
process	itself.

There	are	two	forms	of	LTP	found	among	different	hip-
pocampal	pathways:	a	nonassociative	form	that	depends	
only	on	presynaptic	activity;	and	an	associative	form	in-
volving	both	pre-	and	postsynaptic	activities.	

Both	 short-term	 and	 long-term	 memories	 uti-
lize	 a	 similar	 substrate;	 but	 whereas	 the	 synaptic	
	modifications—the	 changes	 in	 synaptic	 strength—that	
produce	short-term	memories	persist	for	short	term,	the	
synaptic	modifications	that	produce	long-term	memories	
persist	 in	 the	 long	 term.	Further,	both	short-	and	 long-
term	memories	can	share	the	same	synaptic	connections.	
	Finally,	the	induction	of	these	changes	does	not	require	
intensive	 training:	 durable	 synaptic	modifications	may	
be	achieved	with	only	brief	training.

In	their	attempt	to	understand	memory	at	a	molecular	
level,	 scientists	have	uncovered	 the	use	of	 second	mes-
senger	systems—such	as	the	cAMP	pathway—that	can	in-
fluence	 synaptic	 behavior	 by	 increasing	 (or	 	decreasing)	
neurotransmitter	release	at	synaptic	junctions.		Molecular	
systems	such	as	 the	cAMP	pathway	provide	 the	advan-
tage	of	altering	neurotransmitter	release	by	a	single	ac-
tion	 potential.	 They	 also	 exhibit	 the	 same	 economy	 as	
the	synaptic	connections	that	participate	in	learning	and	
memory	 formation	 since	 they	 are	 not	 specific	 for	 this	
function:	in	fact,	it	is	an	important	and	general	principle	
that	there	is	no	neuronal	(or	molecular)	system	exclusive	
to	the	formation	of	memory.	The	components	of	memory	
formation,	in	other	words,	are	shared	with	non-	memory-
related	systems.

Mechanisms in Declarative Memory

We	 have	 previously	 identified	 the	 importance	 of	 the	
prefrontal	 cortex	 and	 the	medial	 temporal	 lobe	 struc-
tures	to	the	formation	of	declarative	memory.	In	essence,	
whereas	nondeclarative	memory	depends	on	the	direct	
alteration	of	synaptic	connections	in	those	brain	regions	
that	 perceived	 and	 processed	 the	 received	 information	
initially,	 declarative	memory	 depends	 on	 an	 additional	
loop:	a	 loop	to	and	from	the	medial	 temporal	 lobe.	But	
by	what	 cellular mechanisms	 do	 all	 these	 brain	 regions	
encode	and	store	memory?	Working	memory	and	long-
term	memory	mechanisms	appear	to	be	different.

Working Memory Neural Mechanisms

Persistent	neural	firing	 in	the	prefrontal	cortex	appears	
to	underlie	the	lasting	quality	of	working	memory.	How	
this	 is	 achieved	 varies,	 but	 two	mechanisms	 identified	
are	 (1)	 intrinsic	membrane	properties and	 (2)	network	
connections.	

The	 intrinsic membrane properties	 of	 neurons	 in	 the	
entorhinal	and	prefrontal	cortices—brain	regions	known	
to	participate	in	working	memory—exhibit	sensitivity	to	
acetylcholine	 exposure.	 Using	 a	 voltage-gated	 calcium	
cation	 channel,	 activated	 by	 exposure	 to	 extracellular	
acetylcholine,	a	positive	 feedback	 loop	 is	established	 in	
these	neurons,	inducing	a	long	train	of	action	potentials	
that	outlasts	a	brief	initial	stimulus.
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When Memory Fails

Types of Memory Failure

Typical Forgetting

The	benign	forgetfulness	that	periodically	frustrates	our	
ability	to	recall	 is	usually	a	product	of	our	failure	to	at-

tend. Because	attention	 is	a	key	component	of	memory	
encoding,	 failure	 to	 attend	 is	 a	 common	 cause	 of	 typi-
cal	 forgetting.	 Brain	 regions	 associated	with	 successful	
memory	 encoding	 include	 the	 dorsolateral	 prefrontal	
cortex,	the	parietal	cortex,	and	the	medial	temporal	lobe.

Retrieval-induced Forgetting

In	 contrast	 to	 the	 inactive	process	of	 typical	 forgetting,	
retrieval-induced forgetting	is	an	active	process	whereby	
retrieval	of	a	memory	item	inhibits	retrieval	of	a	related	
item.	 Try	 to	bring	 to	mind	 the	 spinothalamic tract,	 and	
your	memory	representation	of	the	vestibulospinal tract	
will	 be	 relatively	 inhibited.	 Experiments	 have	 shown	
that	 the	 dorsolateral	 prefrontal	 cortex	 contributes	 to	
	retrieval-induced	forgetting.

Motivated Forgetting

Motivated forgetting	occurs	when	retrieval	of	an	unpleas-
ant	or	 traumatic	memory	 is	 suppressed.	Although	both	
involve	 active	 memory	 suppression,	 retrieval-induced	
forgetting	 is	 automatic,	 while	 motivated	 forgetting	 is	
intentional.	Motivated	 forgetting	 is	 associated	with	 de-
creased	activity	within	the	hippocampus	and	 increased	
activity	within	the	dorsolateral	prefrontal	cortex.

False Memories

Any	 good	 criminal	 defense	 attorney	 knows	 that	 wit-
nesses	 remember	 things	 that	 never	 happened—some-
times	 vividly.	 These	 are	 false memories.	 Interestingly,	
both	 true	 and	 false	 memories	 produce	 activity	 in	 the	
core	regions	associated	with	long-term	memory	retrieval	
including	the	dorsolateral	prefrontal	cortex,	the	parietal	
cortex,	the	hippocampus,	and	the	sensory	processing	re-
gions.	However,	functional	magnetic	resonance	imaging	
(fMRI)	studies	have	shown	that	true	memories	produce	
greater	 activity	 than	 false	memories	 in	 early	 visual	 re-
gions,	whereas	 false	memories	produce	greater	activity	
in	the	dorsolateral	prefrontal	cortex.	(The	hippocampus	
is	of	equal	importance	to	both	true	and	false	memories.)	
Should	courtrooms	introduce	fMRI?

New Protein Synthesis

Another	cellular	mechanism	on	which	 long-term	mem-
ory	formation	depends—but	short-term	memory	forma-
tion	does	not—is	the	synthesis	of	new	proteins.	Of	course,	
there	 cannot	be	new	protein	 synthesis	without	 genetic	
activity,	 and,	 indeed,	 the	 switching	on	and	off	of	genes	
has	proved	to	be	fundamental	to	long-term	memory	for-
mation.	But	by	what	mechanism	are	genes	switched	on	
(or	 off)	 during	 the	 transition	 from	 short-term	 to	 long-
term	memory	formation?	Among	the	5,000	or	so	genes	
that	 constitute	 the	 human	 genome,	 approximately	 20%	
encode	 transcriptional	 regulatory	 proteins—proteins	
whose	 function	 is	 to	 turn	 genes	 on	 or	 off.	 These	 pro-
teins	are	a	mix	of	activators	and	repressors	that	regulate	
gene	expression.	For	example,	it	is	by	repeated	exposure	
to	serotonin	that	gene	expression	is	 induced,	 leading	to	
long-term	memory.	 And	 the	mechanism	by	which	 ser-
otonin-induced	gene	expression	occurs	is	the	activation	
of	specific	transcription	factors	that	bind	the	control	re-
gion	 of	 those	memory-cell	 genes.	 By	 contrast,	 a	 single	
pulse	of	serotonin	will	strengthen	synaptic	activity,	but	
only	temporarily,	perhaps	for	minutes:	it	will	not	lead	to	
the	new	protein	synthesis	that	is	required	to	achieve	the	
more	long-lasting	synaptic	changes	that	are	the	hallmark	
of	long-term	memory.		

While	long-term	memory	is	promoted	by	protein	acti-
vators	that	turn	the	genetic	switch	“on,”	there	are	protein	
repressors	 that	 turn	 the	 genetic	 switch	 “off,”	 establish-
ing	 constraints	 (we	 know	 too	well)	 in	 our	 capacity	 for	
long-term	memory.	These	molecular	mechanisms	raise	a	
number	of	interesting	questions	about	memory	in	health	
and	disease:	Aside	from	the	loss	of	synapses,	and	the	in-
eluctable	loss	of	neurons	that	accompany	advancing	age,	
does	 a	 change	 in	 the	 ratio	 of	 activators	 and	 repressors	
contribute	 to	 geriatric	memory	 loss?	 And	what	 role,	 if	
any,	do	the	relative	activity	of	activators	and	repressors	
play	in	explaining	individual	differences	in	memory	per-
formance?	

New Synapse Growth

Another	distinction	between	 short-term	and	 long-term	
memories	 is	 this:	whereas	 short-term	memory	 forma-
tion	is	associated	with	subcellular	changes—for	example,	
a	shift	in	the	location	of	synaptic	vesicles	within	the	pr-
esynaptic	 terminal—long-term	 memory	 formation	 in-
volves	 the	 growth	of	 new	 synaptic	 connections	 (or	 the	
retraction	of	pre-existing	ones).	 It	 is	these	structural	or	
anatomical	changes	that	ensure	stability	of	memory,	and	
it	 these	changes	 that	distinguish,	 at	a	 cellular	 level,	 the	
durable	nature	of	long-term	memory.		

The	full	story	of	the	cellular	and	molecular	biology	of	
memory	surely	reads	like	a	Tolstoy	novel—and	we	highly	
recommend	reading	it!—but	we	must	leave	it	here.
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that	memory	loss	with	age	is	due	to	brain	atrophy.	And	
yet	 neuronal	 loss	 in	 those	 areas	 of	 the	 brain	 known	 to	
be	responsible	for	memory	has	not	been	shown	to	be	a	
prominent	 feature	 of	 aging.	 The	 hippocampus,	 for	 ex-
ample,	does	not	demonstrate	a	proclivity	to	shrink	with	
age.	Rather,	 it	 appears	 that	a	weakening	of	 the	number	
and	strength	of	synapses	within	the	circuitry	of	the	hip-
pocampus,	and	the	plasticity	of	those	synapses,	contrib-
utes	 to	memory	 impairment	 in	 normal	 aging.	And,	 not	
surprisingly,	there	is	more.	Hippocampal	fragility	cannot	
explain	many	of	the	commonly	observed	lapses	in	mem-
ory	performance	observed	with	 advancing	 age,	 such	as	
word	 finding	 difficulty,	 or	 difficulty	 remembering	 the	
name	of	an	old	acquaintance.	Rather,	these	deficits	point	
to	impairment	in	left	hemispheric	language	areas	or	the	
regions	responsible	for	attentiveness	in	the	frontal	lobes.

Animal	studies	provide	a	more	precise	understanding	
of	the	havoc	wreaked	by	age	in	the	hippocampus,	which	
includes	 the	 loss	 of	 synapses	 in	 the	 pathway	 from	 en-
torhinal	cortex	to	hippocampus,	a	loss	of	responsiveness	
at	hippocampal	 synapses	bearing	 cholinergic	 receptors,	
a	loss	of	hippocampal	modulatory	input	from	acetylcho-
line-containing	neurons,	and	a	reduction	in	the	capacity	
to	 generate	 and	maintain	 LTP.	What	 emerges	 from	 this	
field	of	study	is	that	the	effect	of	aging	on	cognitive	per-
formance	is	quite	selective.	It	does	not	reflect	a	general-
ized	 deterioration.	 For	 example,	 impaired	 performance	
on	 tests	 of	 prefrontal	 lobe	 function	 tends	 to	 predate	
impaired	performance	on	tests	of	medial	temporal	 lobe	
function.	Loss	of	specific	functions,	it	appears,	occurs	in-
dependently	of	other	functions	with	advancing	age.

Amnestic Mild Cognitive Impairment

This	condition	represents	a	selective	impairment	in	long-
term	memory,	attacking	both	episodic	and	item	memory,	
but	 typically	 sparing	 other	 cognitive	 functions	 such	 as	
attention	and	language.	The	incidence	of	amnestic	mild	
cognitive	impairment	increases	as	a	function	of	age.	Yet	
it	afflicts	only	a	small	percentage	of	adults	over	the	age	of	
60.	Those	affected	may	demonstrate	atrophy	of	the	hip-
pocampus	 and	 entorhinal	 cortex,	 along	with	 the	white	
matter	connecting	the	regions	(the	so-called	“perforant	
pathway”).	 Paradoxically,	 fMRI	 activity	 is	 typically	 in-

creased	 in	the	medial	 temporal	 lobe—apparently	due	to	
disinhibition	caused	by	disruption	of	inhibitory	input.		

Alzheimer’s Disease (Fig. 22.4)

This	 scourge,	 the	most	 common	 form	 of	 dementia,	 af-
flicts	about	10%	of	people	between	the	age	of	65	and	85	
and	about	40%	of	people	over	the	age	of	85.	The	disease	
begins	 in	 the	entorhinal	 cortex,	 the	 input	 region	 to	 the	

Flashbulb Memories

The	 phrase	 flashbulb memory	 was	 coined	 to	 suggest	
that	 the	 contextual	 information	 surrounding	memories	
of	great	consequence	are	pictured	 in	our	memory	bank	
with	great	clarity.	The	concept	would	lead	us	to	believe,	
for	example,	that	we	are	more	likely	to	remember	where	
we	were,	who	we	were	with,	and	what	we	were	doing,	
when	we	 learned	 about	 the	 9/11	 attacks.	 Perhaps	 sur-
prisingly,	evidence	 fails	 to	support	 the	proposition	 that	
so-called	“flashbulb”	memories	are	more	resistant	 than	
normal	episodic	memories	to	failure	over	time.	However,	
such	memories	are	typically	held	with	a	high	level	of	con-
fidence.

Anterograde and Retrograde Amnesia

Anterograde	amnesia	refers	to	an	impaired	ability	to	en-
code,	 store,	 or	 retrieve	 new	memories;	 retrograde	 am-
nesia	refers	to	an	impaired	ability	to	retrieve	memories	
previously	formed.	The	best	way	to	explain	these	forms	
of	memory	impairment	is	in	reference	to	the	concept	of	
consolidation,	 the	 basis	 of	which	 is	 the	hypothesis	 that	
memory	traces	are	initially	fragile,	and	that	by	consolida-
tion	they	become	more	durable—that	 is,	more	resistant	
to	being	forgotten.	As	we	have	seen,	the	dominant	brain	
regions	responsible	for	consolidation	are	the	medial	tem-
poral	lobe	structures,	and	the	principal	cellular	and	sub-
cellular	mechanism	by	which	 consolidation	 is	 achieved	
is	LTP.

Most	patients	 suffering	 from	amnesia	 evidence	both	
anterograde	and	retrograde	amnesia,	 in	some	combina-
tion,	although	the	fact	that	the	severity	of	one	does	not	
closely	correlate	with	the	other	suggests	that	they	do	not	
share	the	exact	same	underlying	mechanism.

Yet	consolidation	may	still	be	the	tie	that	binds:	in	an-
terograde	amnesia,	the	susceptibility	of	consolidation	to	
disruption	may	help	 explain	why	 it	 is	 difficult	 to	 form	
new	memories,	whereas	in	retrograde	amnesia	less	con-
solidated	memories	are	more	vulnerable	targets.	Hence,	
the	 common	 observation	 about	 retrograde	 amnesia,	
known	as	Ribot’s	 law,	which	proposes	 that	older	mem-
ories	are	more	durable	than	those	formed	more	recently.

Conditions of Memory Failure

Memory and Aging

The	phenomenon	of	a	weakening	memory	as	a	function	
of	 age	 is	 commonly	 observed	 (though	 not	 universally	
so).	 Typically,	 it	 is	 accompanied	 by	 a	 spectrum	of	 cog-
nitive	changes,	perhaps	 the	earliest	of	which	 is	hearing	
impairment.	Applying	Occam’s	Razor,	we	might	suspect	
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The	decline	in	memory	with	age—a	natural	phenom-
enon,	 and	 usually	 reasonably	 benign—can	 be	 a	 harbin-
ger	 of	Alzheimer’s	 disease.	However,	 a	 vast	majority	 of	
people	with	 age-related	memory	 loss	 do	 not	 go	 on	 to	
develop	Alzheimer’s	disease,	nor	are	the	two	conditions	
anatomically	similar.	Whereas	age-related	memory	 loss	
is	associated	with	neuronal	changes	in	the	dentate	gyrus,	
the	 neuronal	 changes	 in	Alzheimer’s	 disease	 target	 the	
entorhinal	cortex.

Transient Global Amnesia (Fig. 22.5)

Where am I? Why am I here?	Questions	like	these,	often	
insistently	 repeated	 because	 the	 inquirer	 has	 speedily	
forgotten	 that	 the	 questions	 have	 been	 asked	 and	 an-
swered,	 characterize	 an	 unusual	 condition	 of	 profound	
temporary	 memory	 impairment	 known	 as	 transient	
global	amnesia	(TGA).	Criteria	to	establish	the	diagnosis	
of	TGA	include	the	following	set	of	circumstances:	anter-
ograde	amnesia	that	resolves	within	24	hours,	in	patients	
who	are	aware	of	their	personal	identity,	who	possess	a	
normal	 level	 of	 consciousness,	with	no	 associated	neu-
rological	 signs	 or	 symptoms,	with	 no	 recent	 history	 of	
head	injury	or	epilepsy,	and	whose	attack	is	witnessed.	
Retrograde	amnesia	is	often	present	for	hours	before	the	
attack,	which	 is	 often	precipitated	by	 emotional	 stress,	
physical	effort,	contact	with	hot	or	cold	water,	or	sexual	
intercourse.	TGA	patients	are	usually	middle-aged	or	el-

hippocampus,	 and	 then	 spreads,	 inexorably,	 to	 more	
widespread	 cortical	 regions.	 This	 anatomical	pattern	of	
spread	correlates	clinically:	in	its	early	stages	Alzheimer’s	
disease	 produces	 isolated	memory	 loss,	 but	 as	 the	 dis-
ease	progresses	other	intellectual	tasks	such	as	attention,	
language,	 problem	 solving,	 calculation,	 and	 judgment	
also	 falter.	 Both	 episodic	 and	 semantic	 memories	 are	
eventually	affected,	the	former	typically	earlier	and	more	
severely	 than	 the	 latter.	Moreover,	 declarative	memory	
deficits	predominate	over	nondeclarative	deficits.	This	is	
particularly	evident	in	those	with	advanced	skills.	Thus,	
the	modernist	painter	William	de	Kooning	continued	to	
create	original	works	of	art	even	in	the	advanced	stages	
of	the	disease.	And	the	French	composer	Maurice	Ravel,	
in	the	throes	of	a	dementia	that	has	never	been	precisely	
diagnosed,	maintained	a	prodigious	output	of	compelling	
music—raising	this	interesting	question:	What	influence	
did	Ravel’s	 dementia	 exercise	 over	 his	 creative	 output?	
Are	the	cognitive	constraints	of	dementia	responsible	for	
the	famously	monotonous	melodic	structure	of	Bolero?

At	 a	 structural	 level,	 the	 brain	 of	 Alzheimer	 patient	
is	 associated	with	deposits	of	 intracellular	 tau proteins.	
These	proteins	form	neurofibrillary tangles in	the	medial	
temporal	lobe.	Tau	proteins	are	a	normal	part	of	the	cy-
toskeleton	of	 the	neuron.	When	these	proteins	coalesce	
into	filamentous	neurofibrillary	tangles	the	tangles	cause	
disruption	 of	 normal	 neuronal	 geometry	 and	 intracel-
lular	transport,	ultimately	leading	to	cell	death.	Further,	
deposits	of	the	extracellular amyloid-beta protein	are	also	
found	in	the	brains	of	patients	with	Alzheimer’s	disease.	
These	proteins	are	a	split-product	of	the	amyloid precur-

sor protein, which	resides	normally	in	the	cell	membranes	
of	nerve	cells,	and	may	be	found	in	cortical	regions	such	
as	the	parietal	cortex	where	they	combine	to	form	amy-

loid plaques.	Amyloid-beta	protein	 is	 toxic	 to	 the	brain,	
and,	like	neurofibrillary	tangles,	it	leads	to	neuronal	cell	
death.		

As	dementia	progresses	atrophy	is	seen	in	the	medial	
temporal	 lobe,	 the	 parietal	 lobe,	 and	finally	 the	 frontal	
lobe.	 Long-term	memory	 impairment	 follows	 degener-
ation	in	the	hippocampus	and	the	parietal	lobe.	In	sum,	
the	 three	characteristic	pathologic	 features	of	Alzheim-
er’s	disease	are:	 (1)	neurofibrillary	 tangles,	 (2)	 amyloid	
plaques,	 and	 (3)	 selective	 atrophy.	 Notably,	 a	 gene	 for	
amyloid	 precursor	 protein	 is	 located	 on	 the	 long	 arm	
of	 chromosome	21,	 and	a	mutation	of	 this	gene	causes	
an	 inherited	 form	of	 early-onset	Alzheimer’s	 disease,	 a	
condition	 that	 typically	 afflicts	 patients	 in	 their	 forties	
or	fifties.	The	genetic	mutation	that	leads	to	the	produc-
tion	of	amyloid-beta	protein	is	inherited	as	an	autosomal	
dominant	trait	so	that	a	child	with	a	parent	who	has	the	
condition	will	have	a	50%	chance	of	inheriting	it.	(Other	
mutations	on	chromosome	14	and	chromosome	1	have	
also	 been	 demonstrated	 to	 cause	 abnormal	 processing	
of	 the	 amyloid	 precursor	 protein—with	 the	 similar	 re-
sults,	 and	 a	 similar	 pattern	 of	 autosomal	 dominant	 in-
heritance.)

Fig. 22.4 Coronal T1-weighted MPRAGE image showing dispro-

portionately small bilateral hippocampi, together with other 

diffuse volume loss that is greater than expected for age, in a 

patient with advanced Alzheimer’s disease.
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derly,	 and	may	 complain	 of	 associated	 symptoms	 such	
as	 headache,	 nausea,	 or	 dizziness.	 Long-term	 memory	
impairment	 accompanies	 the	 disorder,	 which,	 at	 any	
rate,	 resolves	 spontaneously.	 Lesions	 in	 the	 CA1	 region	
of	 the	 hippocampus,	 as	 demonstrated	 by	 standard	 an-
atomic	 magnetic	 resonance	 imaging	 (MRI)	 and	 diffu-
sion-weighted	MRI	techniques	in	the	first	few	days	after	
an	attack,	have	been	shown	to	be	associated	with	TGA.	
These	findings	are	typically	no	longer	visible	within	4	to	
6	months,	suggesting	that	the	hippocampal	lesion	is	tem-
porary.	The	etiology	of	the	condition	is	unknown.

Medial Temporal Lobe Epilepsy (Fig. 22.6)

Surgical	treatment	of	patients	with	medically	intractable	
medial	temporal	lobe	epilepsy	has	revealed	distinct	func-
tional	roles	for	the	right	and	left	medial	temporal	lobes.	
Unilateral	temporal	lobe	surgery	in	medial	temporal	lobe	
epilepsy	 patients	 produces	 category-specific	 long-term	
memory	deficits.	Thus,	it	has	been	learned	that	surgical	
resection	of	 left	medial	 temporal	 lobe	 regions	may	 im-
pair	 long-term	memory	for	verbal	 information	whereas	
surgical	resection	of	right	medial	temporal	lobe	regions	
may	 impair	 long-term	memory	 for	 visual	 information.	
These	findings	suggest	that	verbal	long-term	memory	is	
preferentially	 associated	with	 the	 left	medial	 temporal	
lobe	whereas	visual	long-term	memory	is	preferentially	
associated	with	the	right	medial	temporal	lobe.

Fig. 22.5 Axial diffusion weighted image (DWI) showing a 

small focal acute infarction in the right hippocampus, causing 

 transient global amnesia.

Fig. 22.6 Coronal FLAIR image in a patient with known left 

 mesial temporal sclerosis, showing a small left hippocampus 

(red arrow), abnormally increased signal, and a loss of internal 

architecture.
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Network Theory

The concept of neural networks is grounded in the more 

general network theory, which is the study of the way 

elements (referred to as nodes) interact. According to 

network theory these nodes, or sets of objects, are con-

nected by links (referred to as edges), which can be strong 

or weak. Although nodes can be linked directly by a sin-

gle edge, a path between nodes consists in an ordered 

sequence of multiple edges and intermediate nodes. The 

distance between two nodes is the length of the shortest 

path linking the nodes, and can be represented in a graph 

as a distance matrix.

Network theory is used in a variety of disciplines as dis-

parate as the social sciences, computer science, physics, 

and biology. Neural networks are network theory applied 

to the study of brain function. We wish to ask: What can 

networks	tell	us	about	how	the	brain	works?	But	first,	let	
us say a few words more about network theory.

Why Networks?

Network theory is a modern tool used to understand 

complex systems. To understand cells, brains, ecosys-

tems, societies, or even the global economy, research-

ers seek to look beyond the elementary components of 

these systems to study how their elements interact, and 

to	define	the	“emergent	properties”	of	their	interactions,	
properties	typified	by	the	phrase	“the	whole	is	more	than	
the	sum	of	its	parts.”

Modern computing power has enabled researchers to 

record, analyze, and model the behavior of systems that 

contain thousands or millions of interactive elements. 

Sophisticated mathematical and statistical techniques 

permit the quantitative analysis of connectivity, be it of 

molecular interactions, metabolic pathways, synaptic 

connections, semantic associations, hyperlinks, or social 

networks.

Neural Networks

This begs the question: Why study these connections? The 

answer, according to network theory, is that in approach-

ing complex systems fundamental insights can be gained 

from the study of how simple elements organize into dy-

namic patterns—dynamic, meaning over time— insights 

that can never be attained by a narrow focus on the indi-

vidual elements independently. As it happens, the brain 

represents a complex system par excellence in which be-

haviors, thoughts, memory, and consciousness are prod-

ucts of the collective action of nerve cells linked by a dense 

web of intricate connectivity. Implicit in this proposition is 

that the rich patterns of these brain functions can never be 

explained by the study of nerve cells alone.

Learning Objectives

•	 What is network theory?

•	 What does network theory have to say about how the brain works, and how shall we think about it relative to the 

concept of the neuron doctrine and the principle of localization of function?

•	 Name three types of connectivity relative to brain function?

•	 What are the steps required to construct a brain network?

•	 How do modeling and computational analysis help to construct brain networks?

•	 Has network theory made obsolete the principle of localization of function and the histological studies of Brod-

mann?

•	 Define	the	terms	motifs,	modules,	and	hubs.		What	roles	do	they	play	in	brain	networks?
•	 Define	the	terms,	and	the	roles	played	by,	integration	and	segregation,	convergence	and	phase	synchrony.
•	 What	is	the	“visual	binding	problem”?
•	 Define	the	terms	modularity	and	degeneracy.		Why	are	they	important?
•	 What	is	the	“default	mode	network”?		What	is	its	relevance	to	Alzheimer’s	Disease?
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A useful metaphor to understand brain function is ar-

chitecture. Indeed, an important property shared by the 

brain and other complex systems is multiscale organiza-

tion in which microscale interactions between individual 

cells and synapses, for instance, exist alongside the mac-

roscale of cognitive and other major functional systems. 

This architecture is found similarly in social networks 

that comprise families, friends, countries, and global com-

munities. Rather than functioning independently these 

groups interact in ways that modify one another. In the 

same way, groups of brain cells, brain regions, brain sys-

tems, and the organism as a whole are interdependent.

Finally, the study of connectivity and the analysis of 

neural networks provide deep insights into a variety of 

neuroscientific	 disciplines,	 including	 neuroanatomy,	
neurodevelopment, electrophysiology, functional brain 

imaging, neural basis of cognition, and origin of psychi-

atric	 and	 neurological	 diseases.	 The	 “neuron	 doctrine,”	
which arose during the birth of the modern era of neuro-

science and which asserts that the neuron is the auton-

omous anatomical and physiological unit of the nervous 

system, does not obviate the more contemporary insight 

that brain function arises out of the collective action of 

individual elements in complex dynamic patterns. Brain 

function, in a word, is integrative; and we shall fail to 

grasp its essence if we reduce it to its cellular substrate.

Two Frameworks for Understanding

In the history of neuroscience there emerged two 

 opposing conceptual frameworks for understanding how 

the	nervous	system	is	organized:	first	was	the		so-called	
“neuron	 doctrine”	 (mentioned	 above),	 a	 theory	 ad-

vanced in the nineteenth century by the Spanish scientist 

Ramon y Cajal, who claimed that the nerve cell was the 

anatomical, physiological, metabolic, and genetic unit of 

the nervous system; and second, the nerve network, ad-

vocated	by	Camillo	Golgi,	Ramon	y	Cajal’s	scientific	rival,	
and co-recipient of the Nobel Prize, who could not accept 

that the nerve cell was the fundamental functional unit 

of the nervous system because it could not, he thought, 

account for the integrative functions of the nervous sys-

tem. Instead, Golgi argued that the fundamental func-

tional	unit	of	 the	nervous	system	consisted	 in	a	diffuse	
and continuous nerve network that provided nerve cells 

a substrate of structural and functional continuity by 

which they could act collectively.

In his 1906 Nobel Laureate lecture, Golgi put it this 

way:

Far from being able to accept the idea of the individ-

uality and independence of each nerve element, I have 

never had reason, up to now, to give up the concept 

which I have always stressed, that nerve cells, instead of 

working individually, act together.

Studying Brain Function

A variety of methods have been developed to study brain 

function. Among these, the most direct (and invasive) is 

eletrophysiological recordings of single neurons, carried 

out on the intact brain of an awake or anesthetized ani-

mal. This method reveals the nature of neuronal activity 

and neurotransmission via the direct observation of sin-

gle neuron electric currents and potentials in high spatial 

and temporal resolution. The observed action potentials, 

or	 “spikes,”	 through	 which	 it	 is	 believed	 that	 	neurons	
communicate with one another, are distinguished by 

their rate and timing. Voltage-dependent signals and 

calcium- or voltage-sensitive dyes provide a basis for 

another technique to study the brain, namely, optical 

 imaging.

Less direct methods of recording neural activity are 

electroencephalography (EEG) and magnetoenceph-

alography (MEG), both of which take advantage of the 

electromagnetic potentials generated by the activity of 

large populations of neurons to provide high temporal, 

but relatively low spatial, resolution of neuronal activity. 

These methods entail placing sensors on or near the head 

to record the signals generated by neuronal activity. As 

mentioned, temporal resolution using these techniques 

is high; spatial resolution, by contrast, is disadvantaged 

due	 to	 these	 techniques’	 inability	 to	 precisely	 localize	
the source of electrical activity. No noninvasive method 

currently available provides the holy grail of recording, 

namely, both high temporal and high spatial resolution.

Other noninvasive techniques for recording neural 

activity include functional magnetic resonance imaging 

(fMRI) and positron emission tomography (PET). These 

techniques measure hemodynamic activity and met-

abolic activity, respectively, and both provide excellent 

spatial resolution, on the scale of millimeters. However, 

both fMRI and PET measure signals that are only indi-

rectly related to neural activity, and both thus provide 

low temporal resolution. For example, the principle un-

derlying fMRI data is the contrast between magnetic sus-

ceptibility of oxygenated and deoxygenated hemoglobin 

contained	within	a	volume	element	(“voxel”),	providing	
“blood	oxygen	level-dependent”	(BOLD)	signal.	Alas,	the	
quality of this signal is disadvantaged by the complex na-

ture of the coupling between neuronal activity and blood 

oxygenation,	blood	volume,	and	blood	flow,	a	disadvan-

tage that results in poor temporal resolution.

The heterogeneity of these methods to observe brain 

structure	and	function	is	reflected	in	their	results:	while	
some provide excellent structural detail, they are inva-

sive and cover only a limited section of the brain; other 

methods have the advantage of being noninvasive, but 

provide poor spatial or temporal resolution. Further, indi-

vidual methods acquire data at various scales: some ob-

serve neural signals from synaptic connections between 
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individual nerve cells, others observe signals generated 

by	groups	of	cells	localized	to	a	specific	brain	region,	and	
still others focus on the large-scale architecture of brain 

regions whose connections constitute neural pathways. 

Each	of	these	techniques	measures	a	different	aspect	of	
neural dynamics and organization. Happily, to a degree, 

by combining these methods, investigators can mitigate 

their individual limitations.

Three Types of Connectivity

As we have seen, in an attempt to study brain function, 

various methods of study have been developed, including 

EEG and functional imaging (e.g., fMRI and MEG). The 

conceptual basis of these methods consists in three types 

of connectivity: structural connectivity, functional con-

nectivity,	and	effective	connectivity.
Structural connectivity derives from the observation 

that there are physical connections between neural ele-

ments,	which	operate	at	different	scales—from	local	cir-

cuits	of	single	cells	to	larger	networks	between	different	
brain regions. By contrast, functional connectivity seeks 

to capture the dynamic interactions between sometime 

remote regions of neuronal units using time series data 

from neural recordings, which are obtained by various 

methods, including cellular recordings, EEG, fMRI, and 

MEG. Deviations from statistical independence among 

neuronal units are believed to provide evidence of their 

dynamic coupling. These deviations can be measured 

by estimating the correlation or covariance and spectral 

 coherence or phase locking between pairs of time series. 

Finally, effective connectivity attempts to describe the 

causal	effects	between	neural	elements.	These	causal	ef-
fects can be inferred from time series analysis, statistical 

modeling, or experimental perturbations. (We shall re-

turn	to	why	it	is	so	difficult	to	assert	causality.)
It should be understood that none of these modes of 

connectivity individually reveals how brain networks 

work; rather, it is by combining an understanding of 

structural and functional modes of connectivity that 

brain	networks	will	be	understood	and	effective	connec-

tivity will be revealed.

Alas, a full picture of these networks may still not 

emerge. Both the biophysical properties of participant 

cells and molecules, and the constraints of axon potential 

delays due to the structural properties of nerve axons, 

limit the ability of currently available techniques to truly 

lay bare the nature of brain networks. The sometimes 

vague distinction between structure and function and 

the interaction between the two continue to challenge 

neuroscientists.

Constructing Brain Networks

The construction of structural and functional brain net-

works typically proceeds as follows (Fig. 23.1):

1.	 Define	network	nodes.
2. Estimate the association between pairs of 

nodes.

3. Create an association matrix and a network 

made of nodes and edges.

4. Graph theoretical analysis.

It deserves emphasizing that the choices made in Steps 

1	to	3	will	influence	the	results	of	Step	4.	The		picture	that	
emerges from this process, it should be kept in mind, re-

mains at best a description of real systems and events.

Moreover, neural networks may be distinguished 

from	other	types	of	networks	by	the	difficulty	 inherent	
in choosing nodes and edges in constructing neural net-

works. Compared to social networks, for example, where 

nodes and edges are individuals connected by social 

groups, or internet networks where nodes and edges are 

hyperlinked web pages, it is less obvious what elements 

and	connections	should	define	the	nodes	and	edges	of	a	
neural	network.	 In	part,	 such	definitional	decisions	 are	
influenced	 by	 the	 constraints	 placed	 by	 the	 techniques	
used to study neural networks: direct recording of sin-

gle neurons are limited in the anatomical geography they 

encompass; noninvasive techniques observe more wide-

spread phenomena, but may be more limited in their 

temporal resolution.

In practice, nodes are selected by identifying coher-

ent regions using histological or imaging data, and edges 

are chosen by estimating pairwise associations between 

nodes. Thus, structural networks are built using meas-

ures of physical association, such that a structural net-

work	may	be	defined	by	 the	number	 of	 stained	 axonal	
fibers	 that	 connect	 two	 nodes	 within	 an	 anatomical	
region. Functional networks, by contrast, are typically 

constructed from symmetrical measures of statistical 

dependence	between	neuronal	groups.	Finally,	effective	
networks may be derived by using estimates for pairwise 

causal or directed interactions using time series analysis 

or	 form	 coefficients	 of	models	 designed	 to	 infer	 causal	
patterns.

Although investigators can apply multiple techniques 

to the same neuronal preparation or individual brain, 

thereby generating multiple sets of associations within a 

single partition, it remains uncertain whether these data 

can be used to deduce the complex chain of events caus-

ing other neural events during the process of perception 

or cognition. This begs a central question in theoretical 

neuroscience: can causality be inferred from knowledge 
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of anatomy and neural dynamics alone? True, functional 

connectivity (or dynamic coupling) can be demonstrated 

by comparing statistical relationships between elements 

of a neural system, but it cannot be proved that the dy-

namic	 coupling	 is	 due	 to	 direct	 or	 indirect	 influences	
between the interacting elements, or due to a common 

interaction such as shared input.

Experimental perturbation provides yet another tech-

nique to study causality. In this case researchers may 

Fig. 23.1 Constructing brain networks. This figure illustrates the process of constructing structural (left panel) and functional (right 

panel) brain networks.  The process advances in four steps: 1. Define network nodes. 2. Estimate the association between pairs of 

nodes. 3. Create an association matrix and a network made of nodes and edges. 4. Graph theoretical analysis.
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stimulate a local neuronal group and then observe the 

effects	of	this	perturbation	on	other	brain	regions.

The Role of Models in the 
Construction of Brain Networks

Is it enough to study nodes and edges to understand 

brain structure and function? Alas, it is not: computa-

tional	analysis	 is	a	necessary	final	step	in	the	construc-

tion of neural networks. Such a quantitative approach is 

not unique to neuroscience. Other disciplines that study 

complex systems, such as astrophysics, climate science, 

and molecular biology, likewise use computational tech-

niques to study the formation of planets, the impact of 

human activity on climate, and the folding of proteins. 

Given the complexity of neural activity computational 

modeling has proven necessary to develop an under-

standing of brain processes that are both explanatory and 

predictive. Empirical research in brain science almost al-

ways uses models, whether in formulating a hypothesis, 

selecting appropriate empirical measures, or in experi-

mental manipulation—all rely on the development of a 

model or representation of the basic elements, their in-

teractions, and their expected behavior.

Examples of models include charts of cellular sign-

aling pathways, box-and-arrow diagrams of cognitive 

processes, and circuit maps of neurons. In designing 

computational models, researchers choose model com-

ponents, and then quantitatively describe their unit and 

aggregate behavior. Thus, to understand how local ac-

tivity of neural units are coordinated and integrated to 

form global patterns theoretical neuroscientists apply 

dynamic connectivity-based models. A predictive model 

of the brain would allow predictions about patterns of 

internal brain dynamics, about how the brain responds to 

external stimuli, and about pathological changes in brain 

dynamics after damage or in disease.

Specialization and Brain Function

Among the most fundamental of principles of neuroanat-

omy is the concept of localization of function: it is the idea 

that the various functions of the brain are each localized 

to distinct brain regions. Taking into account what we 

have said so far about network theory, it may be asked: 

How can a network perspective inform us about the anat-

omy of brain function? Without discarding the evidence 

that supports the idea of localization of function, network 

science would suggest that the special functions that re-

side in particular brain regions are a product not only of 

the cellular processes intrinsic to the individual elements 

of a system, but also to the extrinsic connections these 

elements make with anatomically disparate elements.

The histological studies of Brodmann and others in the 

early twentieth century have shed light on the cytoarchi-

tecture of the brain, demonstrating the cytological sim-

ilarities between regions of the brain that share similar 

functions. Network science, without denying these ana-

tomical studies (which modern quantitative techniques 

have supported and elaborated upon), has added another 

layer of understanding: regional specialization is not tan-

tamount	to	the	brain’s	cytological	architecture,	according	
to	network	theory,	but	must	also	acknowledge	the	brain’s	
interconnections. Among the neuroscientists who have 

advanced this network framework, some have proposed 

the	concept	of	“connectional	footprints,”	the	idea	that	each	
cytotarchitectonic area shares a unique set of inputs and 

outputs that determine what function that area subserves.

Defining	a	brain	network,	however,	is	a	beginning,	not	
an end. For example, modern statistical methods have 

allowed neuroscientists to quantify the contributions 

made to a network by its individual elements (nodes). 

Network participation indices can be derived for these 

nodes by measuring statistics of individual nodes, includ-

ing	 the	 density	 of	 the	 node’s	 connections,	whether	 its	
connections are widespread or constrained (convergence/

divergence), and the extent to which its nodes predomi-

nantly	participate	in	afferent	versus	efferent	connections	
(symmetry).	Other	measures	may	further	define	a	node’s	
functional	specialization	such	as	its	clustering	coefficient	
(a measure of how connected a node is to its neighbors) 

and its average length to other nodes in the network 

(path length, measured as the number of edges between 

two nodes). Centrality (a measure of the control a node 

exerts	over	the	flow	of	information	within	a	network	due	
to	the	degree	of	participation	in	many	of	the	network’s	
short	paths)	and	efficiency	(computed	as	the	average	of	
the inverse of the distance matrix) are other targets of 

analysis; even game theory can be invoked to describe a 

node’s	participation	in	a	global	network.
At all events, what arises from this approach to neural 

networks is that quantitative analysis of neuroanatom-

ical networks helps to clarify how anatomical structure 

relates to physiological function.

One way to understand what is distinctive about a 

network versus a traditional approach to neuroanatomy 

is this: while traditional neuroanatomical methods ask 

where	 the	 location	of	 specific	brain	 functions	 resides,	a	
network approach asks how cognitive function emerges 

from	the	brain’s	anatomical	and	physiological	substrate.

Motifs, Modules, and Hubs

That the organizing principle of brain structure and func-

tion lies in synaptic chains, or neural circuits, has long 

been appreciated. How the network principle relates to 

these	circuits	has	proved	more	difficult	to	discern.	Enter	
the concepts of motifs, modules, and hubs.
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Motifs comprise a small subset of nonrandomly 

distributed network nodes and edges, which are 

clustered in local neighborhoods. The number of nodes 

they contain and the character of their connections allow 

neuroscientists to classify motifs. For example, three-

node	motifs	(“triangular	sub-circuits”)	have	been	found	
to occur in clusters in the cortex of the macaque monkey 

(Fig. 23.2). Among 13 classes of three-node motifs the 

“dual	 dyad”	 class	 predominates	 over	 populations	 of	
	random	and	lattice	networks.	The	functional	significance	
of these local neural circuits and their relationship to 

large-scale networks remain incompletely understood.

Modules are communities of highly interconnected 

nodes that share in external connection patterns (Fig. 

23.3).	Alternatively,	modules	may	be	functionally		defined	
by	 their	 pattern	 of	 functional	 or	 effective	 connections.	
Modules may be arranged into a set of overlapping, 

nonoverlapping, or hierarchical architectures to form a 

network. Multiple modules may be linked by connector 

hubs; provincial hubs link together the nodes of a sin-

gle module or community (Fig. 23.4). In general, modules 

are	 defined	 by	 communities	whose	members	 exhibit	 a	
high density of connectivity among other members of 

the same community and a low density of connections 

between	members	of	different	communities.
What purpose do modules play? Since the nodes 

within a module often appear to be functionally related, 

the combination of modules to form larger networks has 

important functional implications. For example, some 

modular	groupings	 in	 the	mammalian	cortex	 identified	
by their structural connectivity share functional similar-

ities, such as those within the dorsal stream of the visual 

cortex or within the sensorimotor cortex. The functional 

Fig. 23.2 Motif classes in macaque monkey cortex.
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similarities of these modular groupings appear to be a 

product	 of	 the	 afferent	 and	 efferent	 connections	 they	
share, including those among other members of the same 

community.

Individual modules, however, do not cognition make. 

Enter hubs—those specialized nodes that link modules 

to one another. Hubs appear to play a crucial integrative 

function	within	neural	networks	by	controlling	the	flow	
of information between disparate nodes in the network 

in the same way hubs in social networks, typically highly 

connected members in leadership or power roles, exert 

influence	on	a	diverse	group	of	other	network	members	
(nodes). Hubs are typically highly connected and highly 

central	 (i.e.,	 influential	within	 a	 network)	 and	 they	 of-
ten	exhibit	a	low	clustering	coefficient	(i.e.,	a	low	fraction	
of interconnections between neighbors of a node). They 

also contain a preponderance of characteristic motifs, 

such as the dual dyad. As mentioned, hubs may be fur-

ther distinguished as either connector hubs, which con-

nect nodes between modules, or provincial hubs, which 

connect nodes within a module.

Among	 the	 benefits	 to	 neural	 networks	 of	 small-
scale architecture—the architecture of motifs, modules, 

and hubs—is an operational economy marked by a re-

duced demand for metabolic energy and wiring volume 

that	 facilitates	 the	 efficient	 flow	 of	 information	 across	
large-scale neural networks, and promotes a functional 

dynamics marked by highly diverse states and high com-

plexity. The end product is a brain network capable of 

rapid	 and	flexible	 integration	 of	 information	with	 pro-

found computational power, and yet requiring only a lim-

ited amount of energy and space.

Cognition and Networks

Is cognition but a set of computational processes? Net-

work science says No—which is to say that the activity 

of individual neurons and synapses do not constitute 

thought. And while cognition has an anatomic substrate, 

it is perhaps most accurately considered a network 

phenomenon. That is, cognition emerges from the col-

lective property of a large number of neural elements 

interconnected in complex patterns. Various attempts 

have been made to identify the elementary principles 

by which network interactions produce cognition, and 

though	they	differ	in	their	fundamentals,	what	these	at-
tempts share in common is the belief that cognition is a 

process of cooperative computation, carried out in paral-

lel across distributed networks. Embedded in the nodes 

of these networks are representations of perceptual or 

conceptual forms of language, vision, motor commands, 

and thought. Yet these forms do not constitute cognition. 

Rather, it is out of the processing of these forms that cog-

nition emerges.

Integration and Segregation

Network theories of cognition emphasize neural con-

nectivity as the basis for cooperative processes that rely 

less on individual nodes, and more on the topology of 

nodal connectivity. Among the organizational principles 

of that connectivity are the principles of segregation and 

integration. Because modules exhibit a high density of 

connections between its members and a low density 

of	 connections	 between	members	 of	 different	modules	
there arises a statistical dependence of neural signals 

within modules, and a statistical independence between 

modules. Such an arrangement promotes functional seg-

regation.

Segregation thus refers to neuronal processing carried 

out among functionally related regions organized into 

modules. But such functional segregation is distinct from 

the more dated concept of functional localization since 

the former does not imply that these segregated neural 

populations are functionally autonomous in their abil-

ity to carry out mental activity; the latter concept does. 

What is more, segregation is a multi-scale phenomenon 

that not only exists at the level of cortical areas, but also 

among local populations of neurons or single cells.

Coherent behavioral responses and mental states 

require functional integration of widely distributed re-

sources. But how does neuronal architecture enable 

integration? The answer (in part) is by two organizing 

principles: convergence and phase synchrony.

Connector hubs Provincial hubs

Fig. 23.4 Structural modules of the human cerebral cortex.
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Fig. 23.5 Convergence/divergence zones.Convergence and Phase Synchrony

Convergence	 refers	 to	 the	flow	of	 information	 from	 less	
specialized neurons to more specialized neurons or brain 

regions. Functional segregation and specialization of 

neuronal architecture thus arise within neuronal pop-

ulations whose activity encodes high-level attributes. 

Increasingly specialized neural responses, including 

neurons	 that	 show	 selective	modulation	 of	 firing	 rates	
in response to highly complex sensory stimuli, are thus 

generated by convergence of neural connectivity within 

hierarchically arranged regions (Fig. 23.5). What is more, 

such populations of specialized neurons participate in 

large-scale neurocognitive networks through widespread 

interactions. Like hubs, however, converging connections 

are not themselves the endpoint of functional integra-

tion in a serial processing architecture. Indeed, so-called 

“convergence	 zones”	 constitute	 neither	 a	 locus	 of	 inte-

gration nor are they autonomous encoders of integrated 

mental states. Rather, within large-scale neurocognitive 

networks, these convergence zones may be thought of as 

articulation points between networks that support dif-

ferent cognitive domains by modulating the responses 

they receive and project.

If convergence represents one model by which func-

tional integration is achieved in the brain, phase syn-

chrony	 represents	 an	 alternative	model.	Defined	 as	 the	
synchronization	of	oscillatory	phases	between	different	
brain regions, phase synchrony relies upon reciprocal 

structural connections linking neurons across segregated 

brain	regions	(Fig.	23.6).	(The	term	“phase”	is	defined	by	
the	angle	corresponding	to	the	momentary	deflection	of	
an oscillation.) Phase synchronization of neural oscilla-

tions denotes the correlation of phase values between 

two brain regions. The existence of this phenomenon has 

been demonstrated in experiments designed to address 

the	“visual	binding	problem.”	The	visual	binding	problem	
is this: How does the brain perceptually integrate the dif-

ferent attributes of visual objects that may be found in a 

large number of segregated brain regions? In this context, 

it is thought that temporal correlations, demonstrated by 

computational models, between distributed neural sig-

nals may express relations that enable neural encoding 

of objects. This cooperative neural activity within and 

among segregated regions of the visual cortex may not 

only solve the visual binding problem, but also explain 

the generation of coherent behavioral responses. Empiri-

cal and theoretical evidence suggests more generally that 

phase	 synchronization	may	 provide	 a	 common	 “neural	
protocol”	for	various	brain	operations,	including	the	pro-

cessing of neural activity related to vision and memory.

Fig. 23.6 Phase synchrony.
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the strength of  resting-state functional connectivity in 

areas of the frontal and parietal lobes. Negative corre-

lations	 have	 also	 been	 identified	 between	 path	 length	
(recall	 path	 length	 is	 defined	 as	 the	 distance	 between	
two nodes, measured by the number of edges between 

them) and IQ, and  positive correlations between IQ and 

brain	efficiency,	suggesting	that	higher	levels	of	general	
intelligence	may	be	associated	with	more	efficient	paral-
lel	information	flow.	Studies	on	the	influence	of	genetics,	
development, and experience on intelligence will likely 

bring further  focus (perhaps controversy, too) to our un-

derstanding of  cognition.

Neural Networks and Disease

In complex, highly interconnected systems, network fail-

ures wreak havoc. Whether it is the electrical grid, the 

global	financial	system,	or	a	busy	city	metro,	the	smooth	
functioning of networks depends on their integrity. 

When neural networks falter, then it should come as no 

surprise	 that	 cognitive	 and	 behavioral	 deficits	may	 ul-
timately lead to psychiatric or neurological disease. The 

toll taken when neural networks fail, however, is not 

unique: many biological systems depend on the smooth 

functioning of networks. The p53 protein, for example, a 

tumor suppressor molecule that inhibits the replication 

of stressed or damaged cells, is a highly connected protein 

in the machinery of human cells, playing a commanding 

role as a central hub within a molecular interaction net-

work. Unsurprisingly, the inactivation or mutation of this 

protein can reverberate among bodily organs, increasing 

the risk of cell malignancy.

When the nodes or edges of neural networks—neurons 

and their axonal connections—are damaged or destroyed 

(due, for example, to a stroke or to a traumatic brain in-

jury)	the	effects	are	felt	beyond	arrested	local	nodes	and	
edges, promoting more widespread impairment of global 

networks. To what extent local damage is distributed 

throughout a network is determined by the vulnerabil-

ity or robustness of that network, as is observed in other 

complex systems.

As in other highly evolved biological systems the 

 robustness of networks derives, in part, from two or-

ganizational features: modularity and degeneracy. 

 Modularity, previously discussed, allows a network to 

limit the spread of noisy disturbances that potentially 

threaten	 the	 	network’s	 normal	 function.	 The	 second	
organizational	 feature	 responsible	 for	 a	 network’s	
 robustness is  degeneracy. Unlike engineered systems 

(for example, a commercial jet), which are manufac-

tured with redundancies that duplicate and segregate 

critical components of the system (think multiple en-

gines), neural networks are endowed with degenerate 

systems	 whereby	 structurally	 different	 elements	 can	
perform the same function, thus obviating the need for 

redundancy.

Hierarchy

Yet another concept integral to neuronal architecture is 

the concept of hierarchy. Organization by hierarchy dic-

tates	 that	 information	 in	 the	 brain	 flows	 from	 areas	 of	
lower (sensory) to areas of higher (multimodal and as-

sociative) levels, generating responses along a spectrum 

from simpler to more complex. Experimental data has 

supported this construct, but has also forced neurosci-

entists to reconsider the idea of serial processing. The 

evidence, instead, suggests that information processing 

in	the	brain	proceeds	not	just	in	“feed-forward”	connec-

tions,	but	also	in	“feedback”	connections	within	a	parallel	
processing network. Further, feed-forward and feedback 

connections play distinct physiological and compu-

tational roles whereby forward connections generate 

neural activity at short latencies, while feedback con-

nections produce a wide range of modulatory synaptic 

effects.	This	 type	of	 “recurrent”	processing	assures	 that	
each hierarchical level assumes only limited functional 

autonomy	while	the	effects	of	feed-forward	and	feedback	
connections act concurrently (Fig. 23.7).

Cognitive Egalitarianism?

If cognitive performance is a product of the strength 

and pattern of neural connections, it stands to reason 

that individual variation in neural connections should 

be associated with varied cognitive performance. Ex-

perimental evidence gathered with the use of fMRI 

supports this hypothesis in studies on reading and mem-

ory performance. Even general intelligence has been the 

subject of study using functional neuroimaging, sug-

gesting	a	link	between	intelligence	and	the	way	“higher”	
brain regions become functionally activated. Links also 

 appear to exist between general intelligence and brain 

volume, regional gray/white matter distribution, and 

Feedback control Process

Feed-forward control

Process

Fig. 23.7 Feed-forward and feedback connections.`
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Brain Injury

Experimental data have shown that the consequences or 

manifestations of brain injury are determined not only by 

the disturbance to the local brain area injured but also by 

the perturbation to the connectivity pattern of that brain 

area. Still, precise anatomic or physiological explanations 

for	the	highly	variable	cognitive	and	behavioral	effects	of	
brain lesions have so far eluded neuroscientists. What is 

known from computational models is that the functional 

effect	of	lesions	can	in	part	be	predicted	from	the	degree	
to which these lesions destabilize brain networks. Thus, 

damage to central parts of the network, for example, net-

work hubs, leads to more widespread disturbances in 

brain function.

Alzheimer’s Disease

The	 clinical	manifestations	 of	 Alzheimer’s	 disease	 (AD)	
are legion: confusion, delusion, disorientation, forgetful-

ness; irritability, aggression, wandering, apathy, anger, 

depression, and hallucination. Pathologically, the disease 

consists in progressive neuronal degeneration associated 

with the deposition of amyloid plaques and tau-protein 

neurofibrillary	tangles.	Much	is	known	about	the	disease	
though its molecular mechanism has proved elusive.

Early targets of the disease marked by amyloid and 

tau	deposition	demonstrate	regional	specificity	with	at-
rophy	of	neuronal	structures	typically	appearing	first	in	
the medial temporal lobe, an area of the brain known to 

be important in memory function. Experimental data 

has also shown disturbance of structural and functional 

connectivity, leading some neuroscientists to think of 

the disease as a cortical disconnection syndrome. Func-

tional neuroimaging studies have demonstrated reduced 

activity and hypometabolism in the posterior cingulate 

cortex,	a	typically	early	finding	in	AD.	Further,	PET	imag-

ing has shown that beyond the metabolic disturbance in 

specific	brain	structures	AD	causes	disruption	of	global	
brain networks. For example, the dominant symptom of 

memory loss in AD is consistent with functional discon-

nection (as demonstrated by PET) between the prefrontal 

cortex and the hippocampus. fMRI studies have shown 

reduced functional connectivity between the frontal and 

parietal regions.

Statistical analyses of EEG data suggest that the 

functional networks of AD patients exhibit longer path 

lengths,	 indicating	 reduced	 connectivity	 efficiency.	
These	findings	are	 further	supported	by	clinical	studies	
that demonstrate a positive correlation between poor 

performance on the Mini Mental Status Examination (a 

standard test of cognitive performance) and longer path 

length. Another marker of the disease suggesting dimin-

ished	efficiency	 is	 the	finding	among	AD	patients	com-

pared to normal controls of reduced regional and global 

“clustering.”	(Clustering,	again,	is	a	measure	of	the	degree	
to which neighbors of a given node are interconnected, 

a	 reflection	 of	 the	 cliquishness	 in	 a	 network	 neighbor-

hood.) Phase synchrony, too, is reduced among AD 

 patients, and highly central cortical hubs in patients with 

AD appear particularly vulnerable to atrophy and amy-

loid deposition. As demonstrated in structural network 

studies these highly central hubs include the precuneus, 

the posterior cingulate, and the retrosplenial cortex.

Finally neuropathological studies have shown a 

targeting among AD patients for amyloid deposition 

within	 key	 areas	 of	 the	 “default	 mode	 network”—a	
network of interacting brain regions that is active when 

a person is not focused on the outside world, suggesting 

that the default mode network may be fertile ground for 

the deposition of amyloid (Fig. 23.8).
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Fig. 23.8 Amyloid deposition and neuronal connectivity.  PET 

imaging has shown that amyloid deposition (here demon-

strated in the brains of clinically normal older adults) impairs 

functional connectivity within the default node network.  

This figure illustrates significantly diminished functional 

correlations among default regions in brains with amyloid 

deposits. LPC, lateral parietal cortex; MFC, medial frontal cor-

tex; PCC, posterior cingulated cortex.
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24 Vascular System

Learning Objectives

•	 Describe	the	course	of	the	internal	carotid	artery	from	its	branching	off	from	the	common		
carotid	artery	to	its	entry	into	the	subarachnoid	space.		

•	 Know	the	five	branches	of	the	cavernous	sinus	portion	of	the	internal	carotid	artery.
•	 Name	the	five	major	branches	of	the	internal	carotid	artery	after	it	emerges	from	the	cavernous	sinus.		

Know	the	vascular	syndromes	associated	with	each	of	these	branches.
•	 Identify	the	four	major	branches	of	the	vertebral	artery.
•	 Describe	the	Wallenberg	syndrome,	and	know	the	artery	with	which	it	is	associated.
•	 Name	the	five	major	branches	of	the	basilar	artery.	Know	the	vascular	syndromes	associated		

with	each	of	these	branches.
•	 Understand	the	significance	of	the	circle	of	Willis.
•	 Identify	the	six	venous	sinuses	in	the	posterosuperior	group	and	the	four	venous	sinuses	in	the	anteroinferior	group.
•	 Name	the	three	major	superficial	cerebral	veins	and	the	three	major	deep	cerebral	veins.
•	 Describe	the	blood	supply	to	the	spinal	cord.
•	 Name	the	parts	of	the	brain	that	are	supplied	by	each	of	the	major	branches	of	the	internal	carotid		

and	vertebrobasilar	systems.
•	 	Compare	and	contrast	the	clinical	features	of	transient	ischemic	attacks	involving	the	internal	carotid		

versus	the	vertebrobasilar	artery	systems.
•	 Outline	a	logical	approach	to	a	patient	with	stroke.
•	 Identify	the	clinical	hallmarks	of	spontaneous	intracerebral	hemorrhage	(SIH).
•	 Name	the	most	common	locations	of	hypertensive-related	SIH,	in	descending	order	of	frequency.
•	 Identify	which	tumors	are	most	likely	to	bleed	spontaneously.
•	 Describe	the	clinical	syndromes	associated	with	SIH	by	location.

Cerebrovascular	 diseases	 are	 one	 of	 the	most	 common	
neurologic	disorders,	accounting	for	nearly	50%	of	all	neu-
rologic	patients	in	a	general	hospital.	Furthermore,	stroke	
is	 the	 third	 leading	 cause	 of	 death	 among	 	Americans.	
The	clinical	manifestation	of	a	cerebrovascular	 lesion	 is	
marked	by	the	sudden	onset	of	a	neurologic	deficit	and	
is	termed	a	cerebrovascular	accident	or	stroke.	Two	types	
of	 stroke	 are	 distinguished	 by	 their	 pathophysiological	
mechanisms:	 ischemic	 stroke	 (infarct),	which	 is	 caused	
by	 hypoperfusion,	 thrombosis,	 or	 embolism,	 and	 hem-
orrhagic	stroke,	which	is	caused	by	intracranial	bleeding.

The	often	devastating	effect	of	stroke,	or	cerebral	 in-
farction,	 is	 in	part	explained	by	the	fact	that	neural	tis-
sue	is	so	exquisitely	sensitive	to	an	interruption	in	blood	
flow:	 brain	 dysfunction	 occurs	within	 8	 to	 10	 seconds	
of	 interrupted	 perfusion,	 and	 by	 3	 to	 5	minutes	 brain	
damage	 is	permanent.	 This	occurs	because	 the	brain	 is	
completely	 reliant	 on	 blood	 flow	 to	 provide	metabolic	
substrates	(e.g.,	glucose)	and	oxygen.

Although	 the	 brain	 constitutes	 only	 2%	 of	 the	 body	
weight,	it	requires	roughly	17%	of	the	cardiac	output	and	
consumes	~20%	of	the	oxygen	that	is	utilized	by	the	body.	
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The Blood Supply of the Brain

See	Figs. 24.1, 24.2, 24.3, and 24.4 and Table 24.1.
The	arteries	of	the	brain	are	divided	into	two	systems	

named	after	their	branches	of	origin:	the	internal	carotid	
system	and	 the	vertebrobasilar	 system.	An	anastomotic	
connection	between	these	two	systems,	the	circle	of	Wil-
lis,	provides	a	clinically	important	collateral	supply	(see	
later	discussion).

The	internal	carotid	system,	also	known	as	the	ante-
rior	circulation,	comprises	the	internal carotid artery	and	
its	 terminal	 branches,	 the	 anterior and middle cerebral 

arteries.	Prior	to	its	terminal	bifurcation,	the	(intradural,	
supraclinoid)	internal	carotid	artery	gives	rise	to	the	oph-
thalmic,	 the	 posterior communicating,	 and	 the	 anterior 

choroidal arteries,	in	that	order.

Due	to	this	high	demand	and	reliance	on	perfusion	for	en-
ergy	production,	the	brain	has	developed	a	system	of	au-
toregulation.	Autoregulation	is	the	capacity	of	the	brain	
to	maintain	 cerebral	blood	flow	 in	 the	 face	of	 systemic	
hypotension.	Autoregulation	is	primarily	determined	by	
metabolic	needs	but	is	also	increased	by	systemic	blood	
pressure.	For	example,	both	carbon	dioxide	accumulation	
and	low	blood	pressure	result	in	cerebral	vasodilatation.	
Therefore,	despite	the	systemic	blood	pressure	(within	a	
specific	range	of	60	to	160	mm	Hg),	the	brain	receives	a	
constant	perfusion	and	energy	supply.

This	chapter	discusses	the	arterial	supply	and	venous	
drainage	of	 the	brain	and	spinal	cord.	Some	of	 the	vas-
cular	 syndromes	 that	 result	 from	 arterial	 occlusion	 are	
briefly	 described	 immediately	 following	 the	 relevant	
anatomy.	A	practical	approach	to	localization	in	the	pa-
tient	with	stroke	concludes	the	chapter.

Fig. 24.1 Blood supply of the brain, axial view.
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This	 system	supplies	 the	optic	nerve	 and	 retina,	 the	
frontal	and	parietal	lobes,	as	well	as	parts	of	the	temporal	
and	 occipital	 lobes,	 the	 internal	 capsule,	 and	 the	 basal	
ganglia.

The	 vertebrobasilar	 system,	 also	 known	 as	 the	 pos-
terior	 circulation,	 comprises	 the	 vertebral and	 basilar 

arteries.	 Branches	 of	 the	 vertebral	 arteries	 include	 the	
meningeal	artery,	the	anterior	and	posterior	spinal	arter-
ies,	and	the	posterior	inferior	cerebellar	artery.	Branches	

of	the	basilar	artery	include	the	anteroinferior	cerebellar	
artery,	the	labyrinthine	artery,	the	pontine	arteries,	the	
superior	 cerebellar	 artery,	 and	 its	 terminal	 branch,	 the	
posterior	cerebral	artery.

This	system	supplies	the	medial	and	inferior	aspects	of	
the	occipital	and	temporal	lobes,	the	thalamus,	the	brain-
stem,	the	cerebellum,	and	the	upper	spinal	cord.

Fig. 24.2 Blood supply of the brain, coronal view.
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Table 24.1 Branches of the Major Cerebral Arteries

Internal Carotid Vertebral Basilar

Ophthalmic Meningeal Anteroinferior 

cerebellar

Posterior  

communicating

Posterior spinal Labyrinthine

Anterior choroidal Anterior spinal Pontine

Anterior cerebral Posteroinferior 

cerebellar

Superior  

cerebellar

Middle cerebral Posterior cerebral

Fig. 24.3 Anatomy of internal capsule, basal ganglia, and  

cerebral peduncle.
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Fig. 24.4 Blood supply of the deep structures of the  

hemisphere.
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The Internal Carotid System

See	Figs. 24.5, 24.6, and 24.7.
The	internal	carotid	system	supplies	the	anterior	two-

thirds	of	the	brain.
The	internal carotid artery	(ICA)	arises	from	the	bifur-

cation	 of	 the	 common carotid artery.	 From	 its	 origin	 in	
the	neck	to	its	termination	in	the	cerebrum,	the	ICA	(1)	
enters	the	cranial	cavity	by	passing	through	the	carotid	
canal;	(2)	travels	through	the	cavernous	sinus	next	to	the	
oculomotor	nerve	(III),	the	trochlear	nerve	(IV),	the	oph-
thalmic	and	maxillary	divisions	of	the	trigeminal	nerve	
(VI	and	V2),	and	the	abducens	nerve	(VI);	(3)	penetrates	
the	dura	and	the	arachnoid	mater	to	enter	the	subarach-
noid	space;	and	(4)	divides	into	terminal	branches	at	the	
medial	end	of	the	lateral	cerebral	sulcus	(sylvian	fissure).

Fig. 24.5 Internal carotid artery.
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Fig. 24.6 Internal carotid and vertebral artery systems.
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Fig. 24.7 Internal carotid artery, cavernous sinus portion.
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The Five Major Branches of the Internal Carotid 
Artery

1.	The	ophthalmic artery	(Fig. 24.8)	takes	its	origin	as	
the	 ICA	emerges	 from	the	cavernous	 sinus	 to	enter	 the	
subarachnoid	 space.	 It	 passes	 through	 the	 optic	 canal	
and	 into	 the	 orbit,	 inferolateral	 in	 relation	 to	 the	 optic 

nerve.	Its	major	branch	is	the	central	retinal	artery,	which	
travels	 in	 the	optic	nerve	and	supplies	 the	neuroretina.	
The	ophthalmic	artery	 forms	clinically	 important	anas-
tomoses	 with	 branches	 of	 the	 external	 carotid	 artery,	
effectively	 connecting	 the	 internal	 and	external	 carotid	
arteries.	Occlusion	of	 the	ophthalmic	 artery	may	 cause	
monocular	blindness	in	the	ipsilateral	eye.

2.	 The	 posterior communicating artery	 (Fig. 24.9)	
arises	from	the	inferolateral wall	of	the	ICA	near	the	ter-
minal	bifurcation	of	the	ICA.	It	courses	posteriorly	above	
the	third	nerve	to	anastomose	with	the	proximal	portion	
of	the	posterior cerebral artery,	forming	part	of	the	circle	
of	Willis.	Many	perforators	emerge	from	this	artery	that	
supply	 the	 posterior	 hypothalamus,	 anterior	 thalamus,	
posterior	limb	of	the	internal	capsule,	and	subthalamus.

Fig. 24.8 Ophthalmic artery.

Fig. 24.9 Posterior communicating artery.
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3.	The	anterior choroidal artery	(Figs. 24.10, 24.11, and 

24.12)	 arises	 just	 distal	 to	 the	posterior communicating 

artery,	 also	 near	 the	 terminal	 bifurcation	 of	 the	 ICA.	 It	
passes	dorsally	 along	 the	optic tract	 at	 the	medial	 edge	
of	 the	 temporal	 lobe,	where	 it	 enters	 the	 choroidal	 fis-
sure	 and	 angiographically	 this	 is	 known	 as	 the	 plexal	
point.	 It	 terminates	 in	 the	 temporal	 horn	 of	 the	 lateral	
ventricle,	where	it	supplies	the	choroid	plexus.	Along	its	
course	it	gives	small	branches	to	surrounding	subcortical	
structures,	including	the	optic	tract,	the	lateral	geniculate	
body,	the	lentiform	nucleus,	the	thalamus,	the	hippocam-
pus,	and	the	internal	capsule	(genu	and	posterior	limb).

Fig. 24.10 Anterior choroidal artery, coronal view.

Fig. 24.11 Anterior choroidal artery, sagittal view.

Fig. 24.12 Anterior choroidal artery, axial view.
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4.	The	anterior cerebral artery	(ACA)	(Figs. 24.13, 24.14, 

and 24.15)	 is	 the	smaller	of	 the	 two	 terminal	branches	
of	the	ICA.	It	runs	forward	and	medially	above	the	optic	
nerve.	Before	it	enters	the	interhemispheric	fissure,	it	is	
joined	 to	 the	ACA	 of	 the	 opposite	 side	 by	 the	 anterior 

communicating artery.	This	is	also	an	important	aspect	of	
the	circle	of	Willis.	The	artery	then	enters	the	fissure	and	
courses	upward	and	backward	on	the	medial	surface	of	
the	hemisphere,	along	the	superior	aspect	of	the	corpus	
callosum.	 The	 cortical	 branches	 of	 the	ACA	 supply	 the	
medial	aspect	of	the	frontal	and	parietal	lobes,	including	
the	 leg	 area	 of	 the	 pre-	 and	 postcentral	 gyri.	 The	 cen-
tral	branches	of	the	ACA	(recurrent artery of Heubner	or	
medial	 striate	 artery)	penetrate	 the	 anterior	perforated	
substance	to	supply	the	anteromedial	parts	of	the	basal	
ganglia	and	anterior	limb	of	the	internal	capsule.

Fig. 24.13 Anterior cerebral artery and its branches.
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Fig. 24.14 Anterior cerebral artery and its branches.

Fig. 24.15 Anterior cerebral artery occlusion.
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5.	The	middle cerebral artery	(MCA)	(Fig. 24.16)	is	the	
largest	 of	 the	 two	 terminal	 branches	 of	 the	 ICA	 and	 is	
considered	to	be	its	direct	continuation.	The	artery	runs	
laterally	 in	 the	 lateral	 cerebral	 sulcus,	where	 it	 divides	
into	cortical	and	central	branches.

Fig. 24.16 Middle cerebral artery.
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The	 cortical	 branches	 of	 the	 MCA	 supply	 most	 of	
the	cortex	on	 the	 lateral	 side	of	 the	hemisphere	 (Fig. 

24.4,	 p.	 578).	 A	 superior	 division	 supplies	 the	motor	
and	sensory	cortex	related	to	the	face	and	arm	and	the	
area	of	expressive	language (Broca’s	area)	of	the	dom-
inant	hemisphere.	An	inferior	division	supplies	part	of	
the	optic	tract,	the	upper	part	of	the	optic	radiations,	
and	the	area	of	receptive	language	(Wernicke’s	area)	of	
the	dominant	hemisphere.	The	central	branches	of	the	
MCA	 (lenticulostriate	 arteries)	 penetrate	 the	 anterior	
perforated	substance	and		supply	most	of	the	basal	gan-
glia	and	internal	capsule	(Fig. 24.4, p.	578).

Vascular Syndromes Associated with Five Major 
Internal Carotid Artery Branches

Occlusion	of	the	MCA	(or	one	of	its	divisions)	is	the	most	
common	 cause	 of	 ischemic	 stroke.	 The	 vascular	 syn-
drome	produced	depends	on	 the	division	 (or	divisions)	
involved	(Figs. 24.17, 24.18, and 24.19).

Occlusion	 of	 the	 superior	 division	 (Fig. 24.17)	 pro-
duces	(1)	contralateral	paralysis	of	the	face	and	arm	due	
to	 involvement	 of	 the	 motor	 cortex,	 (2)	 contralateral	
sensory	 loss	of	 the	 face	and	arm	due	to	 involvement	of	
the	sensory	cortex,	and	(3)	Broca’s	 (expressive)	aphasia	
(dominant	hemisphere)	due	to	involvement	of	the	infe-
rior	frontal	gyrus.

Fig. 24.17 Superior division occlusion.
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Pure	inferior	division	(Fig. 24.18)	stroke	is	a	less	fre-
quent	event.	 It	produces	 (1)	contralateral	homonymous	
hemianopsia	due	to	interruption	of	the	optic	tract	or	ra-
diations;	 (2)	Wernicke’s	 (receptive)	 aphasia	 (dominant	
hemisphere)	due	 to	 involvement	of	 the	posterior	 supe-
rior	temporal	gyrus;	(3)	deficient	cortical	sensory	func-
tion	(e.g.,	inability	to	discriminate	the	form	of	an	object	
by	touch)	due	to	involvement	of	the	primary,	secondary,	
or	 association	 sensory	 cortex;	 and	 (4)	 impaired	 spatial	
perception	(e.g.,	 lack	of	awareness	of	neurologic	deficit,	
and	neglect	of	contralateral	limbs	and	space)	due	to	in-
volvement	of	the	nondominant	parietal	lobe.

Occlusion	of	a	central	branch	of	the	MCA	causes	con-
tralateral	paralysis	involving	the	face,	arm,	and	leg	due	to	
involvement	of	the	internal	capsule.

Fig. 24.18 Inferior division occlusion.
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Occlusion	of	the	stem	of	the	MCA	(Fig. 24.19)	results	
in	a	clinical	syndrome	that	combines	the	neurologic	defi-
cits	caused	by	cortical	and	central	branch	strokes.	Thus,	
ischemic	stroke	in	the	distribution	of	the	MCA	stem	pro-
duces	 hemiplegia	 and	hemianesthesia	 of	 the	 face,	 arm,	
and	 leg	 on	 the	 side	 opposite	 the	 lesion,	 with	 variable	
deficits	in	language	and	visual	fields.

Fig. 24.19 Middle cerebral artery occlusion.
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The Vertebrobasilar System

The	 vertebrobasilar	 system	 supplies	 the	 posterior	 one-
third	of	the	brain.

The	vertebral artery	 is	the	first	branch	of	the	subcla-
vian	artery	(Figs. 24.20 and 24.21).	Each	vertebral	artery	
passes	upward	in	the	neck	through	the	transverse	foram-
ina	of	the	upper	six	cervical	vertebrae.	Unlike	the	ICA,	the	
vertebral	 artery	 gives	 off	multiple	muscular	 and	 spinal	
branches	 in	 its	extracranial	ascent.	As	 it	enters	the	cra-
nial	cavity	through	the	 foramen	magnum,	the	vertebral	
artery	pierces	the	dura	and	arachnoid	to	enter	the	suba-
rachnoid	space.

The	paired	vertebral	arteries	then	pass	anteriorly	and	
medially	along	the	medulla	and	join	to	form	the	basilar 

artery	at	the	pontomedullary	junction.	The	basilar	artery	
continues	forward	along	the	midline	of	the	pons	and	di-
vides	into	the	posterior cerebral arteries	at	the	midbrain.

The Four Major Branches of the Vertebral Artery

1.	A	meningeal branch	supplies	the	bone	and	dura	in	
the	posterior	cranial	fossa.

2.	The	posterior spinal artery	supplies	the	posterior	as-
pect	of	the	caudal	medulla	and	spinal	cord.

3.	The	anterior spinal artery	supplies	the	anterior	as-
pect	of	the	caudal	medulla	and	spinal	cord.

4.	The	posterior inferior cerebellar artery	(PICA)	is	the	
largest	branch	of	the	vertebral	artery.	It	consists	of	four	
segments:	the	anterior	medullary	segment,	lateral	med-
ullary	segment,	tonsillomedullary	segment,	and	telovelo-
tonsillar	segment.	It	runs	a	tortuous	course	between	the	
medulla	and	the	cerebellum	to	supply	the	posteroinferior	
surface	of	the	cerebellar	hemisphere,	the	inferior	vermis,	
the	tonsils,	the	choroid	plexus	of	the	fourth	ventricle,	and	
the	dorsolateral	medulla.

Fig. 24.20 Vertebrobasilar system,  

ventral view.
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Fig. 24.21 Vertebrobasilar system. (a) Lateral view and (b) 

mid-sagittal view.
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Vascular Syndromes Associated with the Four 
Major Vertebral Artery Branches

See	Table 24.2.
Occlusion	of	the	PICA	produces	the	lateral	medullary	

syndrome	 (Wallenberg	 syndrome).	 This	 syndrome	 is	
characterized	by	(1)	dysphagia	and	dysarthria	due	to	pa-
ralysis	of	the	ipsilateral	palatal	and	pharyngeal	muscles	
(nucleus	ambiguus);	(2)	impaired	pain	and	temperature	
sensation	on	the	ipsilateral	side	of	the	face	(nucleus	and	
spinal	tract	of	the	trigeminal	nerve);	(3)	vertigo,	nausea,	
vomiting,	and	nystagmus	(vestibular	nuclei);	(4)	ipsilat-
eral	Horner	syndrome	(descending	sympathetic	fibers);	
(5)	 ipsilateral	 gait	 and	 limb	 ataxia	 (inferior	 cerebellar	
peduncle);	and	(6)	 impaired	pain	and	temperature	sen-
sation	of	 the	 contralateral	 side	of	 the	body	 (lateral	 spi-
nothalamic	tract).

The Five Major Branches of the Basilar Artery

1.	 The	 anterior inferior cerebellar artery	 is	 the	 most	
caudal	branch	of	the	basilar	artery.	It	supplies	the	antero-
lateral	aspect	of	the	inferior	surface	of	the	cere	bellar	hem-
isphere	and	contributes	to	the	central	cerebellar	nuclei.	It	
also	supplies	the	lateral	pons,	middle	cerebellar	peduncle,	
flocculus,	and	cranial	nerves	VII	and	VIII.	It	contributes	to	
the	internal	auditory	artery.	The	upper	medulla	and	lower	
pons	also	receive	branches	from	this	artery.

2.	 The	 labyrinthine artery	 (internal	 auditory	 artery)	
arises	 from	 either	 the	 basilar	 artery	 or	 the	 anteroinfe-
rior	cerebellar	artery.	 It	does	not	 supply	 the	brainstem,	
but	 rather	passes	 through	the	 internal	auditory	meatus	
to	supply	the	inner	ear.

Fig. 24.22 Branches of the posterior cerebral artery.

Table 24.2 Medial and Lateral Syndromes Common to Vascular Lesions of the Medulla and Pons

Syndrome Structure Signs

Lateral Spinal tract and nucleus of the trigeminal nerve Impairment of facial pain and temperature sensation (ipsilateral)

Spinothalamic tract Impairment of body pain and temperature sensation (contralateral)

Descending sympathetic fibers Horner syndrome: ptosis, miosis, anhidrosis (ipsilateral)

Vestibular nuclei and connections Nausea, vomiting, vertigo, and nystagmus

Cerebellar connections Limb and gait ataxia (ipsilateral)

Medial Corticospinal tract Hemiparesis (contralateral)

Medial lemniscus Impairment of vibratory and position sensation (contralateral)

Cerebellar connections (pons) Limb and gait ataxia (ipsilateral)
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3.	The	pontine arteries	are	numerous	slender	branches	
of	the	basilar	artery	that	penetrate	and	supply	the	pons.	
Selective	 occlusion	 of	 the	 basal	 pons	 supply	 interrupts	
the	corticobulbar	and	corticospinal	tracts	and	results	in	
total	 paralysis	 that	 spares	 only	 the	 eyes.	 The	 patient	 is	
conscious	but	immobile	in	this	condition,	which	is	known	
as	the	“locked-in”	syndrome.

4.	The	superior cerebellar artery	arises	close	to	the	bi-
furcation	 of	 the	 basilar	 artery.	 It	 supplies	 the	 superior	
surface	of	the	cerebellar	hemisphere	as	well	as	contrib-
uting	 branches	 to	 the	 medulla,	 pons,	 and	 midbrain.	 It	
provides	the	major	arterial	supply	to	the	deep	cerebellar	
nuclei.

5.	 The	 posterior cerebral arteries (Figs. 24.22 and 

24.23)	constitute	the	terminal	bifurcation	of	the	basilar	
artery.	They	arise	at	the	border	between	the	pons	and	the	
midbrain.	Each	posterior	cerebral	artery	receives	a	pos-
terior	 communicating	 artery	 from	 the	 ICA,	 then	 curves	
posteriorly	 and	 laterally	 around	 the	midbrain.	 Cortical	
branches	at	 the	PCA	supply	 the	medial	 and	 inferior	as-
pects	of	 the	occipital	and	temporal	 lobes,	 including	the	
lower	part	of	the	optic	radiations,	and	the	visual	cortex.	
Central	branches	supply	the	medial	midbrain,	geniculate	
bodies,	and	thalamus.

Fig. 24.23 Posterior cerebral artery occlusion.
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Vascular Syndromes Associated with the Five Major 
Basilar Artery Branches

See	Fig. 24.23.
A	 great	 variety	 of	 vascular	 syndromes	 are	 produced	

by	 occlusion	 of	 the	 posterior	 cerebral	 artery.	 Thalamic	
involvement	 produces	 a	 “thalamic	 pain	 syndrome”	 or	
	Dejerine-Roussy	 syndrome	 marked	 by	 contralateral	
	hemisensory	 loss,	 dysesthesia,	 and	 distressing,	 sponta-
neous	pain.

Weber’s	 syndrome	 follows	 infarction	 of	 the	 crus	
	cerebri	 and	 the	 oculomotor	 nerve,	 which	 results	 from	
	occlusion	of	a	branch	of	the	posterior	cerebral	artery	that	
supplies	 the	mediobasal	midbrain.	Clinically,	 it	 consists	
of	contralateral	paralysis	of	 the	arm	and	leg	(crus	cere-
bri)	with	ipsilateral	ptosis,	dilatation	of	pupil,	absent	light	
	reflex,	and	exotropia	(oculomotor	nerve).

Occlusion	of	branches	to	the	visual	cortex	in	the	occip-
ital	lobe	causes	homonymous	hemianopsia	with	macular	
visual	sparing.
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The Circle of Willis

See	Fig. 24.24.
The	 circle	 of	 Willis	 is	 an	 anastomotic	 connection	

	between	 the	 internal	 carotid	 and	 the	 vertebrobasilar	
	systems.

It	is	situated	on	the	base	of	the	brain	and	is	formed	by	
the	anterior communicating	and	anterior cerebral arteries	
anteriorly	and	the	posterior communicating	and	posterior 

cerebral arteries	posteriorly.	 It	 is	 rarely	a	complete	ana-
tomic	circle.	Only	in	~25%	of	people	is	the	circle	of	Willis	
anatomically	“complete”	(patent).

The	 functional	 significance	 of	 the	 cerebral	 arterial	
circle	lies	in	its	provision	for	anastomotic	compensatory	
supply	 in	 the	event	of	arterial	occlusion.	Unfortunately,	
due	to	frequent	anatomic	variations	in	the	circle	and	ath-
eromatous	narrowing	of	 the	 communicating	arteries	 in	
the	elderly,	these	anastomoses	often	fail	to	avert	ischemic	
stroke.

Other	 important	 cerebrovascular	 anastomoses	 in-
clude	 connections	 between	 the	 ophthalmic	 artery	 and	
branches	of	the	external	carotid	artery,	and	connections	
between	 the	 cortical	 branches	 (leptomeningeal)	 of	 the	
anterior,	middle,	and	posterior	cerebral	arteries.

Circulation to and from the Brain

Venous Return from the Brain

The	venous	return	of	blood	 from	the	brain	passes	 from	
veins	into	venous	sinuses.	The	veins	of	the	brain,	which	
may	be	divided	into	superficial	and	deep	cerebral	veins,	
lack	 valves.	 They	 course	 independently	 of	 the	 	arterial	
system	 and	 empty	 into	 the	 venous	 sinuses,	 which	 lie	
	between	 the	 periosteal	 and	 meningeal	 layers	 of	 the	
dura.	The	venous	sinuses	in	turn	empty	into	the	internal	
	jugular	veins,	which	exit	 the	cranial	 cavity	 through	 the	
jugular	foramen.

Thus,	 the	 venous	 sinuses	 channel	 blood	 from	 the	
	cerebral	veins	into	the	extracranial	venous	system.

The	 superior	 cerebral	 veins	 (10	 to	 15	 in	 number)	
	collect	blood	from	the	convex	and	medial	surfaces	of	the	
brain	 and	drain	mostly	 into	 the	 superior	 sagittal	 sinus,	
and,	 to	 a	 lesser	 degree,	 into	 the	 inferior	 sagittal	 sinus.	
The	 inferior	 cerebral	veins	 collect	blood	 from	 the	basal	
	surface	and	ventral	parts	of	the	lateral	surface	of	the	brain	
and	drain	into	the	basal	sinuses,	including	the	cavernous	
and	 sphenoparietal	 sinuses,	 rostrally,	 and	 the	 petrosal	
and	transverse	sinuses,	caudally.	The	venous	sinuses	may	
be	arbitrarily	divided	 into	a	posterosuperior	group	and	
an	anteroinferior	group.

Fig. 24.24 Circle of Willis.
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There	 are	 six	 venous	 sinuses	 in	 the	 posterosuperior	
group	(Fig. 24.25).

1.	The	superior sagittal sinus	 runs	along	the	superior	
margin	of	 the	 falx	 cerebri	 and	empties	 into	 the	 conflu-
ence	of	the	sinuses.	It	receives	the	superior	cerebral	veins.

2.	 The	 inferior sagittal sinus	 runs	 along	 the	 inferior	
margin	of	the	falx	cerebri	and	continues	as	the	straight	
sinus	after	merging	with	the	vein	of	Galen.

3.	 The	 straight sinus	 is	 carried	 in	 the	 attachment	 of	
the	falx	cerebri	to	the	tentorium	cerebelli.	Like	the	supe-
rior	sagittal	sinus,	 it	empties	 into	the	confluence	of	 the	
sinuses.

4.	Also	drained	by	the	confluence	is	the	occipital sinus,	
which	lies	within	the	falx	cerebelli.

5.	 The	 confluence	 of	 the	 sinuses	 (along	 with	 the	
	superior	 petrosal	 sinuses)	 empties	 into	 the	 transverse 

sinuses,	 which	 pass	 laterally	 and	 anteriorly	 along	 the	
	attached	margin	of	the	tentorium	cerebelli	in	the		occipital	
bone	and	then	inferiorly	and	medially	at	the	base	of	the	
petrous	part	of	 the	 temporal	bone	 to	 form	 the	 sigmoid	
sinus.

6.	 The	 sigmoid sinus	 drains	 into	 the	 internal	 jugular	
vein	in	the	jugular	foramen.

Fig. 24.25 Posterosuperior  

venous sinuses.
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There	 are	 four	 venous	 sinuses	 in	 the	 anteroinferior	
group	(Fig. 24.26).

1.	The	cavernous sinus	is	situated	in	the	middle	cranial	
fossa	on	the	 lateral	surface	of	the	body	of	the	sphenoid	
bone	and	extends	from	the	superior	orbital	fissure	to	the	
petrous	portion	of	 the	 temporal	bone.	 It	 communicates	
with	its	counterpart	on	the	opposite	side	through	the	in-

tercavernous sinus.
The	cavernous	sinus	drains	the	inferior	and	superficial	

middle	cerebral	veins	(aka	the	sylvian	vein),	the	ophthal-
mic	vein,	and	the	sphenoparietal	sinus	and	empties	into	
the	superior	and	inferior	petrosal	sinuses.	The	cavernous	
sinus	carries	cranial	nerves	III,	IV,	V1,	V2,	and	VI,	as	well	
as	the	internal	carotid	artery.

2.	The	sphenoparietal sinus	runs	along	the	lesser	wing	
of	the	sphenoid	bone	and	ends	in	the	cavernous	sinus.

3.	 The	 superior	 and	 inferior petrosal sinuses,	 which	
drain	the	cavernous	sinus,	lie	on	the	superior	and	inferior	
borders	of	the	petrous	portion	of	the	temporal	bone.	The	
superior	petrosal	sinus	empties	 into	the	transverse	and	
sigmoid	sinuses;	 the	 inferior	petrosal	 sinus	empties	di-
rectly	into	the	internal	jugular	vein.

Fig. 24.26 Anteroinferior venous sinuses.
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The Three Major Superficial Cerebral Veins

See	Fig. 24.27.
The	superior	cerebral	vein	drains	into	the	superior sag-

ittal sinus	 and	 the	 inferior	cerebral	vein	drains	 into	 the	
cavernous	sinus.	The	superficial	middle	cerebral	vein	 is	
emptied	by	 the	 superior sagittal sinus	 (via	 the	 superior	
anastomotic	vein of Trolard)	and	by	the	transverse sinus	
(via	the	inferior	anastomotic	vein of Labbé).

Fig. 24.27 Superficial cerebral veins.
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The Three Major Deep Cerebral Veins

See	Figs. 24.28 and 24.29.
These	 veins	 drain	 the	 choroid	 plexus,	 the	 periven-

tricular	regions,	the	diencephalon,	the	basal	ganglia,	and	
the	deep	white	matter.	The	most	important	of	these	veins	
are	 the	paired	 internal cerebral veins,	 the	basal vein	 (of	
Rosenthal),	and	the	great	cerebral	vein	(vein of Galen).

The	internal	cerebral	veins	and	the	basal	veins	join	be-
neath	 the	splenium	of	 the	corpus	callosum	to	 form	the	
great	cerebral	vein,	which	empties	into	the	straight	sinus	
along	with	the	inferior	sagittal	sinus.

Fig. 24.28 Internal cerebral veins.

Fig. 24.29 Subependymal veins.
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Circulation to and from the Spinal 
Cord

The Two Major Arteries That Supply the Spinal Cord

See	Fig. 24.30.
The	spinal	cord	is	supplied	by	a	single	anterior spinal ar-

tery	and	the	posterior spinal arteries,	both	of	which	origi-
nate	as	descending	branches	of	the	vertebral arteries.

The	anterior	spinal	artery	is	formed	by	an	anastomosis	
of	branches	from	the	two	vertebral	arteries.	It	runs	along	
the	anterior	median	fissure	to	supply	the	anterior	two-
thirds	of	the	spinal	cord.	The	posterior	third	of	the	spinal	
cord	 is	 supplied	by	 the	paired	posterior	 spinal	arteries,	
which	pass	down	the	posterolateral	aspect	of	the	cord	on	
either	side	near	the	spinal	roots.

As	reinforcement	for	the	anterior	and	posterior	spinal	
artery	supply,	intercostal	branches	of	the	thoracic	aorta	
and	lumbar	branches	of	the	abdominal	aorta	give	off	spi-
nal	arteries	 that	 traverse	 the	 intervertebral	 foramina	 to	
enter	the	vertebral	canal.	These	arteries	then	divide	into	
anterior	and	posterior	radicular	arteries	that	accompany	
the	ventral	and	dorsal	roots	of	the	spinal	nerves.

The	radicular	arteries	contribute	to	a	vascular	plexus	
in	the	pia	mater	and	anastomose	with	the	anterior	and	
posterior	spinal	arteries.	A	great	anterior	radicular	artery,	
the	 artery	 of	 Adamkiewicz,	 is	 a	major	 source	 of	 blood	
supply	 to	 the	 lower	 two-thirds	 of	 the	 spinal	 cord.	 It	 is	
usually	 located	on	the	 left	side	 in	the	 lower	thoracic	or	
upper	lumbar	region.	There	are	significantly	more	radic-
ular	 contributions	 to	 the	 posterior	 compared	with	 the	
anterior	spinal	artery.	Therefore,	the	supply	to	the	ante-
rior	two-thirds	of	the	cord	is	tenuous	in	certain	regions	
of	the	spinal	cord,	especially	the	thoracic	cord.	This	area	
of	the	spinal	cord	is	thus	vulnerable	to	infarction	in	the	
event	that	blood	supply	is	compromised,	such	as	may	oc-
cur	during	a	period	of	hypoperfusion	in	the	setting	of	an	
aortic	aneurysm	repair.

The Venous Return from the Spinal Cord

The	distribution	of	veins	corresponds	to	the	distribution	
of	arteries.	The	venous	return	from	the	spinal	cord	paral-
lels	its	arterial	supply.

Fig. 24.30 Spinal arteries.
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The Approach to the Patient with 
Stroke

Clinically,	stroke	presents	as	a	focal	neurologic	deficit,	out	
of	the	blue.	The	clinical	features	that	characterize	neuro-
logic	 syndromes	 as	 strokes	 are	 (1)	 acute	 onset	 and	 (2)	
evidence	of	damage	to	a	discrete	area	of	the	brain.	Thus,	
in	 approaching	 the	 patient	with	 an	 acute	 onset neuro-
logic	 deficit,	 the	 initial	 task	 is	 anatomic	 localization	 of	
the	dysfunctional	CNS	region.	Clinically	speaking,	it	is	to	
determine	if	the	patient	suffered	from	a	focal	dysfunction	
due	to	an	ischemic	injury	(ischemic	stroke)	and	to	initi-
ate	appropriate	therapy	as	rapidly	as	possible.	It	is	essen-
tial	to	rule	out	the	possibility	of	hemorrhagic	injury.	The	
question	 that	underlies	 the	 task	of	 localization	 is	What	
vascular	territory	has	been	comprised?

Signs and Symptoms of Anterior and 
Posterior Circulation Syndromes Present 
with Characteristic Sets of Signs and 
Symptoms

See	Tables 24.3 and 24.4.
The	first	step	in	identifying	the	compromised	vascular	

territory	involves	determining	whether	the	clinical	pre-
sentation	suggests	impairment	of	the	anterior	or	poste-
rior	circulation.

The	 anterior	 circulation,	 or	 internal	 carotid	 artery	
system,	supplies	the	optic	nerve	and	retina,	most	of	the	
cerebral	cortex,	basal	ganglia,	internal	capsule,	and	optic	
radiations.

It	consists	of	the	internal	carotid	artery	and	its	three	
major	branches:	(1)	the	ophthalmic	artery,	the	occlusion	
of	which	 produces	monocular	 blindness	 in	 the	 ipsilat-
eral	 eye;	 (2)	 the	 anterior	 cerebral	 artery,	 the	 occlusion	
of	 which	 produces	 weakness	 and	 sensory	 loss	 in	 the	
contralateral	leg;	and	(3)	the	middle	cerebral	artery,	the	
occlusion	 of	which	 leads	 to	weakness	 and	 sensory	 loss	
in	the	contralateral	face	and	arm,	contralateral	homony-
mous	hemianopsia,	and	aphasia	(in	the	case	of	MCA	oc-
clusion	in	the	dominant	hemisphere).

The	 posterior	 circulation,	 or	 vertebrobasilar	 system,	
supplies	the	brainstem,	cerebellum,	thalamus,	and	parts	
of	the	temporal	and	occipital	lobes,	including	the	visual	
cortex	and	the	optic	radiations.

It	 consists	 of	 the	 vertebral	 arteries,	 the	 basilar	 ar-
tery,	and	the	posterior	cerebral	arteries.	When	occluded,	
branches	of	these	arteries	that	supply	the	brainstem	pro-
duce	 diplopia,	 dysarthria,	 dysphagia,	 tinnitus,	 and	 ver-
tigo	 (signs	 and	 symptoms	of	 various	 cranial	nerve	dys-
function).	 Other	 posterior	 circulation	 signs	 include	 an	
altered	 level	 of	 consciousness	 (reticular	 activating	 sys-
tem),	hemiparesis	and	hemisensory	loss	(descending	and	
ascending	long	tracts),	ataxia	(cerebellum),	hemisensory	
loss	(thalamus),	and	visual	field	disturbances	(visual	cor-
tex	and	optic	radiations).

Anterior Circulation Vascular Syndromes Are 
Clinically Subdivided into Cortical and  
Subcortial Syndromes

The	 second	 step	 in	 identifying	 the	 comprised	 vascular	
territory	involves	determining	whether	an	anterior	circu-
lation	syndrome	is	cortically	or	subcortically	based.	The	

Table 24.3 Major Structures Supplied by the Anterior and Posterior Cerebral Circulations

Internal Carotid Artery System Vertebrobasilar Artery System

Optic nerve and retina Spinal cord

Optic tract and radiations Brainstem

Basal ganglia Cerebellum

Internal capsule Optic tract and radiations

Frontal and parietal cortices, including language area Thalamus

Parts of temporal and occipital cortices Parts of the temporal and occipital cortices, including visual cortex
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distinction	between	cortical	and	subcortical	syndromes	
bears	both	diagnostic	and	therapeutic	significance.	Small,	
deep	subcortical	infarcts	tend	to	be	hypertensive-related,	
focusing	 attention	 on	 the	management	 of	 systemic	 hy-
pertension	(at	times	in	the	setting	of	diabetes	and	a	his-
tory	of	smoking),	whereas	large	cortical	infarcts	tend	to	
be	 thrombotic	 or	 embolic	 in	 origin,	 focusing	 attention	
instead	on	a	search	for	atherosclerotic	disease	and	poten-
tial	sources	of	emboli.	There	is	then	potential	to	perform	
thrombolysis	for	the	latter	group	of	patients.

Cortical	syndromes	are	primarily	distinguished	 from	
subcortical	ones	on	the	basis	of	two	criteria:	(1)	the	pres-
ence	of	so-called	cortical	signs	and	(2)	the	pattern	of	neu-
rologic	impairment.

Cortical signs	refers	to	neurologic	findings	localizable	
to	the	cerebral	cortex.	Such	findings	include	(1)	disorders	
of	 language	 (e.g.,	 aphasia)	 and	 (2)	 disorders	 of	 sensory	
and	motor	 integration	 (e.g.,	 agnosia,	 the	 failure	 to	 per-
ceive	the	significance	of	sensory	input,	and	apraxia,	the	
inability	to	perform	complex	learned	tasks).

Pattern of neurologic impairment	 refers	 to	 the	distri-
bution	of	weakness	or	sensory	loss,	which	is	different	in	
cortical	 and	 cortical/subcortical	 syndromes.	 Because	 of	
the	diffuse	distribution	of	the	cortical	motor	and	sensory	
fibers,	 most cortically based strokes produce relatively 

mild hemisyndromes primarily affecting the face and arm	
(middle	cerebral	artery)	or	leg	(anterior	cerebral	artery).	
Because	motor	and	sensory	fibers	converge	as	they	pass	
through	 deep	 subcortical	 structures,	 most subcortically 

based strokes produce relatively severe hemisyndromes 

equally affecting the face, arm, and leg	 (lenticulostriate	
arteries).

Thus,	 in	 the	patient	with	presumed	anterior	circula-
tion	impairment,	further	data	should	be	sought	regarding	
the	presence	of	so-called	cortical	signs	and	the	distribu-
tion	of	neurologic	deficits.	These	findings	help	distinguish	
between	cortical	and	subcortical	syndromes,	which	often	
bear	diagnostic,	therapeutic,	and	prognostic	significance.

Table 24.4 Clinical Features of Transient Ischemic Attacks (listed in order of frequency)

Internal Carotid Artery Systems Vertebrobasilar Artery System

Contralateral sensory loss Vertigo*

Contralateral weakness Visual field cut

Aphasia* Drop attacks*

Visual field cut Dysarthria

Dysarthria Contralateral sensory loss

Contralateral weakness

Diplopia*

Tinnitus*

* Clinically useful to distinguish between internal carotid artery and vertebral artery system strokes.
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The	most	 common	sites	of	hypertensive-related	SIH,	
in	order	of	approximate	descending	frequency,	are	as	fol-
lows:
●	 Putamen
●	 Thalamus
●	 Cerebellum
●	 Pons

The	most	commonly	observed	metastatic	brain	tum-
ors	that	present	with	hemorrhage	constitute	a	group	that	
reflects	 both	 the	 general	 incidence	 of	 the	 tumor	 types	
and	their	proclivity	to	bleed.	They	include	the	following:
●	 Melanoma	(common	tumor	that	commonly	bleeds)
●	 Lung	and	breast	carcinoma	(common	tumors	that	oc-

casionally	bleed)
●	 Renal	cell	and	thyroid	carcinoma	(uncommon	tumors	

that	commonly	bleed)
●	 Choriocarcinoma	(rare	tumor	that	usually	bleeds)

Clinical Syndrome of SIH (by Location)

Putamen (Fig. 24.31)

Clinically,	 putaminal	 hemorrhage	 presents	 with	 con-
tralateral	 hemiparesis	 and	 contralateral	 hemisensory	
loss.	There	is	conjugate	horizontal	gaze	palsy,	with	devia-
tion	toward	the	side	of	the	lesion.	Homonymous	hemian-
opsia	is	present.	Global	aphasia	complicates	dominant	le-
sions,	whereas	hemi-neglect	and	constructional	apraxia	
complicates	nondominant	lesions.

Determining the Etiology of Stroke

In	approaching	the	patient	with	stroke,	the	first	question,	
here	as	elsewhere	in	neurology,	is	Where	is	the	lesion?	In	
stroke,	 this	question	 is	often	asked	 in	terms	of	vascular	
distributions:	Does	the	stroke	involve	the	anterior	or	pos-
terior	circulation?	If	anterior,	is	it	cortical	or	subcortical?	
Is	the	neurologic	deficit	consistent	with	a	specific	arterial	
territory?

Having	resolved	these	questions,	the	neurologist	must	
next	 ask	What	 is	 the	 lesion?	 The	 possibilities	 here	 are	
threefold:	(1)	hemorrhage,	or	rupture	and	leakage	from	
an	intracranial	blood	vessel;	(2)	thrombosis,	or	occlusion	
of	a	vessel	by	a	 thrombus	(i.e.,	blood	clot);	and	(3)	em-
bolism,	or	occlusion	of	a	vessel	by	a	thrombus	dislodged	
from	a	more	proximal	site	(artery	or	heart).	The	relative	
likelihood	of	each	of	these	is	suggested	by	the	anatomic	
diagnosis,	 and	other	 circumstances	 such	as	 the	 stroke’s	
course	 of	 onset,	 the	 presence	 of	 concurrent	 medical	
illnesses,	and	the	patient’s	stroke	risk	factor	profile.

For	example,	a	large	stroke	of	stuttering	onset	in	the	
distribution	 of	 the	 internal	 carotid	 artery	 in	 a	 patient	
with	 hypercholesterolemia	 and	 diffuse	 atherosclerosis	
suggests	 thrombosis.	 This	 is	 because	 thrombus	 forma-
tion,	which	has	a	predilection	for	large	vessels,	typically	
stutters	at	onset	and	is	promoted	by	atherosclerosis.

By	contrast,	 a	 cortical	 stroke,	maximal	at	onset,	 in	a	
patient	with	a	history	of	 chronic	atrial	fibrillation,	 sug-
gests	embolism.	This	is	because	a	fibrillating	heart	is	fer-
tile	ground	for	the	development	of	a	thrombus	that	may	
break	loose,	travel	upstream,	and	lodge	in	an	intracranial	
artery,	most	 commonly	 cortical,	 to	 cause	 a	 neurologic	
deficit	that	is	maximal	at	onset.

Finally,	a	subcortical	stroke	associated	with	headache,	
nausea,	vomiting,	and	an	alteration	in	consciousness	in	a	
patient	with	severe	hypertension	suggests	hemorrhage.	
This	is	because	severe	hypertension	increases	the	risk	of	
intracranial	hemorrhage,	which	causes	headache,	nausea,	
vomiting,	and	an	alteration	in	consciousness.

Spontaneous Intracerebral 
Hemorrhage (SIH)

After	cerebral	embolism	and	cerebral	thrombosis,	spon-
taneous	intracerebral	hemorrhage	(SIH)	is	the	third	most	
common	 cause	 of	 stroke.	 The	most	 common	 causes	 of	
SIH	are	hypertension,	rupture	of	a	cerebral	aneurysm	or	
arteriovenous	malformation,	and	complications	of	anti-
coagulant	 or,	 more	 controversially,	 antiplatelet	 agents.	
Amyloid	angiopathy,	hemorrhage	into	a	brain	tumor,	and	
other	vascular	malformations	(e.g.,	cavernous	malforma-
tion	or	dural	A-V	fistula)	are	less	common	causes.

The	 clinical	 hallmarks	 of	 SIH	 are	 headache,	 nausea,	
vomiting,	altered	consciousness,	and	a	focal	neurological	
deficit.

Fig. 24.31 Acute hematoma centered around the left putamen 

Putaminal bleed.
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Other	ocular	findings	include	skew	deviation,	nystagmus,	
or	ocular	bobbing.	Ipsilateral	facial	weakness	and	ipsilat-
eral	loss	of	corneal	reflex	may	also	be	present.	Dysarthria	
is	usually	evident.	Because	of	the	risk	of	life-threatening	
brainstem	 compression	 and	 the	 potential	 for	 obstruc-
tive	 hydrocephalus,	 early	 neurosurgical	 consultation	 is	
	advised.

Pons (Fig. 24.34)

Clinically,	pontine	hemorrhage	presents	with	syndromes	
again	defined	by	the	size	and	location	of	the	lesion.	Large	
hematomas	 cause	 deep	 coma,	 decerebrate	 rigidity,	 and	
pinpoint	pupils.	Smaller	lesions,	localized	to	the	tegmen-
tum,	may	present	with	crossed	motor	or	sensory	deficits,	
ocular	movement	disturbances,	pinpoint	pupils,	and	cra-
nial	nerve	palsies.

Thalamus (Fig. 24.32)

Clinically,	 thalamic	 hemorrhage	 presents	with	 a	 hemi-
sensory	deficit	and	 less	 severe	hemiparesis.	A	wide	va-
riety	of	ocular	findings	may	also	be	present.	The	precise	
nature	of	clinical	findings	depends	on	how	much	collat-
eral	damage	is	caused,	that	is,	whether	the	hemorrhage	
extends	laterally	into	the	internal	capsule,	inferomedially	
into	the	subthalamus	and	midbrain,	or	medially	into	the	
third	ventricle.		

Cerebellum (Fig. 24.33)

Clinically,	 cerebellar	 hemorrhage	 presents	 with	 find-
ings	 determined	 by	 the	 location	 and	 size	 of	 the	 lesion	
	produced,	 and	 the	 presence	 or	 absence	 of	 brainstem	
compression	and	hydrocephalus	(the	latter	due	to	fourth	
	ventricle	 compression,	 an	 important	 finding	 to	 iden-
tify	 since	 it	 may	 require	 life-saving	 external	 ventricu-
lar	drainage).	Most	commonly	there	are	truncal	or	limb	
ataxia,	 ipsilateral	 gaze	 palsy,	 and	 small	 reactive	 pupils.	

Fig. 24.33 Small acute parenchymal hematoma in the right me-

dial cerebellum.

Fig. 24.32 Acute hematoma in left thalamus.
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Lobar (Fig. 24.35)

Unlike	 the	 locations	described	above,	which	are	 typical	
sites	 for	 hypertensive	 hemorrhage,	 lobar	 hemorrhages	
are	not	usually	associated	with	hypertension.	More	com-
monly	they	are	associated	with	anticoagulation,	arterio-
venous	malformations,	and,	among	the	elderly,	cerebral	
amyloidosis.		

The	 specific	 lobe	 involved	 by	 a	 lobar	 hemorrhage	
determines	 its	 clinical	presentation.	 Thus,	 frontal	 lobe	
hemorrhages	 produce	 diminished	 motivation,	 con-
tralateral	hemiparesis,	and	a	conjugate	gaze	preference	
toward	the	side	of	the	lesion.	Parietal	lobe	hemorrhages	
produce	 contralateral	 hemisensory	 loss,	 hemineglect,	
mild	 hemiparesis,	 and	 occasionally	 hemianopsia	 and	
poor	 insight.	 Temporal	 lobe	 hemorrhages	 produce	
visual	field	defect	and	expressive	aphasia	(in	dominant	
lobe	lesions);	extension	into	the	parietal	lobe	(in	domi-
nant	lobe	lesions)	may	cause	conduction	or	global	apha-
sia.	 Occipital	 lobe	 hemorrhages	 produce	 contralateral	
	homonymous	hemipanopsia.

Fig. 24.35 Acute parenchymal hematoma in the right middle 

frontal gyrus.

Fig. 24.34 Prominent acute multifocal hematoma in the bilat-

eral pons.
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Learning Objectives

•	 Describe	the	three	protective	coverings	of	the	brain	and	spinal	cord,	and	understand	how	they	give	structure	to	the	
subdural	and	subarachnoid	spaces,	and	the	dural	venous	sinuses.

•	 Identify	the	four	major	dural	folds,	and	understand	what	structures	they	separate.
•	 Name	the	major	subarachnoid	cisterns.	Understand	their	location	and	what	structures	they	contain.
•	 Describe	the	features	of	cerebrospinal	fluid,	 including	its	composition,	volume,	pressure,	 formation,	absorption,	

and	circulation.
•	 Understand	the	anatomy	of	the	ventricular	system,	and	become	familiar	with	the	structures	that	border	it.
•	 Describe	the	Monro-Kellie	doctrine.
•	 Identify	the	signs	and	symptoms	of	increased	intracranial	pressure.
•	 Name	the	three	categories	of	causes	of	increased	intracranial	pressure.
•	 Describe	the	three	major	brain	herniation	syndromes.

25 

The	meninges	 are	 composed	of	 three	 connective	 tissue	
sheaths	that	envelope	the	central	nervous	system	(CNS)	
and	separate	it	from	its	bony	encasement.	From	outside	
in,	these	are	the	dura	mater,	the	arachnoid	layer,	and	the	
pia	mater.	The	cerebrospinal	fluid	(CSF),	a	waterlike	sub-
stance	in	which	the	brain	is	bathed,	is	contained	between	
the	arachnoid	 layer	and	 the	pia	mater	 in	 the	 subarach-
noid	space.	There,	the	fluid	serves	to	help	the	meninges	to	
support	and	protect	the	semisolid	brain	and	spinal	cord	
and	to	remove	metabolic	waste	products	such	as	carbon	
dioxide,	lactate,	and	hydrogen	ions.

Meninges

Dura Mater

See	Fig. 25.1.
The	 tough	 fibrous	 dura	mater	 is	 composed	 of	 elon-

gated	 fibroblasts	 and	 collagen	fibrils.	 It	 contains	 blood	
vessels	and	nerves	and	 is	commonly	described	as	com-
prising	two	parts,	an	outer	endosteal	layer	(more	prop-
erly	called	periosteal dura),	which	faces	the	skull,	and	an	
inner	 layer,	 the	 meningeal dura,	which	 faces	 the	 brain.	
These	 two	 dural	 layers	 are	 closely	 attached	 to	 one	 an-
other,	except	in	certain	parts	where	they	separate	to	form	
the	venous	sinuses.

Cerebrospinal Fluid

Pia Mater and Arachnoid Mater

The	pia mater	and	arachnoid mater,	which	are	collectively	
known	as	the	leptomeninges,	are	separated	from	the	dura	
mater	by	a	potential	space,	known	as	the	subdural	space.	
Developmentally,	 the	 pia	mater	 and	 arachnoid	 arise	 as	
a	 single	 layer	 of	 mesodermal	 tissue	 surrounding	 the	
brain	and	the	spinal	cord.	This	layer	becomes	separated	
as	a	fluid-filled	 space,	 the	CSF-containing	subarachnoid	
space,	 divides	 them.	 The	 trabeculae	 that	 pass	 between	
the	pia	and	the	arachnoid	are	remnants	of	 these	cover-
ings’	common	embryological	origin.

Although	the	pia	mater	adheres	to	the	surface	of	the	
brain,	closely	following	the	contours	of	its	gyri	and	sulci,	
the	 arachnoid	 covers	 only	 its	 superficial	 surface.	 It	 fol-
lows	from	this	that	in	certain	areas	around	the	brain	the	
pia	and	arachnoid	are	separated	widely;	in	such	regions	
are	formed	cavities	called	the	subarachnoid	cisterns	(not	
shown	in	figure).
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Fig. 25.1 Structure of the meninges.
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Dural Folds

See	Fig. 25.2.
The	dural	folds	are	created	by	reflections	of	the	dura	

mater	along	the	contours	of	the	brain.	Three	communi-
cating	spaces	are	thus	formed	in	the	cranial	cavity,	two	
supratentorial	and	one	infratentorial.	There	are	four	ma-
jor	dural	folds:

1.	Falx cerebri The	falx	cerebri	forms	a	vertical	par-
tition	 that	 runs	within	 the	 longitudinal	 cerebral	fissure	
separating	 the	 right	 and	 left	 cerebral	hemispheres.	An-
teriorly,	 it	 is	 attached	 to	 the	 crista	galli	 of	 the	ethmoid	
bone;	posteriorly,	it	is	attached	to	the	tentorium	cerebelli.

2. Tentorium cerebelli The	 tentlike	 tentorium	 cere-
belli	divides	the	cranial	cavity	into	middle	and	posterior	
fossae	and	separates	the	(supratentorial)	occipital	 lobes	
from	the	(infratentorial)	cerebellum.	Its	free	edge	forms	
the	tentorial	notch,	through	which	the	midbrain	passes.	
Its	 peripheral	 fixed	 border	 is	 attached	 to	 the	 petrous	
portion	 of	 the	 temporal	 bones	 and	 the	margins	 of	 the	
grooves	for	the	transverse	sinuses	on	the	occipital	bone.

3.	Falx cerebelli The	falx	cerebelli	(not	shown	in	fig-
ure)	extends	vertically	for	a	short	distance	in	the	poste-
rior	fossa	between	the	cerebellar	hemispheres.

4.	 Diaphragma sellae The	 small	 diaphragma	 sellae	
forms	the	roof	of	the	sella	turcica	in	which	the	pituitary	is	
housed.	A	small	opening	in	the	sellae	permits	the	pituitary	
stalk	to	pass	to	its	attachment	at	the	base	of	the	brain.
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Fig. 25.2 Dural folds.
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Dural Venous Sinuses

See	Fig. 25.3.
The	venous	sinuses	are	formed	by	the	space	between	

the	periosteal	and	meningeal	layers	of	the	dura.	They	are	
described	 in	 Chapter	 22.	 In	 short,	 they	 receive	 venous	
blood	that	is	leaving	the	brain	and	empty	it	into	the	in-
ternal	jugular	veins,	which	exit	the	cranial	cavity	through	
the	jugular	foramen.

Fig. 25.3 (a) Venous sinuses, oblique view. (Continued)
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Fig. 25.3 (Continued) (b) Venous sinuses, axial view. 
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Subarachnoid Cisterns

See	Fig. 25.4.
Although	 they	 are	 often	 described	 as	 distinct	 com-

partments,	the	subarachnoid	cisterns	are	in	fact	not	truly	
anatomically	distinct.	Rather,	these	subarachnoid	spaces	
are	separated	from	each	other	by	a	trabeculated	porous	
wall	 with	 various-sized	 openings.	 The	 contents	 of	 the	
major	subarachnoid	cisterns	are	as	follows.

Cerebellomedullary Cistern (Cisterna Magna)

This	 cistern	 lies	 between	 the	 cerebellum	 and	 the	 me-
dulla.	It	receives	CSF	from	the	fourth	ventricle	via	the	me-
dian	foramen	of	Magendie	and	the	two	lateral	foramina	
of	Luschka.	The	cerebellomedullary	cistern	contains:
●	 The	vertebral	artery	and	the	origin	of	the	posterior	

inferior	cerebellar	artery
●	 The	ninth,	tenth,	eleventh,	and	twelfth	cranial	nerves
●	 The	choroid	plexus

The Prepontine Cistern

The	prepontine	 cistern	 surrounds	 the	 ventral	 aspect	 of	
the	pons.	It	contains
●	 The	basilar	artery	and	the	origin	of	the	anteroinferior	

cerebellar	artery
●	 The	origin	of	the	superior	cerebellar	arteries
●	 The	sixth	cranial	nerve

The Cerebellopontine Cistern

The	cerebellopontine	cistern	is	situated	in	the	lateral	an-
gle	between	the	cerebellum	and	the	pons.	It	contains
●	 The	seventh	and	eighth	cranial	nerves
●	 The	anteroinferior	cerebellar	artery
●	 The	fifth	cranial	nerve	and	the	petrosal	vein

The Interpeduncular Cistern

The	interpeduncular	cistern	is	situated	between	the	two	
cerebral	peduncles.	It	contains
●	 The	bifurcation	of	the	basilar	artery
●	 Peduncular	segments	of	the	posterior	cerebral	arter-

ies

●	 Peduncular	segments	of	the	superior	cerebellar	arter-
ies

●	 Perforating	branches	of	the	posterior	cerebral	arteries
●	 The	posterior	communicating	arteries
●	 The	basal	vein	of	Rosenthal
●	 The	third	cranial	nerve,	which	passes	between	the	

posterior	cerebral	and	superior	cerebellar	arteries

The Crural Cistern

The	crural	cistern	is	situated	around	the	ventrolateral	as-
pect	of	the	midbrain.	It	contains
●	 The	anterior	choroidal	artery
●	 The	medial	posterior	choroidal	artery
●	 The	basal	vein	of	Rosenthal

The Chiasmatic Cistern

The	chiasmatic	cistern	is	situated	just	ventral	to	the	optic	
chiasm.	It	contains
●	 The	anterior	aspect	of	the	optic	chiasm	and	optic	

nerves
●	 The	hypophyseal	stalk
●	 The	origin	of	the	anterior	cerebral	arteries

The Carotid Cistern

The	carotid	cistern	is	situated	between	the	carotid	artery	
and	the	ipsilateral	optic	nerve.	It	contains
●	 The	internal	carotid	artery
●	 The	origin	of	the	anterior	choroidal	artery
●	 The	origin	of	the	posterior	communicating	artery

The Sylvian Cistern

The	sylvian	cistern	is	situated	in	the	fissure	between	the	
frontal	and	temporal	lobes.	It	contains
●	 The	middle	cerebral	artery
●	 The	middle	cerebral	(sylvian)	veins
●	 The	fronto-orbital	veins
●	 Collaterals	to	the	basal	vein	of	Rosenthal

The Lamina Terminalis Cistern

The	 lamina	 terminalis	 cistern	 is	 situated	 just	 rostral	 to	
the	third	ventricle.	It	contains
●	 The	anterior	cerebral	arteries	(the	A1	segment	and	

the	proximal	A2	segment)
●	 The	anterior	communicating	artery
●	 Heubner’s	artery
●	 The	hypothalamic	arteries
●	 The	origin	of	the	fronto-orbital	arteries
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The Quadrigeminal Cistern

The	quadrigeminal	cistern	is	situated	dorsal	to	the	mid-
brain.	It	contains:
●	 The	great	vein	of	Galen
●	 The	posterior	pericallosal	arteries
●	 The	third	portion	of	the	superior	cerebellar	arteries
●	 Perforating	branches	of	the	posterior	cerebral	and	the	

superior	cerebellar	arteries
●	 The	third	portion	of	the	posterior	cerebral	arteries.	

(These	paired	arteries	approach	one	another,	and	
then	turn	posteriorly	under	the	splenium	of	the	cor-
pus	callosum.	After	traveling	beneath	the	corpus	cal-
losum,	they	then	bifurcate	into	two	cortical	branches,	
the	calcarine	and	parieto-occipital	branches.)

The Ambient Cistern

The	ambient	cistern	is	situated	along	the	lateral	aspects	
of	 the	midbrain.	 It	 is	 composed	of	 a	 supratentorial	 and	
an	infratentorial	compartment.	Its	supratentorial	portion	
contains:
●	 The	basal	vein	of	Rosenthal
●	 The	posterior	cerebral	artery
Its	infratentorial	portion	contains:
●	 The	superior	cerebellar	artery
●	 The	fourth	nerve

The Lumbar Cistern

The	 lumbar	 cistern	 extends	 from	 the	 conus	medullaris	
(L1–L2)	to	about	the	level	of	the	second	sacral	vertebra.	
It	contains	the	filum	terminale	and	the	nerve	roots	of	the	
cauda	equina.	It	is	from	this	cistern	that	CSF	is	withdrawn	
during	lumbar	puncture.

It	is	of	clinical	significance	that	cerebral	arteries,	veins,	
and	cranial	nerves	must	pass	through	the	subarachnoid	
space,	 and	 that	 these	 structures	maintain	 their	menin-
geal	investment	until	around	their	point	of	exit	from	the	
skull.	The	optic	nerve,	for	example,	is	surrounded	by	sub-
arachnoid	 space	 up	until	 its	 attachment	 to	 the	 eyeball.	
CSF	pressure	is	thus	transmitted	to	the	head	of	the	optic	
nerve,	which	may	be	visualized	by	the	direct	ophthalmo-
scope,	as	a	marker	of	intracranial	hypertension.

Fig. 25.4 Subarachnoid cisterns.
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Cerebrospinal Fluid (Fig. 25.5)

Composition, Volume, and Pressure

CSF	is	clear	and	colorless,	with	a	specific	gravity	of	1.003	
to	1.008.	It	contains	up	to	five	lymphocytes	per	cubic	mil-
limeter.	 The	 glucose	 level	 is	 roughly	 two-thirds	 that	 of	
blood	glucose,	and	the	protein	content	 is	 low	(15	to	45	
mg/dL).

The	 ventricular	 system	 and	 the	 subarachnoid	 space	
together	contain	~150	mL	of	CSF,	of	which	roughly	30	mL	
is	contained	in	the	ventricular	system	alone.	About	500	
mL	of	CSF	is	formed	during	a	24-hour	period.	Normal	CSF	
pressure	is	65	to	195	mm	water,	or	5	to	15	mm	Hg.

Formation and Absorption

The	 formation	 of	 CSF	 is	 a	 complex	 process	 that	 is	 reg-
ulated	 by	 the	 choroid	 plexus.	 The	 choroid	 plexus	 is	 a	
villous	 structure	 that	 invaginates	 from	 the	 ventricular	
surface	 into	 the	ventricular	CSF.	 It	 consists	 of	 a	 core	of	
vascular	pia	mater,	 surrounded	by	epithelium	 from	 the	
ependymal	lining	of	the	ventricle.

By	contrast,	arachnoid villi,	which	are	responsible	for	
CSF	absorption,	invaginate	from	the	subarachnoid	space	
into	 the	 dural	 venous	 sinuses	 (Fig. 25.5A).	 Each	 villus	
thus	consists	of	a	core	of	subarachnoid	space,	surrounded	
by	a	cellular	layer	comprising	endothelia	of	the	sinus	and	
epithelia	of	the	arachnoid.

Circulation

CSF	flows	from	its	origin	in	the	ventricles	to	its	absorp-
tion	in	the	venous	sinuses	(Fig. 25.5B),	as	follows:

1.	Forms	in	the	choroid	plexi	of	the	third, fourth,	and	
lateral ventricles

2.	Flows	 from	the	ventricles	 into	 the	cerebellomedul-

lary cistern	 via	 the	 foramina	of	 the	 single,	midline	Ma-
gendie	and	the	dual	lateral	Luschka

3.	 Circulates	 in	 the	 subarachnoid space	 surrounding	
the	medulla	and	the	spinal	cord

4.	 Flows	 rostrally	 through	 the	pontine,	 ambient	 (not	
shown	 in	 figure),	 and	 interpeduncular cisterns	 to	 reach	
the	 superior	 and	 lateral	 surfaces	 of	 the	 cerebral	 hemi-
spheres

5.	Passively	diffuses	 into	venous	sinuses	 through	 the	
arachnoid	villi

Examination

CSF	 is	 most	 readily	 obtained	 by	 lumbar	 puncture,	
whereby	CSF	is	withdrawn	from	the	subarachnoid	space	
at	the	level	of	the	lumbar	spine.	Examination	of	the	CSF	
routinely	 includes	 the	 following:	 (1)	 measurement	 of	
CSF	pressure,	(2)	red	and	white	blood	cell	count	with	dif-
ferential,	(3)	glucose	and	protein	content,	and	(4)	Gram	
stain	and	bacterial	culture	with	sensitivity.
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Fig. 25.5  (a) Arachnoid villi.  

(b) Cerebrospinal fluid circulation.
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The Ventricles

Lateral Ventricles

See	Fig. 25.6.
The	lateral ventricle	comprises	a	cavity	within	the	tel-	

encephalon.	During	development,	this	cavity	acquires	the	
shape	of	a	flattened	C	with	a	small	tail.	For	the	sake	of	de-
scription,	the	lateral	ventricle	is	divided	into	an		anterior 

horn,	a	body,	a	posterior horn,	and	an	 inferior horn.	The	
junction	 between	 the	 body	 of	 the	 lateral	 ventricle	 and	
its	posterior and inferior horns	is	known	as	the	atrium	(or	
trigone).

Because	an	understanding	of	the	complex	topography	
of	the	lateral	ventricle	is	instrumental	to	an	understand-
ing	of	the	topography	of	the	brain,	its	relationship	to	ad-
jacent	 structures	 is	 described	 in	 detail.	 The	 structures	
that	are	 juxtaposed	 to	 the	walls	of	 the	 lateral	 ventricle	
are	as	follows	(Figs. 22.7	to	22.13).

Fig. 25.6 (a) Lateral ventricles, lateral view. (b) Lateral ventricles, superior view.
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Fig. 25.8 Coronal 7T T1w magnetic resonance imaging (MRI) 

(zoomed in) showing frontal horn of the lateral ventricle.
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Frontal Horn

See	Figs. 25.7 and 25.8.
The	frontal	horn	is	the	part	of	the	lateral	ventricle	that	

is	located	anterior	to	the	foramen	of	Monro.	Its	structural	
borders	are	as	follows:
●	 Anterior	wall:	genu of the corpus callosum

●	 Medial	wall:	septum pellucidum	and	columns	of	the	
fornix

●	 Lateral	wall:	head	of	the	caudate nucleus

●	 Roof:	genu of the corpus callosum

●	 Floor:	rostrum of the corpus callosum

Fig. 25.7 Frontal horn, lateral ventricle.
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(zoomed in) showing body of the lateral ventricle.

IV Fluid-System Anatomy and Function614

Body

See	Figs. 25.9 and 25.10.
The	boundaries	of	the	body	of	the	lateral	ventricle	are	

the	posterior	edge	of	 the	 foramen	of	Monro,	anteriorly,	
and	the	point	where	the	septum	pellucidum	disappears,	
posteriorly.	(Its	posterior	boundary	also	marks	the	point	
where	 the	 corpus	 callosum	 and	 the	 fornix	 meet.)	 The	
structural	borders	of	the	body	of	the	lateral	ventricle	are	
as	follows:
●	 Medial	wall:	septum pellucidum

●	 Lateral	wall:	caudate nucleus

●	 Roof:	body of the corpus callosum

●	 Floor:	thalamus

Fig. 25.9 Body, lateral ventricle.
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Atrium and Occipital Horn

See	Fig. 25.11 and 25.12..
Together	 these	 components	 of	 the	 lateral	 ventricle	

form	a	triangular	cavity.	The	apex	of	 this	 triangle	 is	 lo-
cated	in	the	occipital	lobe,	and	the	base	of	the	triangle	is	
located	just	posterior	to	the	pulvinar.	The	borders	of	the	
atrium	and	the	posterior	horn	are	as	follows:
●	 Anterior	wall:	crus	of	the	fornix,	medially,	and	pulvi-

nar	of	thalamus,	laterally	(not	shown	in	figure)
●	 Medial	wall:	formed	by	two	prominences—forceps 

major	of	the	corpus	callosum,	superiorly,	and	calcar 

avis	(prominence	overlying	calcarine	sulcus),	inferi-
orly

●	 Lateral	wall:	caudate	nucleus,	anteriorly	(not	shown	
in	figure),	and	fibers	of	the	tapetum	(corpus	callo-
sum),	posteriorly

●	 Floor:	collateral trigone	(prominence	overlying	collat-

eral sulcus)

Fig. 25.11 Atrium, lateral ventricle.

Fig. 25.12 Coronal 7T T1w magnetic resonance imaging (MRI) 

(zoomed in) showing atrium of the lateral ventricle.
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(zoomed in) showing temporal horn of the lateral ventricle.
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Temporal Horn

See	Figs. 25.13 and 25.14.
The	temporal	horn	extends	forward	from	the	atrium	

into	the	medial	part	of	the	temporal	lobe.	The	borders	of	
the	temporal	horn	are	as	follows:
●	 Anterior	wall:	amygdaloid	nucleus	(not	shown	in	figure)
●	 Medial	wall:	choroidal fissure	(situated	between	the	

thalamus	and	the	fimbria of the fornix)
●	 Lateral	wall:	tapetum	of	the	corpus	callosum
●	 Roof:	thalamus,	medially,	and	tapetum	of	the	corpus	

callosum,	laterally
●	 Floor:	hippocampus,	medially,	and	collateral eminence	

(prominence	overlying	collateral	sulcus),	laterally

Fig. 25.13 Temporal horn, lateral ventricle.
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Third Ventricle

See	Fig. 25.15.

The	third	ventricle	is	the	cavity	of	the	diencephalon.	
It	communicates	rostrally	with	the	lateral	ventricle	and	
caudally	 with	 the	 cerebral	 aqueduct.	 The	 walls	 of	 the	
third	ventricle	are	formed	by	the	following	structures:
●	 Anterior	wall:	anterior commissure,	superiorly,	and	

lamina terminalis,	inferiorly
●	 Posterior	wall:	from	superior	to	inferior—the	

	habenular commissure,	the	pineal gland,	and	the	
	posterior commissure

●	 Lateral	wall:	thalamus,	superiorly,	and	hypothalamus,	
inferiorly

●	 Roof:	tela choroidea (the	vellum	interpositum	
lies	within	the	two	layers	of	the	tela	choroidea);	
	immediately	above	the	tela	choroidea	is	the	body	of	
the	fornix;	immediately	above	the	fornix	is	the	corpus 

callosum

●	 Floor:	optic chiasm, anteriorly,	and	infundibulum,	pos-
teriorly

Fig. 25.15 The ventricular system.
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Recesses of the Third Ventricle

See	Fig. 25.16.

A	series	of	recesses	are	formed	by	outpouchings	of	the	
structures	that	border	the	floor	(supraoptic	and	infundib-
ular	recesses)	and	the	posterior	wall	 (pineal	and	supra-	
pineal	recesses)	of	the	third	ventricle,	as	follows:
●	 Supraoptic recess:	superior	to	the	optic chiasm
●	 Infundibular recess:	in	the	infundibulum
●	 Pineal recess:	in	the	stalk	of	the	pineal	gland
●	 Suprapineal recess:	above	the	pineal	recess

Fig. 25.16 Recesses of the third ventricle.
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Fourth Ventricle

See	Fig. 25.17.
The	fourth	ventricle	is	a	tent-shaped	cavity	located	be-

tween	the	cerebellum	and	the	brainstem.	The	apex	of	the	
tent	extends	dorsally	into	the	base	of	the	cerebellum.	The	
fourth	 ventricle	 communicates	 rostrally	with	 the	 cere-
bral	aqueduct,	caudally	with	the	cisterna	magna	(via	the	
foramen	of	Magendie),	and	laterally	with	the	cerebello-
pontine	angle	cisterns	 (via	 the	 foramen	of	Luschka).	 Its	
borders	are	formed	by	the	following	structures:

●	 Superior	roof:	superior medullary velum,	medially,	
and	the	superior, middle,	and	inferior cerebellar pe-

duncles,	laterally
●	 Inferior	roof:	nodule	and	inferior medullary velum,	

cranially,	and	tela choroidea,	caudally
●	 Floor:	dorsal	pons,	rostrally,	and	dorsal	medulla,	cau-

dally
●	 Lateral	recesses:	these	consist	of	pouches	formed	by	

the	union	of	the	roof	and	the	floor	of	the	fourth	ven-
tricle	that	open	through	the	foramen	of	Luschka	into	
the	cerebellopontine	angle	cistern 

Fig. 25.17 (a) Fourth ventricle, superior view. (b) Fourth ventri-

cle, lateral view.
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Approach to the Patient with 
Increased Intracranial Pressure

See	Fig. 25.18.
The	 cranium	 constitutes	 a	 fixed-volume	 vault	 that	

contains	brain	tissue,	blood,	and	CSF.	Small	increases	in	
the	volume	of	these	intracranial	structures	are	accommo-
dated	by	(1)	compression	of	cerebral	veins,	(2)	distention	
of	meninges,	and	(3)	displacement	of	CSF	into	the	spinal	
canal.	Any	increase	in	volume	beyond	these	modest	com-
pensatory	measures	elevates	intracranial	pressure	expo-
nentially.	This	is	known	as	the	Monro-Kellie doctrine.

Clinical Manifestations

The	 major	 signs	 and	 symptoms	 of	 increased	 intracra-
nial	 pressure	 (Table 25.1)	 include	 headache,	 vomiting,	
papilledema,	 abducens	 nerve	 palsy,	 decreased	 level	 of	
consciousness,	and	autonomic	changes.

Headache

Characteristically,	 this	 is	 worse	 in	 the	 morning	 and	
	increases	 with	 exertion	 or	 Valsalva	 maneuver	 (cough,	
laugh,	 sneeze).	 The	 headache	 is	 often	 generalized	 or	
	bifrontal	in	location	and	of	a	dull,	nonthrobbing	quality.

Vomiting

This	may	 be	 projectile	 and	 associated	with	 little	 or	 no	
nausea.	For	reasons	that	are	unclear,	vomiting	may	pro-
vide	temporary	relief	from	headaches	associated	with	in-
creased	intracranial	pressure.

Papilledema

The	earliest	funduscopic	changes	include	blurring	of	the	
nasal	 disc	margins	 and	 distention	 of	 the	 retinal	 veins.	
Later,	venous	pulsations	may	be	lost,	and	flame	hemor-
rhages	 may	 appear	 circumferentially	 around	 the	 disc.	
Chronic	papilledema	results	in	enlargement	of	the	phys-
iological	blind	spot	and	concentric	diminution	of	periph-
eral	visual	fields.	Visual	acuity	is	not	usually	affected.

Abducens Nerve Palsy

Unilateral	 or	 bilateral	 abducens	 nerve	 palsies	 are	 com-
mon	signs	of	intracranial	hypertension.	They	usually	rep-
resent	 “false	 localizing	signs”	caused	by	generalized	 in-
creased	intracranial	pressure	rather	than	focal	abducens	
nerve	compression.

Depressed Level of Consciousness

This	 may	 occur	 as	 a	 result	 of	 brainstem	 compression,	
	affecting	 the	 reticular	 activating	 system,	 or	 causing	
	generalized	increase	in		intracranial	pressure.	Secondary	
effects	of	intra-cranial	hypertension	such	as	hypoxia	and	
ischemia,	which	also	alter	the	consciousness	level,	may	
obscure	its	cause.

Autonomic Changes

Elevated	 systemic	 blood	 pressure	 and	 bradycardia	may	
develop	 in	 response	 to	 increased	 intracranial	 pressure.	
This	response	is	named	the	Cushing	reflex,	after	the	pi-
oneering	American	neurosurgeon	who	described	it.	The	
relationship	 between	 blood	 pressure,	 heart	 rate,	 and	
intracranial	 pressure	 is	 not	 direct,	 however,	 and	 other	
causes	 of	 systemic	 hypertension	 and	 bradycardia	must	
be	considered.

Fig. 25.18 Graphic representation of the 

 Monroe-Kellie doctrine, which predicts that 

 after compensatory measures (1) are exhausted 

any further increase in intracranial volume 

(2) elevates intracranial pressure exponentially. Table 25.1 Clinical Manifestations of Increased Intracranial Pressure

Signs or Symptoms Characteristics

Headache Worse in the morning, generalized, dull, 

nonthrobbing

Vomiting Often projectile

Papilledema Blurring of disc margins and distention of retinal 

veins; loss of venous pulsations; concentric narrowing 

of visual fields

Abducens nerve palsy Unilateral or bilateral

Level of consciousness Depressed

Autonomic changes Elevated blood pressure with bradycardia (i.e., 

Cushing reflex)
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Major Causes of Increased Intracranial 
Pressure

Hydrocephalus

See	Fig. 25.19 (a–c).
Hydrocephalus	 is	marked	by	dilation	 of	 the	 cerebral	

ventricles	and	an	increase	in	CSF	volume.	Clinically,	pa-
tients	with	 hydrocephalus	 present	with	 signs	 of	 intra-	
cranial	hypertension.	The	various	forms	of	hydrocepha-
lus,	all	but	one	of	which	are	associated	with	an	increase	
in	CSF	pressure,	are	classified	as	follows:
●	 Obstructive hydrocephalus This	is	most	common	

and	results	from	an	obstruction	to	CSF	flow	inside	the	
ventricular	system.	It	causes	dilation	of	the	ventricles	
proximal	to	the	obstruction	while	the	ventricles	to	
the	obstruction	distal	remain	small.	Common	causes	
include	stenosis	of	the	cerebral	aqueduct	and	fourth	
ventricular	tumor.

●	 Communicating hydrocephalus In	this	form	of	hy-
drocephalus,	no	obstruction	of	CSF	flow	is	evident.	All	

ventricles	appear	dilated.	The	cause	of	hydrocephalus	
in	these	cases	is	obscure.	Theoretically,	increased	CSF	
production	(secondary	to	a	choroid	plexus	papilloma)	
or	decreased	CSF	absorption	(secondary	to	subarach-
noid	hemorrhage	or	meningitis)	may	be	responsible.

●	 Normal pressure hydrocephalus (NPH)	 In	this	con-
dition,	a	form	of	communicating	hydrocephalus,	
hydrocephalus	occurs	in	the	absence	of	elevated	in-
tracranial	pressure.	The	ventricular	system	appears	
dilated	out	of	proportion	to	what	is	expected	to	occur	
with	aging	and	brain	atrophy.	Characteristically,	this	
affects	the	elderly	and	results	in	the	clinical	triad	of	
gait	disturbance,	urinary	incontinence,	and	dementia.	
The	cause	of	NPH	is	not	known.

●	 Hydrocephalus ex vacuo As	a	result	of	cerebral	atro-
phy,	passive	enlargement	of	the	ventricles	may	occur	
without	an	increase	in	CSF	pressure.	The	cerebral	
sulci	are	not	effaced.	The	clinical	picture	is	that	of	
cerebral	atrophy	(i.e.,	dementia),	rather	than	that	of	
intracranial	hypertension.

Fig. 25.19 (a) Obstructive 

hydrocephalus.
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Brain Edema

Increased	intracranial	pressure	may	be	related	to	a	diffuse	
or	focal	increase	in	brain	tissue	water	(cerebral	edema).	
This	may	occur	as	a	result	of	trauma	or	infarction	or	as	a	
response	 to	 an	 intracranial	mass	 (hematoma,	 infection,	
or	tumor).	The	clinical	picture	of	cerebral	edema	is	one	of	
focal	neurologic	deficits	and	increased	intracranial	pres-
sure.	Two	pathophysiological	mechanisms	are	identified:
●	 Cytotoxic edema Cytotoxic	edema	consists	of	cellular	

injury	(neuronal,	glial,	and	endothelial)	that	results	
in	an	increase	in	intracellular	fluid.	It	predominantly	
affects	the	gray	matter	and	is	most	commonly	as-
sociated	with	infarction.	There	is	no	response	(i.e.,	
decrease	in	the	amount	of	edema)	with	the	adminis-
tration	of	steroids.

●	 Vasogenic edema This	represents	increased	permea-
bility	of	brain	capillary	endothelial	cells	and	a	result-
ant	increase	in	extracellular	fluid.	It	predominantly	
affects	the	white	matter	and	is	most	commonly	
associated	with	neoplasms	and	abscesses.	In	contrast	
to	cytotoxic	edema,	vasogenic	edema	responds	exqui-
sitely	to	steroids.

Fig. 25.19 (b) Communicating

 hydrocephalus.
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Intracranial Masses

Intracranial	 masses	 such	 as	 hematomas,	 tumors,	 and	
abscesses	frequently	cause	mass	effect—a	shift	 in	 intra-	
cranial	 structures—that	 is	 exacerbated	 by	 surrounding	
vasogenic	 edema.	 As	 a	 result	 of	 the	 fixed	 intracranial	
volume,	such	mass	effect	leads	to	increased	intracranial	
pressure.	 Severe	 displacement	 of	 brain	 tissue	 produces	
herniation	syndromes,	as	described	next.

Fig. 25.19 (c) Hydrocephalus ex vacuo. Cerebral atrophy (no effacement of 

the cerebral sulci) indicates the absence

of intracranial hypertension
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ventricle
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ventricle

c
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Herniation Syndromes

See	Figs. 25.20 and 25.21.
Two	major	 dural	 folds	 divide	 the	 intracranial	 cavity	

into	 three	 compartments	 (see	 earlier	 discussion).	 The	
tentorium,	which	 lies	 between	 the	 cerebellum	 and	 the	
occipital	 lobes,	 separates	 the	 cavity	 into	 supratentorial	
and	infratentorial	compartments.	The	falx	cerebri,	which	
lies	between	the	right	and	left	cerebral	hemispheres,	sep-
arates	the	supratentorial	compartment	into	right	and	left	
halves.

As	a	result	of	these	divisions	and	the	fixed	volume	of	
the	skull,	a	focal	cerebral	mass	elevates	intracranial	pres-
sure	 unevenly.	 Pressure	 gradients	 thus	 form	 across	 the	
three	 compartments,	 causing	herniation	of	brain	 tissue	
from	high	 to	 low	pressure	 areas.	 Three	herniation	 syn-
dromes	are	identified:
●	 Subfalcial herniation In	this	condition,	the	cingulate	

gyrus	is	forced	under	the	falx.	There	are	no	known	
clinical	manifestations.

●	 Uncal herniations In	this	condition,	the	uncus	(me-
dial	temporal	lobe)	is	forced	through	the	incisura,	the	
tentorial	opening	through	which	the	midbrain	passes.	
The	herniating	mass	compresses	the	ipsilateral	third	
cranial	nerve and	ipsilateral	cerebral	peduncle.	This	
results	in	ipsilateral	third	cranial	nerve	palsy	and	
contralateral	hemiparesis.	The	midbrain	may	be	
compressed	and	shifted	enough	to	compress	the	
contralateral	cerebral	peduncle	against	the	tentorial	
edge,	producing	a	false	loading	sign	with	ipsilateral	
third	cranial	nerve	palsy	and	weakness.	This	has	been	
described	as	the	Kernohan phenomenon.	The	key	
clinical	point	to	remember	is	that	the	lesion	is	always	
ipsilateral	to	the	third	cranial	nerve	palsy.

●	 Tonsillar–foramen magnum herniation In	this	con-
dition,	the	cerebellar	tonsils	are	forced	down	into	
the	foramen	magnum,	usually	by	increased	pressure	
in	the	posterior	fossa	(infratentorial	compartment).	
Medullary	compression	results	in	respiratory	and	car-
diovascular	collapse	and	possible	arrest,	which	may	
be	rapid.

Fig. 25.20 Herniation syndromes.
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Fig. 25.21 Coronal 3T T1w magnetic resonance imaging (MRI) 

(post-contrast) showing subfalcial herniation (arrows).
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Abducens nerve, 256–257
Abducens nerve palsy, 620
Abnormal pinch attitude, 69
Abnormal postures of head, 318
ACA. See Anterior cerebral artery
Accessory nerves, 278–279

deep motor branches to, 95
testing, 296

Accommodation reflex, 418
Acute autonomic crises, 526
Acute hematoma in left thalamus, 600
Acute multifocal hematoma, 601
Acute parenchymal hematoma, 601
AD. see Alzheimer’s disease
Adie’s tonic pupil, 490
Adrenal medulla, autonomic innervation of, 521
Afferent connections

cerebellar, 224–226, 303–306
hippocampus, 366
hypothalamus, 340–341

Afferent sensory pathways, 529
Alexia without agraphia, 395–396
Alobar holoprosencephaly, 37
Altered states of consciousness

coma, 544
confusional state, 545
minimally conscious state, 545
vegetative state, 544

Alzheimer’s disease, 567
Ambient cistern, 609
Amygdaloid nucleus, 368, 369
Amyloid deposition and neuronal connectivity, 567
Amyotrophic lateral sclerosis, 205
Ansa cervicalis, 95
Ansa hypoglossi. see Ansa cervicalis
Anterior and posterior cerebral circulations, 597–598
Anterior cerebral artery, 580–581
Anterior choroidal artery, 579
Anterior circulation. See Internal carotid system
Anterior horn cell syndrome, 203
Anterior inferior cerebellar artery, 588
Anterior interosseous nerve syndrome, 68–69
Anterior spinal artery syndrome, 166
Anterior spinal cord injury syndrome, 201
Anterior spinothalamic tract

receptors, 404
spinal pathways, 404
thalamocortical projections, 404–405

Anteroinferior venous sinuses, 593
Anton’s syndrome, 398
Aphasias, 397
Apical lung tumor syndrome, 112
Apraxia, approach to patient with, 511
Arachnoid cyst, 30–31
Arachnoiditis, 146
Arachnoid mater, 602
Arachnoid villi, 611
ARAS. See Ascending reticular activating system
Argyll Robertson pupil, 492
Ascending reticular activating system, 530

Index

afferent sensory pathways, 529
cerebral cortex, 529
reticular formation, 529
thalamus, 529

Ascending tracts, 161, 218–220
Ascent of conus medullaris, 7
Association fibers, 379
Association nuclei of thalamus, 331
Athetosis, 356
Atrium and occipital horn, 615
Auditory association cortex, 390
Auditory system

central auditory pathways
auditory cortex, 432–433
brainstem, 432
thalamus, 432

cochlea, 428
conductive hearing, 431–432
external ear, 426–427
inner ear, 427–429
middle ear, 426–427, 429
organ of Corti, 430

Autonomic changes, 620
Autonomic disorders, 525–526
Autonomic disturbances, in spinal cord lesions

cardiovascular disturbances, 169
disturbances of bladder function, 171–173
disturbances of rectal function, 174–175
disturbances of sexual function, 176–179
Horner syndrome, 169–170
respiratory disturbances, 169

Autonomic failure, in elderly, 525
Autonomic function

central control of
cardiovascular system, 518
hypothalamus, 519–520
respiration, 518

disturbances of, 370
Autonomic innervation

adrenal medulla, 521
eyes, 521
gastrointestinal tract, 521
heart, 521
lungs, 521
urinary bladder, 523–524

Autonomic nervous system
afferent pathways of, 517
efferent pathways of, 512

parasympathetic division, 515–516
sympathetic division, 513–514

Autoregulation, 571
Awake states

EEG pattern of, 527–528
“Axon cut.” see Axonotmesis
Axonotmesis, 90, 91

B
Ballism, 357
Basal ganglia, 573

components of, 346–348
globus pallidus, 348, 350–351
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striatum, 346, 348–349
substantia nigra, 348
subthalamic nucleus, 348

connections of, 348–351
physiology and neurochemistry of, 351, 353

Basal ganglia disease
hyperkinesia-hypotonia syndrome, 355–357
hypokinesia-hypertonia syndrome, 352

Basilar arteries
branches of, 572, 588–589
vascular syndromes associated with, 590

Benedikt’s syndrome, 241
Bihemispheric syndromes, 398
Bladder function, disturbances of, 171–173
Bourneville’s disease. See Tuberous sclerosis
Bowel, innervation of, 523
Brachial plexus

branches from cords of, 101–104
branches from roots of, 99
branches from trunks of, 100
components of, 98
lesions of

apical lung tumor syndrome, 112
complete brachial plexus lesions, 108
lesions of lateral cord, 108
lesions of medial cord, 109
lesions of posterior cord, 110
lower brachial plexus syndrome, 107
neuralgic amyotrophy, 114
radiation plexopathy, 113
thoracic outlet syndrome, 111
upper brachial plexus syndrome, 105–106

Brain, 571
circulation to and from

deep cerebral veins, 595
superficial cerebral veins, 594
venous return from brain, 591–593

Brain, blood supply of
circle of Willis, 571, 591
deep structures of hemisphere, 574
internal carotid system ( anterior circulation), 571

components of, 571–572
internal carotid artery (ICA), 575–576

cavernous sinus portion, 577
major branches of, 578–583
vascular syndromes associated with, 583–585

vertebrobasilar system (posterior circulation), 571
basilar arteries

branches of, 572, 588–589
vascular syndromes associated with, 590

vascular syndromes associated with, 588
vertebral arteries, 572, 586–588

brain edema, 622
Brain flexures, 9
brain function

metaphor to understand, 559
specialization and, 562
studying, 559–560

Brain networks
constructing, 560–561
role of models in construction of, 562

Brainstem, 510
ascending tracts, 218–220
blood supply of, 229–233
and cerebellum, reciprocal fibers connecting, 224–225
cranial nerve nuclei

lateral columns, 217
medial columns, 211–216

decerebrate rigidity, 508
descending tracts, 221–223
lesion localization, 234–235

lesions in, 449
medullary reticulospinal tract, 505
parts of, 209–210
pontine reticulospinal tract, 503–504
reticular formation, 227–228
rubrospinal tract, 507
tectospinal tract, 508
vestibulospinal tract, 506

Brainstem syndromes, vascular, 235
central (tegmental) midbrain syndrome, 241
dorsal midbrain syndrome, 242
lateral medullary syndrome, 236
lateral pontine syndrome, 238
medial medullary syndrome, 237
medial pontine syndrome, 239
ventral midbrain syndrome, 240

Brain vesicles, 8
Broca’s aphasia, 397
Brown-Séquard syndrome, 200

C
Cardiovascular disturbances, 169
Cardiovascular system, 518
Carotid cistern, 608
Carpal tunnel syndrome, 70–71
Cauda equina, 195
Caudal agenesis, 57
Cavernous sinus, 593
Cavernous sinus third nerve lesions, 462
Cell body, 91
Central auditory pathways

auditory cortex, 432–433
brainstem, 432
thalamus, 432

Central hearing loss, 436
Central herniation syndromes, 539–541

diencephalic stage, 539
lower pons-upper medulla stage, 541
midbrain–upper pons stage, 540

Central (tegmental) midbrain syndrome, 241
Central spinal cord injury syndrome, 202
Central vestibular lesions, 448–449
Cephaloceles, 23

frontoethmoidal, 25–26
nasopharyngeal, 28
occipital, 24
parietal, 27

Cerebellar connections
afferent connections, 303–306
efferent connections, 307–310

Cerebellar cortex
cortical layers, 300
intrinsic circuitry, 301

Cerebellar diseases, 318–321
Cerebellar hemorrhage, 600
Cerebellar peduncles, 311–312
Cerebellar tremor, 510
Cerebellomedullary cistern, 608
Cerebellopontine angle, lesions in, 449
Cerebellopontine cistern, 608
Cerebellum

and brainstem, reciprocal fibers connecting, 224–225
cerebellar cortex

cortical layers, 300
intrinsic circuitry, 301

deep cerebellar nuclei, 302
external appearance, 298–299
functional anatomic organization of, 314–317
functions of, 313
lesions in, 449

Cerebral arteries, 573
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Cerebral commissures, 16–17
Cerebral cortex, 304, 529
Cerebral cortex, lesions of, 510
Cerebral hemispheres, 15
Cerebral peduncle, 573
Cerebrospinal fluid

circulation, 610, 611
composition, volume, and pressure, 610
examination, 610–611
formation and absorption, 610

Cerebrovascular diseases, 570
Cerebrum, 322
Cervical disk disease

C3 radiculopathy, 138
C4 radiculopathy, 138
C5 radiculopathy, 138
C6 radiculopathy, 138
C7 radiculopathy, 138
C8 radiculopathy, 139

Cervical nerve root avulsion, 146
Cervical plexus

deep motor branches, 96
to accessory nerve, 95
to adjacent neck muscles, 95

lesions of, 97
superficial sensory branches, 94

great auricular nerve, 93
greater occipital nerve, 93
lesser occipital nerve, 93
supraclavicular nerves, 93
transverse cervical nerve, 93

Cervical spondylosis, 140
Chiari malformations, 41–45

chiari III malformation, 45
chiari II malformation, 43–44
chiari I malformation, 41–42

Chiasmatic cistern, 608
Chorea, 355
Chronic regional pain syndrome type 1, 526
Circle of Willis, 571, 591
Circuit of Papez, 369
Cisterna magna. See Cerebellomedullary cistern
Cochlea, 428
Cognition and networks

cognitive egalitarianism, 566
convergence and phase synchrony, 565
hierarchy, 566
integration and segregation, 564

Cognitive egalitarianism, 566
Color agnosia, 397
Color blindness, 393
Coma, anatomic localization of lesion causing, 544

diffuse brain dysfunction, 543
subtentorial lesions

foramen magnum herniation, 542
supratentorial lesions, 537

central herniation syndromes, 539–541
uncal syndrome, 538

Comatose patient, approach to
eye movements, 535
motor response, 536
neurologic examination, 531
pupillary response, 533–534
respiratory pattern, 532

Commissural fibers, 380
Conduction aphasia, 398
Conductive hearing, 431–432
Conductive hearing loss, 434
Confusional state, 545
Congenital malformations

anomalies of corpus callosum, 21

of central nervous system, 22
Conjugate voluntary horizontal gaze, 258–263

internuclear palsy of, 263
nuclear palsy of, 262
pathway for, 258–259
supranuclear palsies of, 260–261

Connectivity, types of, 560
Consciousness

altered states of
coma, 544
confusional state, 545
minimally conscious state, 545
vegetative state, 544

definition of, 527
depressed level of, 620

Constructional apraxia, 391
Conus medullaris, 195
Convergence

and phase synchrony, 565
retraction, 481

Coronal thalamus, 324
Corpus callosum, 18
Corpus striatum and internal capsule, 19–20
Cortex

afferent cerebellar connections from, 305
corticobulbar tract, 502
corticospinal tract, 499–501
histology of

Brodmann’s map, 378
cortical layers, 377
cortical neurons, 376
granular and agranular cortex, 377

neuroplasticity, 399
subcortical white matter, 379–380
thalamic nuclei and, 325

Cortex–basal ganglia–thalamus–cortex loop, 352
Cortical localization

auditory association cortex, 390
frontal cortex, 381
language areas, 390
prefrontal cortex (frontal association cortex), 384
premotor cortex, 383
primary auditory cortex, 389
primary motor cortex, 381–382
primary somatosensory cortex, 385–386
primary visual cortex, 388
secondary somatosensory cortex, 385–386
somatosensory association area, 387
supplementary motor area (SMA), 382
visual association cortex, 389

Cortical sensation and sensory representation
primary somesthetic area, 409–410
secondary somesthetic area, 410
somesthetic association area, 410

Cortical syndromes
bihemispheric syndromes, 398
dominant hemisphere syndromes, 394–397
right hemisphere syndromes

color blindness, 393
constructional apraxia, 391
dressing apraxia, 392
neglect and denial, 392

Cortical tubers, 49
Corticobulbar tract, 222–223, 502
Corticospinal pathways, 498
Corticospinal tract, 221, 499–501
Cranial nerve nuclei

lateral columns, 217
medial columns, 211–216

Cranial nerves, 234
abducens nerve
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anatomy of, 256
palsy, 257

accessory nerve, 278–279
and conjugate voluntary horizontal gaze, 258–263
facial nerve

intermediate nerve, 268–269
palsy syndromes, 270–271
somatic motor component, 268

functional components of, 243
functions of, 243
glossopharyngeal nerve, 274–275
hypoglossal nerve, 280–281
oculomotor nerve

accommodation reflex, 253
palsy, 251
parasympathetic components of, 250
pupillary light reflex, 253
somatic motor components of, 248–249

olfactory nerve, 243–245
optic nerve and retina, 246–247
testing, 295–296
trigeminal nerve

anatomy of, 264–265
corneal reflex, 266–267

trochlear nerve
functional components of, 254
palsy, 255

vagus nerve, 276–277
vestibulocochlear nerve, 272–273

Cranial nerve syndromes
cavernous sinus syndrome, 285–286
cerebellopontine angle (CPA) syndrome, 291–292
Foster Kennedy syndrome, 282
Foville’s syndrome, 290
Gradenigo’s syndrome, 284
jugular foramen syndrome, 294
Millard-Gubler syndrome, 289
Raeder paratrigeminal syndrome, 283
Ramsay Hunt syndrome, 293
superior orbital fissure syndrome, 287
Tolosa-Hunt syndrome, 288

CRPS 1. See Chronic regional pain syndrome type 1
Crural cistern, 608
CSF. See Cerebrospinal fluid
Cubital tunnel syndrome, 74–75

D
Dandy-Walker malformation, 46–47
Decerebrate rigidity, 508
Declarative memory, 547–548, 553
Deep cerebral veins, 595
Deep motor branches, 96

to accessory nerve, 95
to adjacent neck muscles, 95

Deep structures of hemisphere, 574
Dejerine-Roussy syndrome, 590
Dejerine’s syndrome, 237
Denervation of target organ, 91–92
Dentate gyrus, 368
Depressed level of consciousness, 620
Dermal sinuses, 29
Dermatome, 157
Descending pathways, higher orders of control of, 509
Descending tracts, 162–163, 221–223
Diabetic radiculopathy, 150
Diaphragma sellae, 604
Diastematomyelia, 56–57
Diencephalon, 14, 322
Diffuse brain dysfunction, 543
Direct intrahippocampal pathway, 366–367
Disjunction, 2
Distal regeneration, 92

Dizziness, 438
Dizzy patient, approach to, 448
Dominant hemisphere syndromes

alexia without agraphia, 395–396
aphasias, 397
color agnosia, 397
Gerstmann’s syndrome, 397
ideomotor apraxia, 394
visual agnosia, 394

Dorsal column–medial lemniscus system, 402, 406–407
Dorsal funiculi, 161
Dorsal horn, 158
Dorsal midbrain syndrome, 242
Downbeat nystagmus, 477
Dressing apraxia, 392
Drug-induced nystagmus, 472
Dural folds, 604–605
Dural venous sinuses, 606–607
Dura mater, 602
Dysarthria, 320
Dystonia, 356, 358

E
EEG pattern of sleep, 527–528
Effective connectivity, 560
Efferent connections, 307–310

cerebellar, 226, 307–310
hippocampus, 366
hypothalamus, 342–343

Ejaculation, disturbance in, 178–179
Elbow

median nerve at, 64
ulnar nerve at, 72

Embryonic brain vesicles, adult derivatives of, 2
Emotion and emotional behavior, disturbances of, 345, 370
Enteric nervous system, 517
Episodic memory, 548
Erection, disturbance in, 176–177
Essential tremor, 359
Essential tremor ), 359, 509
ET. See Essential tremor
External carotid arteries, 551
External ear, 426–427
Extramedullary tumors, 167–168
Eyelids

abnormalities of, 497
anatomy of, 496

Eye movements
saccades, 450–451
smooth pursuits, 452
supranuclear control of, 455–459

horizontal eye movements, 455–458
vertical eye movements, 459

vergence, 454
vestibular-optokinetic, 453

Eyes, autonomic innervation of, 521

F
Face, sensory pathways for

pain and temperature, 408
proprioception, 409
touch, 409

Facial nerve
intermediate nerve, 268–269
palsy syndromes, 270–271
somatic motor component, 268
testing, 296

Falx cerebelli, 604
Falx cerebri, 604
Fascicular third nerve lesions, 462
Feed-forward and feedback connection, 566
Femoral nerve, 81, 117
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Femoral neuropathy, 81
Fibrolipoma of filum terminale, 53–54
Foramen magnum, 180
Foramen magnum herniation, 542
Forearm

median nerve at, 64
radial nerve in, 60–61
ulnar nerve in, 72

Forebrain, 14–20
cerebral commissures, 16–17
cerebral hemispheres, 15
corpus callosum, 18
corpus striatum and internal capsule, 19–20
diencephalon, 14
telencephalon, 14

Fourth nerve
anatomy, 464
lesions, localization of, 465

Fourth ventricles, 619–620
Friedreich’s ataxia, 207
Frontal cortex, 381
Frontal horn, 613
Frontoethmoidal cephaloceles, 25–26
Functional connectivity, 560

G
Gastrointestinal tract, autonomic innervation of, 521
Gaze-evoked nystagmus, 474
Gaze palsy, 456
Gaze-paretic nystagmus, 475
Genitofemoral nerve, 116
Genitourinary system, innervation of, 523–524
Gerstmann’s syndrome, 397
Glascow coma scale, 531
Global aphasia, 397
Globus pallidus interna, 358, 360
Globus pallidus–subthalamic nucleus–globus pallidus loop, 352
Glossopharyngeal nerve, 274–275, 296
Gluteal nerves, 120
GPi. See Globus pallidus interna
Gradenigo’s syndrome, 468
Gray matter, 158–159
Great auricular nerve, 93
Greater occipital nerve, 93
Guillain-Barré syndrome, 149
Guyon’s canal syndrome, 76–78

H
Hand, median nerve in, 64
Hand, ulnar nerve in, 72

clinical syndromes
cubital tunnel syndrome, 74–75
Guyon’s canal syndrome, 76–78

Headache, 620
Hearing loss

bedside tests, 435–436
central, 436
conductive, 434
sensorineural, 434
tinnitus, 434

Heart, 521
Hemorrhagic stroke, 570
Hereditary sensory and autonomic neuropathies, 525
Herniation syndromes, 624–625
Herpes zoster (shingles), 147
Heterotopia, 34
Hindbrain. see Rhombencephalon
Hippocampal formation, 364
Hippocampus, 365–367, 369
Holoprosencephaly, 37–39
Horizontal eye movements

anatomy, 455

disorders, 455–458
Horner syndrome, 169–170, 495, 522
HSANs. See Hereditary sensory and autonomic neuropathies
Hutchinson’s pupil (“blown pupil”), 491
Hydrocephalus, 621
Hyperhidrosis, 526
Hyperkinesia-hypotonia syndrome, 355–357
Hypoglossal nerve, 280–281
Hypoglossal nerves, 296
Hypogonadotropic hypogonadism, 345
Hypokinesia-hypertonia syndrome, 352
Hypothalamic lesions, clinical manifestations of, 345
Hypothalamus, 519–520

afferent connections, 340–341
efferent connections, 342–343
functions of, 344
hypothalamic nuclei, 338–339

Hypotonia, 320

I
ICA. See Internal carotid artery
ICAInternal carotid artery, 575–576
Ideational apraxia, 398
Ideomotor apraxia, 394
Iliohypogastric nerve, 116
Ilioinguinal nerve, 116
Immediate memory, 547
Impaired check, 320
Increased intracranial pressure

approach to patient with
clinical manifestations, 620

causes of
brain edema, 622
herniation syndromes, 624–625
hydrocephalus, 621
intracranial masses, 623

Inferior division occlusion, 584
inferior sagittal sinus, 592
Inferior thoracic cord and conus medullaris, 154
Inner ear, 427–429
Innominate artery, 551
Integration and segregation, 564
Intention tremor, 320
Intermediate gray, 158
Internal capsule, 573
Internal capsule, lesions of, 510
Internal carotid and vertebral artery systems, 549
Internal carotid arteries, 551
Internal carotid artery, 575–576

cavernous sinus portion, 577
major branches of, 578–583
vascular syndromes associated with, 583–585

Internal carotid system, 571
components of, 571–572
internal carotid artery (ICA), 575–576

cavernous sinus portion, 577
major branches of, 578–583
vascular syndromes associated with, 583–585

Internal cerebral veins, 595
Internuclear ophthalmoplegia, 455
Interpeduncular cistern, 608
Intracranial lipomas

anomalies of neuronal migration and organization, 32
arachnoid cyst, 30–31
caudal agenesis, 57
cephaloceles, 23
chiari malformations, 41–45
Dandy-Walker malformation, 46–47
dermal sinuses, 29
frontoethmoidal cephaloceles, 25–26
heterotopia, 34
holoprosencephaly, 37–39
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Lhermitte-Duclos syndrome, 48
lissencephaly, 32, 33
nasopharyngeal cephaloceles, 28
occipital cephaloceles, 24
parietal cephaloceles, 27
phakomatoses, 49
polymicrogyria, 35
schizencephaly, 36
septo-optic dysplasia, 40
spinal dysraphism, 50
spinal lipomas, 52–55
split cord malformation, 56–57

Intracranial masses, 623
Intramedullary tumors, 168
Ischemic stroke (infarct), 570

L
labyrinthine artery, 588
Lamina terminalis cistern, 608
Language areas, 390
Lateral (hemispheric) cerebellar disease, 320–321
Lateral cord

of brachial plexus, 101
lesions of, 108

Lateral femoral cutaneous nerve, 79–80, 118
Lateral funiculi, 161, 163
Lateral geniculate body lesions, 422
Lateral medullary syndrome, 236
Lateral pontine syndrome, 238
Lateral recess stenosis, 144
Lateral spinothalamic tract, 402

receptors, 402
spinal pathways, 402–404
thalamocortical projections, 404

lateral ventricles
atrium and occipital horn, 615
body, 614
frontal horn, 613
structure of, 612
temporal horn, 616

Lesser occipital nerve, 93
Lhermitte-Duclos syndrome, 48
Limb ataxia, 320
Limbic lobe, 363
Limbic system, 362

clinical manifestations of lesions in, 370–371
functions of, 369
interconnections in, 369
structures of

amygdaloid nucleus, 368
dentate gyrus, 368
hippocampal formation, 364
hippocampus, 365–367
limbic lobe, 363
parahippocampal gyrus, 368

Lipomyelomeningoceles, 55
Lissencephaly, 32, 33
lobar hemorrhages, 601
Lobar holoprosencephaly, 39
long-term memories, 553
Long-term memory

pathways of, 548–552
long-term memory, 546
Long-term memory neural mechanisms, 553
Long-term potentiation, 553
Lower brachial plexus syndrome, 107
Lower extremity, nerves of

femoral nerve, 81
lateral femoral cutaneous nerve, 79–80
peroneal nerve, 85–86
saphenous nerve, 81–82
sciatic nerve, 83–84

tibial nerve, 87–88
Lower lumbar plexus, 117–118
Lower motor neuron syndrome, 510–511
LTP. see Long-term potentiation
Lumbar cistern, 609
Lumbar disk disease, 142
Lumbar plexus

anatomy of, 115–118
lesions of, 123

Lumbar spondylolisthesis, 145
Lumbar stenosis, 143
Lumbosacral plexus

lesions of, 122–124
lumbar plexus, 115–118, 123
sacral plexus, 119–121, 124

Lungs, autonomic innervation of, 521

M
Marcus Gunn pupil, 487
Medial cord

of brachial plexus, 102
lesions of, 109

Medial lemniscus, 220
Medial medullary syndrome, 237
Medial pontine syndrome, 239
Medial temporal lobe

functional anatomy of, 550–552
and long-term memory, 550

Median nerve of upper extremity, 64–71
anatomy of, 64–65
clinical syndromes of

anterior interosseous nerve syndrome, 68–69
carpal tunnel syndrome, 70–71
pronator teres syndrome, 66–67

Medulla, arterial supply of, 233
Medullary reticulospinal tract, 505
Memory

at cellular and molecular level, 552–554
stability, 552

Memory, disturbances of, 371
meninges

arachnoid mater, 602
dural folds, 604–605
dural venous sinuses, 606–607
dura mater, 602
pia mater, 602
structure, 603
subarachnoid cisterns, 608–609

Meningocele, 50
Meralgia paresthetica, 80
Mesencephalon, 13
Metencephalon, 12
Midbrain, 231, 493
Middle cerebral artery, 582–583
Middle cerebral artery occlusion, 585
Middle ear, 426–427, 429
Midline cerebellar disease, 318–319
Millard-Gubler syndrome, 238
minimally conscious state, 545
Motifs, modules, and hubs, 562–564
Motor system, 498
Movement disorders

anatomic basis of surgical treatment of, 358
target selection in, 358

Multiple system atrophy, 525
Myelencephalon, 10–11
Myelomeningocele, 50–51

N
Nasopharyngeal cephaloceles, 28
Neglect and denial, 392
“Nerve cut.” see Neurotmesis
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Nerve root lesions, anatomy and examination of
C5 lesions, 126
C6 lesions, 128
C7 lesions, 129
C8 lesions, 130
C1 to C4 lesions, 126
L4 lesions, 134
L5 lesions, 135
L2-L3 lesions, 133
S1 lesions, 136
S2–S4 lesions, 137
T1 lesions, 131
T2-T12 lesions, 132

Nerve roots
anatomy of, 125
localization, principles of, 125

Nerve root syndromes
arachnoiditis, 146
cervical disk disease

C3 radiculopathy, 138
C4 radiculopathy, 138
C5 radiculopathy, 138
C6 radiculopathy, 138
C7 radiculopathy, 138
C8 radiculopathy, 139

cervical nerve root avulsion, 146
cervical spondylosis, 140
diabetic radiculopathy, 150
Guillain-Barré syndrome, 149
herpes zoster (shingles), 147
lateral recess stenosis, 144
lumbar disk disease, 142
lumbar spondylolisthesis, 145
lumbar stenosis, 143
nerve sheath tumors, 149
poliomyelitis, 148
thoracic disk disease, 141

Nerve sheath tumors, 149
nervous system

frameworks for understanding, 559
Nervous system, early development of, 2–3
Network theory, 558
Neuralgic amyotrophy, 114
neural networks

definition of, 558
Neural networks and disease, 566

Alzheimer’s disease (AD), 567
brain injury, 567

Neural tube derivatives vs. neural crest derivatives, 3
Neural tube formation, 2–3
Neurapraxia, 90
Neuroembryology

ascent of conus medullaris, 7
brain flexures, 9
brain vesicles, 8
intracranial lipomas (See Intracranial lipomas)
mesencephalon, 13
neural tube formation, 2–3
prosencephalon (forebrain), 14–20
rhombencephalon (hindbrain), 10–12
spinal cord, 4
spinal gray matter, 5
ventral and dorsal roots, 6

Neurofibromatosis, 49
Neuronal migration and organization, anomalies of, 32
Neuroplasticity, 399
Neurotmesis, 90, 91
Neurulation, 2–3
Nondeclarative Memory

mechanisms in, 552–553
Nondeclarative memory, 547–548
Nonspecific nuclei of thalamus, 330

Nuclear third nerve lesions, 462
Nystagmus, 447, 470–484

convergence retraction, 481
downbeat, 477
drug-induced, 472
gaze-evoked, 474
gaze-paretic, 475
ocular bobbing, 481
ocular dysmetria, 483
ocular flutter and opsoclonus, 482
ocular myoclonus, 484
optokinetic, 470
periodic alternating, 479
physiologic end-point, 473
rebound, 476
seesaw, 480
spasmus nutans, 480
square wave jerks, 483
upbeat, 478
vestibular, 471

O
Obesity, 345
Obturator nerve, 118
Occipital cephaloceles, 24
Occlusion, 583–585
Ocular bobbing, 481
Ocular dysmetria, 483
Ocular flutter and opsoclonus, 482
Ocular motor dysfunction, 318
Ocular motor nerves

fourth nerve
anatomy, 464
lesions, localization of, 465

sixth nerve
anatomy, 466
lesions, localization of, 467–469

third nerve
anatomy, 460–461
lesions, localization of, 462–463

Ocular myoclonus, 484
Oculomotor disorders, 320–321
Oculomotor nerve

accommodation reflex, 253
palsy, 251
parasympathetic components of, 250
pupillary light reflex, 253
somatic motor components of, 248–249
testing, 295

Olfactory nerve, 243–245, 295
One and a half syndrome, 457
Ophthalmic artery, 578
Optic chiasm, 413–414
Optic nerve, 413

and retina, 246–247
testing, 295

Optic radiation and visual cortex, 415
Optic radiation lesions, 423
Optic tract, 413–414
Optic tract lesions, 422
Optokinetic nystagmus, 470
Orbital third nerve lesions, 462
Organ of Corti, 430

P
Pain and temperature, 408
Papilledema, 247, 620
Parahippocampal gyrus, 368
Parahippocampal-intrahippocampal connection, 366
Parietal cephaloceles, 27
Parinaud’s syndrome, 242, 459
Parkinsonian tremor, 509–510
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Parkinsonism, 354
Parkinson’s disease, 358
Parsonage-Turner syndrome. see Neuralgic amyotrophy
PD. See Parkinson’s disease
Periodic alternating nystagmus, 479
Peripheral nerves

architecture, 89
degeneration and regeneration, 90–92
nerve fibers, 89
nerve injury, classifications, 89–90

Peripheral neuropathy with secondary orthostatic hypotension, 
525

Peripheral vestibular lesions, 448–449
Peripheral vestibular system

functional anatomy of, 439
semicircular ducts, 442–443
utricle and saccule, 440–441

Peroneal nerve, 85–86
Peroneal nerve syndrome, 86
Phakomatoses, 49
Pharmacological mydriasis, 488
Phase synchrony, 565
Phrenic nerve, 95
Physiologic end-point nystagmus, 473
Physiologic nystagmus, 447
Physiologic tremor, 509
Pia mater, 602
Pinpoint pupils, 494
Poliomyelitis, 148
Polymicrogyria, 35
Polysynaptic intrahippocampal pathway, cortical connections of, 

367
Pons, arterial supply of, 232
Pontine arteries, 589
Pontine hemorrhage, 600
Pontine reticulospinal tract, 503–504
Pontocerebellum, 316–317
Posterior cerebral artery, 588
Posterior cerebral artery occlusion, 589
posterior circulation. See Vertebrobasilar system
Posterior communicating artery, 578
Posterior cord

of brachial plexus, 102–103
lesions of, 110

Posterior femoral cutaneous nerve, 121
Posterior interosseous nerve syndrome, 63
Posterior spinal artery syndrome, 166
Prefrontal cortex (frontal association cortex), 384
Preganglionic and postganglionic oculomotor complex, 522
Premotor cortex, 383
Prepontine cistern, 608
Primary auditory cortex, 389
Primary motor cortex, 381–382
Primary somatosensory cortex, 385–386
Primary somesthetic area, 409–410
Primary visual cortex, 388
Prognostication, 198
Projection fibers, 379
Pronator teres syndrome, 66–67
Proprioception, 409
Prosencephalon. see Forebrain
Proximal regeneration, 92
Pudendal nerve, 121
Pupil, 484

parasympathetic innervation of, 486
sympathetic innervation of, 485

Pupillary abnormalities, 486
Adie’s tonic pupil, 490
Argyll Robertson pupil, 492
Horner syndrome, 495
Hutchinson’s pupil (“blown pupil”), 491

Marcus Gunn pupil, 487
midbrain, 493
pharmacological mydriasis, 488
pinpoint pupils, 494
traumatic mydriasis, 489

Pupillary light reflex, 417
Pure autonomic failure, 525

Q
Quadrigeminal cistern, 609

R
Radial nerve of upper extremity, 60–63

anatomy of, 60–61
clinical syndromes of

posterior interosseous nerve syndrome, 63
radial nerve palsy, 62

Radial nerve palsy, 62
Radiation plexopathy, 113
Radiculopathy, electrodiagnostic evaluation of, 151–152
Rebound nystagmus, 476
Rectal function, disturbances of, 174–175
Rectal innervation, 174
Red nucleus, efferent cerebellar connections to, 307
Reflex sympathetic dystrophy, 526
Regional pain syndromes, 526
Respiration, 518
Respiratory disturbances, 169
Reticular formation, 227–228, 310, 529
Retina, 411–413
Rhombencephalon

development of, 10–12
metencephalon, 12
myelencephalon, 10–11

Right common carotid arteries, 551
Right hemisphere syndromes

color blindness, 393
constructional apraxia, 391
dressing apraxia, 392
neglect and denial, 392

Rinne test, 435, 437
RSD. See Reflex sympathetic dystrophy
Rubrospinal tract, 507

S
Saccades, 450–451
Sacral plexus

anatomy of, 119–121
lesions of, 124

Sacral sparing, 196–197
Saphenous nerve, 81–82
Schizencephaly, 36
Sciatic nerve, 83–84, 121
Secondary somatosensory cortex, 385–386
Secondary somesthetic area, 410
Seesaw nystagmus, 480
Segmental innervation of body, 157
Semantic memory, 548
Semilobar holoprosencephaly, 38
Sensorineural hearing loss, 434
Septo-optic dysplasia, 40
Sexual function, disturbances of, 176–179
Short-term memory, 546, 553
Shy-Drager syndrome. see Multiple system atrophy
SIH. See Spontaneous intracerebral hemorrhage
Sixth nerve

anatomy, 466
lesions, localization of, 467–469

Sleep, EEG pattern of, 527–528
SMA. See Supplementary motor area
Small acute parenchymal hematoma, 600
Smooth pursuits, 452
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Somatosensory association area, 387
Somatosensory system

dorsal column–medial lemniscus system, 402, 406–407
spinothalamic system (see Spinothalamic system)
testing, 402

Somesthetic association area, 410
Spasmus nutans, 480
Specialization and brain function, 562
Specific relay nuclei of thalamus, 328–329
Sphenoparietal sinus, 593
Spina bifida occulta, 50
Spinal cord

blood supply of, 164–165
centrally, lesions affecting, 204
development of, 4
early development of, 4
gross anatomy of

general features, 152–154
segmental innervation of body, 157
spinal nerves, 155–156

internal structure of
ascending tracts, 161
descending tracts, 162–163
gray matter, 158–159
white matter, 160

projections to cerebellum, 304
vascular syndromes of

anterior spinal artery syndrome, 166
extramedullary tumors, 167–168
intramedullary tumors, 168
posterior spinal artery syndrome, 166
spinal tumors, 167

venous return from, 596
Spinal cord injury, autonomic dysfunction in, 525–526
Spinal cord lesions, 510

autonomic disturbances in
cardiovascular disturbances, 169
disturbances of bladder function, 171–173
disturbances of rectal function, 174–175
disturbances of sexual function, 176–179
Horner syndrome, 169–170
respiratory disturbances, 169

cardinal manifestations of, 196
localization according to level, 180–196

cauda equina, 195
conus medullaris, 195
C3 spinal level, 181
C4 spinal level, 182
C5 spinal level, 183
C6 spinal level, 184
C7 spinal level, 185
C8 spinal level, 186
foramen magnum, 180
L1 spinal level, 189
L2 spinal level, 190
L3 spinal level, 191
L4 spinal level, 192
L5 spinal level, 193
S1 spinal level, 194
T1 spinal level, 187
T2–T12 spinal level, 188

Spinal cord syndromes, 198–208
Spinal dysraphism, 50
Spinal gray matter, 5
Spinal growth, differential rate of, 154
Spinal injury, clinical evaluation of patient with, 196–197
Spinal lipomas, 52–55

categories of, 53
fibrolipoma of filum terminale, 53–54
intradural lipoma, 52
lipomyelomeningoceles, 55

Spinal nerve, 155–156
anatomy of, 125
localization, principles of, 125

Spinal nerve lesions, anatomy and examination of
C5 lesions, 126
C6 lesions, 128
C7 lesions, 129
C8 lesions, 130
C1 to C4 lesions, 126
L4 lesions, 134
L5 lesions, 135
L2-L3 lesions, 133
S1 lesions, 136
S2–S4 lesions, 137
T1 lesions, 131
T2-T12 lesions, 132

Spinal tumors, 167
Spinocerebellum, 315
Spinothalamic system

anterior spinothalamic tract
receptors, 404
spinal pathways, 404
thalamocortical projections, 404–405

lateral spinothalamic tract, 402
receptors, 402
spinal pathways, 402–404
thalamocortical projections, 404

Spinothalamic tract, 218
Split cord malformation, 56–57
Spontaneous intracerebral hemorrhage

clinical hallmarks of, 599
clinical syndrome of

cerebellum, 600
lobar, 601
pons, 600
putamen, 599
thalamus, 600

Spontaneous nystagmus, 447
Square wave jerks, 483
Stance and gait, disorders of, 318
Steele-Richardson-Olszewski’s syndrome, 459
Stimulation side effects, 359–361
STN. See Subthalamic nucleus
Straight sinus, 592
Striatum–substantia nigra–striatum loop, 352
Stroke

approach to patient with
anterior and posterior circulation syndromes, 597–598

definition of, 570
devastating effect of, 570
etiology of, 599
types of, 570

Structural connectivity, 560
Sturge-Weber syndrome, 49
Subacute combined degeneration, 208
Subarachnoid cisterns, 608–609
subarachnoid cisterns, 608–609
Subarachnoid third nerve lesions, 462
Subclavius, nerve to, 100
subcortical pathways, 498
Subcortical white matter, 379–380
Subependymal giant cell tumors, 49
Subependymal hamartomas, 49
Subependymal veins, 595
subtentorial lesions

foramen magnum herniation, 542
Subthalamic nucleus, 358–360
Sulci and fissures, 372–375
Superficial cerebral veins, 594
Superficial sensory branches, 94

great auricular nerve, 93
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greater occipital nerve, 93
lesser occipital nerve, 93
supraclavicular nerves, 93
transverse cervical nerve, 93

Superior and inferior petrosal sinuses, 593
Superior cerebellar artery, 589
Superior division occlusion, 583
Superior orbital fissure syndrome, 469
Superior orbital fissure third nerve lesions, 462
Superior sagittal sinus, 592
Supplementary motor area, 382
Supraclavicular nerve, 93
Suprascapular nerve, 100
supratentorial lesions, 537

central herniation syndromes, 539–541
uncal syndrome, 538

Sylvian cistern, 608
“Sympathetic storm.” see Acute autonomic crises
Synapse growth, 554

T
Tabes dorsalis, 206
Target organ, denervation of, 91–92
Tarsal tunnel syndrome, 89
Tectospinal tract, 508
Telencephalon, 14
Temperature regulation, disturbances of, 345
Temporal horn, 616
Temporal lobe epilepsy, 370
Tentorium cerebelli, 604
Thalamic hemorrhage, 600
Thalamic lesions, clinical manifestations of

affective disturbances, 335
disturbances of alertness, 335
memory disturbances, 336
motor disturbances, 334
sensory disturbances, 333
visual disturbances, 337

Thalamus, 529
anatomy of, 322–325
blood supply of, 332
efferent cerebellar connections to, 308–309
functional classification of, 328–331
morphological classification of, 326–327

Third nerve
anatomy, 460–461
lesions, localization of, 462–463

Third ventricles
recesses of, 618
structures of, 617

Thoracic disk disease, 141
Thoracic outlet syndrome, 111
Tibial nerve, 87–88
Touch, 409
Tourette’s syndrome, 359
Transcortical motor aphasia, 398
Transcortical sensory aphasia, 398
Transient ischemic attacks

clinical features of, 598
Transverse cervical nerve, 93
Transverse myelopathy, 198–199
Tremor

categorization of, 509
cerebellar, 510
definition of, 509
essential, 509
Parkinsonian, 509–510
physiologic, 509

Trigeminal nerves
anatomy of, 264–265
corneal reflex, 266–267

testing, 296
Trochlear nerve

functional components of, 254
palsy, 255
testing, 295

TS. See Tourette’s syndrome
tTraumatic mydriasis, 489
Tuberous sclerosis, 49

U
Ulnar nerve of upper extremity, 72–78

anatomy of, 72–73
clinical syndromes

cubital tunnel syndrome, 74–75
Guyon’s canal syndrome, 76–78

Uncal syndrome, 538
Unilateral fourth nerve palsy, 465
Upbeat nystagmus, 478
Upper aortic arch, 551
Upper arm, radial nerve in, 60
Upper brachial plexus syndrome, 105–106
Upper extremity

median nerve of, 64–71
anatomy of, 64–65
anterior interosseous nerve syndrome, 68–69
carpal tunnel syndrome, 70–71
pronator teres syndrome, 66–67

radial nerve of, 60–63
anatomy of, 60–61
posterior interosseous nerve syndrome, 63
radial nerve palsy, 62

ulnar nerve of, 72–78
anatomy of, 72–73
cubital tunnel syndrome, 74–75
Guyon’s canal syndrome, 76–78

Upper lumbar plexus, 116
Upper motor neuron syndrome, 510
Urinary bladder, autonomic innervation of, 523–524

V
Vagus nerves, 276–277, 296
Vascular syndromes of spinal cord

anterior spinal artery syndrome, 166
extramedullary tumors, 167–168
intramedullary tumors, 168
posterior spinal artery syndrome, 166
spinal tumors, 167

Vegetative state, 544
Venous return from brain, 591–593
Venous return from spinal cord, 596
Venous sinuses, 592
Ventral and dorsal roots, 6
Ventral funiculi, 161–163
Ventral horn, 158–159
Ventral intermediate thalamus, 358, 359
Ventral midbrain syndrome, 240
Ventricles

fourth, 619–620
lateral

atrium and occipital horn, 615
body, 614
frontal horn, 613
structure of, 612
temporal horn, 616

third
recesses of, 618
structures of, 617

Vergence eye movements, 454
Vertebral arteries, 551, 572, 586–588
Vertebrobasilar system, 571

basilar arteries
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branches of, 572, 588–589
vascular syndromes associated with, 590

vascular syndromes associated with, 588
vertebral arteries, 572, 586–588

Vertical eye movements, 459
Vertical gaze, disorders of, 459
Vestibular complex, efferent cerebellar connections to, 309
Vestibular ganglia, lesions in, 449
Vestibular labyrinth, lesions in, 449
Vestibular nerve, 306
Vestibular nystagmus, 471
Vestibular-optokinetic eye movements, 453
Vestibular system, 438

connections
vestibular–central nervous system, 444
vestibular-cerebellar connections, 445
vestibular-spinal connections, 445
vestibulo-ocular reflexes, 446–447

peripheral (See Peripheral vestibular system)
Vestibulocerebellum, 314
Vestibulocochlear nerves, 272–273, 296
Vestibulospinal tract, 506
VIM. See Ventral intermediate thalamus
Visual agnosia, 394
Visual association cortex, 389
Visual cortex lesions, 425
Visual field defect, approach to patient with

chiasmal lesions, 421
junctional lesions, 420
loss of color perception, 424
optic nerve lesions, 419
retrochiasmal lesions, 422–424

Visual system
retina, 411–413
visual pathways

optic chiasm, 413–414
optic nerve, 413
optic radiation and visual cortex, 415
optic tract, 413–414
topographic organization of, 416
vascular supply to, 416

visual reflexes
accommodation reflex, 418
pupillary light reflex, 417

Vomiting, 620
Von Hippel-Lindau disease, 49

W
Wallenberg syndrome, 236
Water balance, disturbances of, 345
Weakness, approach to patient with

brainstem, lesions of, 510
cerebral cortex, lesions of, 510
internal capsule, lesions of, 510
lower motor neuron syndrome, 510–511
spinal cord, lesions of, 510
upper motor neuron syndrome, 510

Weber’s syndrome, 240, 590
Weber test, 435, 436
Wernicke’s aphasia, 398
White matter, 160
Working memory, 547
Working memory neural mechanisms, 553
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