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Foreword

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. | 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



Preface

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
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1 Neuroembryology

Learning Objectives

medullaris in the spinal column.
* Identify the brain vesicles and brain flexures.

» 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

* 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.

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)

Table 1.1 Adult Derivatives of Embryonic Brain Vesicles

Primary Vesicles Secondary Vesicles

Forebrain (prosencephalon) Telencephalon

Diencephalon

Midbrain (mesencephalon) Mesencephalon

Hindbrain (rhombencephalon) Metencephalon

Myelencephalon

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).

Adult Derivatives

Walls Cavities
Cerebral hemispheres Lateral
Thalamus Third
Epithalamus

Hypothalamus

Midbrain Cerebral aqueduct
Pons Fourth
Cerebellum

Medulla Fourth



1 Neuroembryology

Fig. 1.1 Early neural development.
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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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| Development and Developmental Disorders

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.

Fig. 1.2 Early development of the spinal cord.

Forebrain

y

Midbrain

Hindbrain

Spinal cord ~

External
” limiting
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Neuroglial
cell

Neuroblast
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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.

Wall of
neural tube

Marginal layer

Neuroepithelial
layer

Mantle layer



1 Neuroembryology

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.

Fig. 1.3 Spinal gray matter.
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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.
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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.

/7

Fig. 1.4 Ventral and dorsal roots.

Dorsal root
ganglion
(derived
from the
neural
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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.

Alar plate

Basal plate

Outgoing
motor axons

Dorsal
sensory root

Dorsal horn

Ventral
horn

Ventral
motor root
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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-

Fig. 1.5 Ascent of the conus medullaris.
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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).
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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.

3 Primary 5 Secondary Adult
vesicles vesicles derivatives of
(4th week) (5th week) / \
Walls Cavities

ol m
Forebrain — Telencephalon (

Cerebral Lateral
hemispheres ventricles

(prosencephalon)

~ Diencephalon Thalami Third

é : etc. ventricle
Midbrain l Mesencephalon Midbrain Cerebral
(mesencephalon) P aqueduct
Pons Ufzel: part
Metencephalon of 4t
Hindbrain — Cerebellum ventricle
(rhomb-
encephalon) === Myelencephalon Medulla Lower part
of 4th
ventricle

l

Spinal
cord
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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.

Rhombencephalon
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Prosencephalon
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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 Iat-
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.
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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-

Fig. 1.9 The metencephalon.

Cerebellar
hemisphere

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.
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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

Fig. 1.10 The mesencephalon.
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colliculi

Central

gray
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aqueduct
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nucleus
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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.

Alar plate
(future tectum)

Basal plate
(future tegmentum)

I Cerebral peduncles I
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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

Fig. 1.11 The diencephalon.
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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).

Occipital
lobe

Epithalamus (future
habenular nucleus
and pineal gland

Mammillary
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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

Fig. 1.12 Cerebral hemispheres.
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Telencephalon

Formation of
frontal lobe

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).
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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-

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

Fig. 1.14 Corpus callosum.

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.
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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 +

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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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.
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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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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

Fig. 1.17 Anomalies of the corpus
callosum.

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.

l Rostrum and

splenium of
corpus callosum
are absent

Clinical features

® 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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Table 1.3 Congenital Malformations of the Central Nervous System

Anomalous
Developmental Process

Neural tube closure

Spina bifida cystica

Polymicrogyria

Congenital
Malformation

Anencephaly

Cranium bifidum

Spina bifida occulta

Vertebral arch defect with
herniation of meninges
(meningocele) or
meninges and spinal cord
(meningomyelocele)

Agenesis of corpus
callosum

Microcephaly

Lissencephaly

Overabundant, undersized
cortical gyri

Hydrocephalus

Structural Defect

Cranium and cerebral
hemispheres absent

Cranial defect with herniation
of meninges (meningocele);
meninges and brain
(meningoencephalocele);
meninges, brain, and ventricles
(meningohydroencephalocele)
Vertebral arch defect

Varies depending on level, from
saddle anesthesia to complete
motor/sensory loss in the lower

extremities and bladder/rectal
incontinence

Absence of corpus callosum

Low brain weight and size

Absence of cortical gyri

Mental retardation and hypotonia
or spasticity

Enlargement of ventricles with
increased intracranial pressure

Clinical Manifestations

Stillborn

Varies from no functional
impairment to severe motor and
mental impairment with seizures

Usually asymptomatic

Differentiation and growth of
cerebral hemisphere

May be asymptomatic,
mental retardation, seizures,
disconnection syndrome

Mental retardation

Mental retardation and hypotonia
or spasticity

Development of cerebrospinal
fluid circulation

Poor feeding, vomiting, paralysis
of upward gaze, spasticity, mental
retardation, decreased visual
acuity
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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-

Fig. 1.18 Intracranial lipomas.

Classic radiographic appearance of curvilinear
calcification at margins of interhemispheric lipoma

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.

Inter-
hemispheric
lipoma

Hypogenesis
of corpus
callosum

Clinical features

in a subarachnoid space

sylvian cistern

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

® This anamolous development results in the formation and deposition of fat

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

Fig. 1.19 Sagittal T2-weighted fluid-attenuated inversion
recovery (FLAIR) MRI showing occipital cephalocele. Note the
herniated brain contents in the hernia sac

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).

Fig. 1.20 Frontoethmoidal cephaloceles.

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).
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Fig. 1.21 Sagittal T1-weighted MRI with contrast showing
frontoethmoidal cephalocele.
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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 Il malformation,
and holoprosencephaly. Because of their location, there

Fig. 1.22 Parietal cephalocele.

® 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

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.

Clinical features
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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-

Fig. 1.23 Nasopharyngeal cephalocele.
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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.
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Clinical features

® Uncommon and clinically occult

"mouth breathing"

hypothalamus or optic apparatus

@ Typically present at end of first decade of life as nasal stuffiness or

@ Associated brain anomalies such as callosal agenesis are common

@ May produce endocrine or visual dysfunction due to tethering of
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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 Fig. 1.24 Dermal sinuses.
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.

Dermoid
cyst

Dermal
fistula

Patent foramen
caecum
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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-

Fig. 1.25 Arachnoid cysts.
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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.
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Clinical features

surrounding arachnoid

@ Characterized by CSF containing cysts formed by an anamolous splitting of the arachnoid

@ Cysts are lined by membranes of arachnoid cells and collagen fibers, which are continuous with the normal

@ Sylvian cistern (middle cranial fossa) is most common location; others include the cerebellopontine angle,
posterior to the vermis, and superior to the quadrigeminal plate cistern

® Symptoms, when present, are due to mass effect, intracranial hypertension, or obstructive hydrocephalus
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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

Fig. 1.27 Anomalies of neuronal migration and organization.

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.
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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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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

Fig. 1.29 Heterotopia.

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

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.

Subcortical
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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

Fig. 1.30 Polymicrogyria.

Sylvan
fissure

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.

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
@ (linically manifested by motor and intellectual dysfunction

[

Associated with congenital cytomegalovirus
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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

Fig. 1.31(a, b) Coronal T1-weighted MRI showing closed lip
(left, arrow) and open lip schizencephaly (right, arrow).

(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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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.

Fused

thalami

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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Clinical features

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

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
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Semilobar holoprosencephaly (Figs. 1.33 and 1.34)
represents a less severe malformation than alobar holo-
prosencephaly.Thereis presentatleastapartial separation
ofthethalami,and thusasmallthirdventricleand apartially

Fig. 1.33 Semilobar holoprosencephaly.

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.

Unique feature

Small
third

Genu and body of Intact splenium of
corpus callosum corpus callosum

absent \ I

ventricle

Absent
inter-
hemispheric

Clinical features

and cleavage of prosencephalon)

® Moderately severe form of holoprosencephaly (a failure of differentiation

@ 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)

Fig. 1.34 Coronal T2-weighted MRI showing semilobar holo-
prosencephaly with absence of the septum pellucidum.
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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.

Rudimentary
frontal horns

Unformed
anterior
interhemispheric
fissure

_ Normal third
ventricle

Normal
splenium

Clinical features

® 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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Septo-optic Dysplasia the malformation exhibits visual disturbances, which

. may include nystagmus or loss of visual acuity, and an

See Figs.1.36and 1.37. ) _ endocrine deficiency that usually involves growth hor-
Septo-optic dysplasia is characterized by two primary mone and thyroid-stimulating hormone.

features: (1) hypoplasia of the optic nerves and (2) hy-
poplasia or absence of the septum pellucidum. Clinically,

Fig. 1.36 Septo-optic dysplasia.
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frontal
horns

No septum
pellucidum

Small optic
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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

Fig. 1.37 Coronal T2-weighted MRI showing septo-optic
dysplasia with a thin optic chiasm (arrow).




1 Neuroembryology 41

Chiari Malformations

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

Fig. 1.38 Chiari | malformation.

Plane o
foramen
magnum

Syringomyelia

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.

Downward displacement
of cerebellar tonsils
below plane of foramen
magnum

Clinical features

foramen magnum

@ Defined by a caudal extension of cerebellar tonsils below level of

® 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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Fig. 1.39 Sagittal T2-weighted MRI showing Chiari | malforma-
tion and syringomyelia.
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The Chiari Il 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-

Fig. 1.40 Chiari Il malformation.

Large massa
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brainstem
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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.

Partial
callosal

agenesis

Towering
cerebellum

Beaked tectum

7
7

ﬁ}’ Elongated fourth
<
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Inferiorly
displaced vermis

Clinical features

® 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)

@ (linical manifestations are complex and varied (see text)

@ Inferiorly displaced vermis
@ Medullary kinking

@ Interdigitated gyri

@ Large massa intermedia

@ Partial callosal agenesis

Associated brain anomalies

@ Heterotopias
@ Polymicrogyria
® Beaked tectum

@ Towering cerebellum
with anterior creep
around brainstem
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Fig. 1.41 Sagittal T1-weighted MRI showing Chiari Il malfor-
mation.
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Finally, the Chiari IIl 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.

Fig. 1.42(a-d) Sagittalfluid-attenuatedinversionrecovery (FLAIR) magneticresonanceimaging (MRI) showing Chiarilll malformation.
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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

Fig. 1.43 Dandy-Walker malformation.

Cystic dilatation

of fourth ventricle
(in communication with

cisterna magna)

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.

Elevated
tentorium

Hypogenetic
vermis

Enlarged
posterior
fossa

Clinical features

@ 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

@ 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
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Fig. 1.44 Sagittal T1-weighted MRI showing Dandy-Walker
malformation.
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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.
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Clinical features

@ Characterized by a focal hypertrophy of the cerebellar cortex

@ Histologically marked by a thick layer of ganglion cells that
occupy the granular layer, a thick hypermyelinated marginal
layer, and a thin purkinje layer

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

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.

Focal hypertrophy
of cerebellar
cortex

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 aresult, 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).
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Fig. 1.47 Myelomeningocele.

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

Neural
placode

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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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.

Clinical features

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

@ Most commonly occurs in the thoracic region

@ |n the adult, may present with signs and symptoms of spinal cord
compressio
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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.

Sagittal view

Thickened
filum
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Axial view

Clinical features

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

® Often asymptomatic

@ May present as tethered spinal cord syndrome
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Fig. 1.50 Sagittal T1-weighted MRI showing fibrolipoma of the
filum terminale (arrow).
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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

Fig. 1.51 Lipomyelomeningocele.

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.

Neural
placode

Clinical features

@® Most common location is lumbosacral region

segmentation anomalies

@ 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

@ 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
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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-

Fig. 1.52 Diastematomyelia.

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.

Clinical features
Thecal sac

@ Diastematomyelia is a split cord mal-formation in which a

opened,
. dura
Spinous retracted
process 7
Lamina

septum separates the two halves of the spinal cord for one or
more segments

@ The hemicords reunite distally to reconstitute a single cord
structure

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

Fig. 1.54 Caudal agenesis.

Distal spinal
cord absent

Fusion of most
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vertebrae

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.

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

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

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

@ Incidence of associated myelomeningocele is 50%

Clinical features
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2 Peripheral Nerves

Learning Objectives

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

» Define the role of surgery in peripheral nerve injury.

» 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

 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.

* Describe the importance of axonal degeneration and regeneration.

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.

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.
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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-

Fig. 2.1 Radial nerve anatomy.
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the carpometacarpal joint of the thumb; (6) extensor pol-
licis longus, an extensor of the interphalangeal joint of
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metacarpophalangeal joint of the thumb; and (10) exten-
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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

Fig. 2.3 Posterior interosseous nerve syndrome. Functions or
responses marked with an “X” are impaired or absent.

Cardinal features

@ Inability to extend fingers at
metacarpophalangeal joints

@ No wrist drop (but radial deviation on wrist
extension due to involvement of extensor carpi
ulnaris and sparing
of extensor carpi radialis)

@ Sensation normal
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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.
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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.
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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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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 Il 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.

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 IIl 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 Ill and 1V, (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.

Cardinal features

@ Paresthesias in ulnar distribution of hand
® Hand weakness, clumsiness

@ Atrophy of hypothenar and dorsal
interossei muscles

® Weakness and atrophy tend to occur early
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® Clawhand and froment's sign
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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.

Cardinal features

® Almost all of the motor and sensory branches of the
hand are affected

@ In contrast to cubital tunnel syndrome, there is palmar
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but no dorsal sensory loss (dorsal cutaneous
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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).

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.

Fig. 2.12 Lateral femoral cutaneous nerve anatomy.

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.
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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

Fig. 2.13 Syndrome of the lateral femoral cutaneous nerve
(meralgia paresthetica).

Cardinal features

@ Paresthesias in the ventrolateral thigh

@ Motor intact

@ Associated with obesity
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associated motor signs or symptoms.
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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. latrogenic 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

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.

Fig. 2.14 Saphenous nerve anatomy.
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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.

Piriformis

Sciatic
nerve

Semitendinous
Biceps

Semimembranous, femoris

Adductor
magnus

Common
peroneal
nerve

Tibial
nerve

83



84

Il Regional Anatomy and Related Syndromes

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.

® Weakness in any or all of the knee flexors, ankle
flexors or extensors and foot intrinsics

@ Sensory loss involving all or part of the feet
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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.

Fig. 2.19 Common peroneal nerve syndrome. Functions or
responses marked with an “X” are impaired or absent.

Cardinal features

® Weakness in foot eversion and dorsiflexion of
foot and toes

® Sensory loss involving the lateral lower leg and
the dorsum of the foot and toes
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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.

Cardinal features

@ Pain and burning in the sole of the foot

® Symptoms aggravated by activity, relieved
with rest

® Atrophy and weakness of foot intrinsics
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Fig. 2.21 Tarsal tunnel syndrome.
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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

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

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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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 um) than unmyelinated
fibers (which are classified as C fibers, and which are typ-
ically less than or equal to 1 pum).

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-1V (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 |
Axonotmesis Il

-------- 11l

-------- \%
Neurotmesis \

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.
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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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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.

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.
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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.

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.

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.
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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

Fig. 3.4 Brachial plexus.
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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).
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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.

Fig. 3.7 Branches from lateral cord of brachial plexus.

Lateral
pectoral
nerve

Musculocutaneous
nerve

Lateral root of
median nerve

Lateral pectoral Musculo-

nerve

Median nerve
(lateral leaf)

Sy A

Flexor digitorum
superficialis

Flexor carpi
radialis

cutaneous nerve

Median nerve
(lateral leaf)

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.
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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.

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

Mechanism of injury:
Downward traction
on shoulder

e

Sensory loss limited to skin over
deltoid muscle due to axillary nerve involvement

Upper arm is internally rotated
(infraspinatus muscle loss) and
adducted (deltoid and supraspinatus
muscle loss) due to axillary nerve and
supra-scapular nerve involvement

Depressed or absent brachioradialis
and biceps reflexes due to musculo-
cutaneous nerve involvement

Suprascapular nerve

Forearm is extended and
pronated (biceps muscle loss)
due to musculocutaneous
nerve involvement

N\uscu\ocutaneous nerve

Palm faces out
and backward
(“policeman’s tip”
posture)
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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.

fiber loss)

Ulnar N.

Horner’s syndrome
(due to T1 sympathetic

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.

Mechanism of injury:
Hyperabduction of arm

ZFaat ~

/'l;\
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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)

Fig. 3.12 Lateral cord lesion.

Musculo-
cutaneous nerve

Median nerve

(lateral leaf)
\|
T
Flexor carpi radialis
and polaris longus

l.‘

Flexor digitorum
superficialis

\
S ' V=
Flexor pollicis Flexor digitorum
longus profundus | & Il

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.

Reflex Sensory

Biceps
reflex Sensory
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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 IIl and IV)

3. Impairment of finger abduction (due to involve-
ment of the interossei)

Fig. 3.13 Medial cord lesion.

Abductor pollicis
brevis

Median nerve
(medial leaf)

Ulnar nerve
and median nerve

Ulnar nerve

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.

Reflex

Sensory

‘

Medial-
antebrachial
cutaneous nerye)
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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).

Fig. 3.14 Posterior cord lesion.
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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.

Sensory

‘

Radial nerve

Radial nerve
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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.

Cardinal features

@ Shoulder and arm pain

@ Slight wasting and weakness of the
hypothenar, interos-seous, adductor policis,
and deep flexor muscles of the fourth and
fifth fingers

@ Numbness and tingling along
the medial aspect of the
forearm and hand
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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.

Fig. 3.17 Radiation plexopathy.

Cardinal features

® Main symptoms are intrinsic hand
weakness associated with distal
paresthesias and sensory loss

@ Atrophy may be masked by
lympedema

@ Pain variably present

® Typical latency to onset of
symptoms: one year

® Differential DX: malignant recurrence

K

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.
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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.

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

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.

Cardinal features

@ Abrupt onset of shoulder girdle/scapular pain

@ Prominent weakness and atrophy usually
appears about the time pain diminishes

@ Movement of shoulder muscles aggravates pain

Abrupt
onset of
painis
presenting
symptom

Weakness
and atrophy
of shoulder
girdle
muscles;
pain
resolved

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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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

Fig. 3.20 Lumbar plexus.

A

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.

T12
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-
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lliohypogastric Nerve (T12-12)

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.

llioinguinal 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
L2-1L4. 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).

Fig. 3.22 Lower lumbar plexus.
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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.
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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.

Fig. 3.23 Lower lumbar plexus.
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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.
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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 (S2-5S4)

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

Fig. 3.26 Sacral plexus.
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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.

Bowel and
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121

@ Knee flexion
© All movements of
foot
® Sensation to skin
of posterior thigh and skin of
L dorso-lateral leg and foot
S 4 Sciatic
W Anterior division 77 nerve

[C Posterior division Sciatic

nerve




122

Il Regional Anatomy and Related Syndromes

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 (L2-14)
involvement, thigh adduction (adductor muscles) is also
impaired.

Fig. 3.28 Neurologic tests for lumbar plexus lesion.
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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.
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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-

Fig. 3.29 Neurologic tests for sacral plexus lesion.

Motor

Hip extensors

Sciatic N.

All leg
and foot
muscles

ee flexors

Pudendal N. /

Bladder and bowel
control

Reflex

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.
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4 Nerve Roots and Spinal Nerves

Learning Objectives

clinical evidence of radiculopathy.

» 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

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

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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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

Fig. 4.1 C2-C4 dermatomes.

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.

Fig. 4.2 Neurologic tests for C5 lesion.

— Motor ) uu

Reflex

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.

Sensory

- g

Biceps reflex

Biceps muscle
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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

Fig. 4.3 Neurologic tests for C6 lesion.

F

Extensor carpi radialis

Brachioradialis

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.

_—— gumm

Sensory

Brachioradialis reflex
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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.

Fig. 4.4 Neurologic tests for C7 lesion.

Motor

“'IIIII

Finger extension

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.

Sensory

m—

Triceps
reflex
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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.

e Reflex Sensory

Motor




4 Nerve Roots and Spinal Nerves 131

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.

Reflex o = Sensory “

Finger adduction

Finger abduction




132

Il Regional Anatomy and Related Syndromes

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.

Fig. 4.7 Neurologic tests for T2-12 lesion.

e Y

Reflex

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.

Sensory

_—— gumm
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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).

Fig. 4.8 Neurologic tests for L1-L3 lesion.

S votor W gum—

Motor

lliopsoas

Quadriceps
femoris

Reflex

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.

Sensory

e Y e
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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).

Fig. 4.9 Neurologic tests for L4 lesion.

Tibialis anterior

Tibialis posterior

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.

Sensory
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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

Fig. 4.10 Neurologic tests for L5 lesion.

S— E— g

Motor

Extensor digito

Gluteus medius

Reflex

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.

_—, = Sensory q
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S1 Lesions Sensory

See Fig. 4.11. The S1 dermatome covers the lateral aspect and part of
the plantar aspect of the foot.

Motor

The S1 nerve root innervates the peroneus longus and bre- Reflex

vis (S1; superficial peroneal nerve), the gastrocnemius-

soleus muscles (S1, S2; tibial nerve), and the gluteus max- The Achilles reflex is innervated by S1.

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.

Fig. 4.11 Neurologic tests for S1 lesion.

== Notor HEER JEEE Refex EEER gEN Sensory Yy

Gastrocnemius Achilles reflex

gus

eusto
and brevis
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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.

Fig. 4.12 Neurologic tests for S2-54 lesion.

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.

— Motor — — Reflex

)

Flexor hallucis longus

Anal sphincter

Anal wink
reflex

—, g

S3

S2

Sensory

-

S4

S5

=
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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.

Cardinal features

® Neck and radicular arm pain are most common
symptoms

@ Distal paresthesias and myotomal weakness may
develop

@® Symptoms are unilateral and monoradicular

® Presentation is typically acute, although symptoms
may become chronic

Note that the

nerve root

affected by a
herniated cervical
disc corresponds

in name to the
vertebra below the
disc. thus, herniation

Herniated

disc of the ¢5-c6 disc
(C5-C6) affects the c6
nerve root.

Affected
nerve
root (C6)
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Cervical Spondylosis Fig. 4.15 Parasagittal computed tomography (CT) scan showing
compression of nerve root at cervical foramina due to osteo-
See Fig. 4.14 and Fig. 4.15. phyte (arrow).

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.

Cardinal features

@ Temporal profile is typically chronic and episodic

Compression of nerve root due to
enlargement of uncinate process

@ Neck pain and radicular arm pain are most common
symptoms

@ Paresthesias, sensory loss and weakness may develop

@® Myotomal atrophy and fasciculations may be
prominent

@ Symptoms are usually unilateral, but may involve
multiple levels

Nerve root in
neural foramen

Unicinate
process
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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.

Cardinal features

@ Lateral thoracic disc herniation causes compression of
nerve root just proximal to its site of exit from the canal

@ Radicular-type pain in chest or abdominal wall is major
clinical feature

@ |f disc herniation is centrally located, syndrome may present
as myelopathy
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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.

Cardinal features

@ Back and radicular leg pain are most common symptoms
@ Young adults are most frequently affected

@ Pain is exacerbated by sitting, sneezing or coughing, and
may be relieved by standing or bedrest

@ Straight leg raise test is positive
@ Motor or sensory deficit may develop

@ L4-15 IS most commonly affected level;
L5-S7 IS next most common

@ Symptoms are unilateral and monoradicular

Fig. 4.18 Computed tomography (CT) myelogram showing
large right L4 -L5 disk herniation (arrow) displacing and com-
pressing the cauda equina.

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 I5 nerve
root.

Note that a far
lateral disc
herniation affects
the nerve root above
the disc, (i.e., L4).

Paracentral
disc herniation
affects L5
nerve root
(common)

Far lateral disc
herniation affects
L4 nerve root
(uncommon)
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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

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

Normal
central
canal

Normal

Compression

of thecal
sac and Central
contents Abnormal spinal

stenosis
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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.

Cardinal features

@ Presents as bilateral radicular leg pain

@ 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

@ Worsened by standing or walking (spinal extension)

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.

Normal
lateral
recess

Normal

Fig. 4.21 Axial CT myelogram showing lateral recess stenosis
(arrow).

Nerve root
compression
Lateral
recess

Abnormal stenosis
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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.

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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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

Fig. 4.23 Cervical nerve root avulsion.

Cardinal features

@ Major symptoms are radicular arm pain, associated
with severe radicular motor and sensory loss

@ Mechanism of injury often leads to concurrent brachial
plexus injury, making clinical diagnosis of nerve root
avulsion difficult.

@ Electrical studies demonstrate highly abnormal motor
findings in setting of completely normal sensory
findings due to location of injury proximal to DRG

Fig. 4.24 Coronal T2-weighted maximum intensity projection
(MIP) MRI image showing two right cervical nerve root
avulsions (arrows).

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 CMAPSs) is explained by the anatomy of
sensory root avulsion, which occurs proximal to the dor-
sal root ganglion.
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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

@ 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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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.

Fig. 4.26 Polio.

Cardinal features

@ Acute viral infection involving anterior
horn cells

@ May present with myotomal weakness

@ Temporal course and anatomic pattern of
weakness are variable

Pathology

/4' Infection of ~d

anterior horn cells

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.

Distribution of weakness

Older child

Young child
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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.

Fig. 4.27 Guillain-Barré syndrome.

Cardinal features

@ Rapid ascending paralysis

@ Usually affects lower extremities followed
by upper extremities

@ Associated areflexia

@ Often following viral illness, vaccinations,
respiratory or gastrointestinal infections

Pathology

@ 'mmune-mediated
segmental degeneration

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.

Distribution of weakness

@ Affects lower extremities
followed by upper extremities

@ As the diagnosis ascends,
trunk, intercostal, neck, and
cranial muscles may become
involved
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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.

Cardinal features

@ 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)

Distribution of weakness

@ Typically involves the
thoracic and motor roots,
usually of the sciatic and
femoral nerves

@ Ulnar, median, and brachial
plexus may also be involved
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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 Adischerniation causing nerve rootimpingement. Note that the nerve rootimpingement 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).

Nerve root
impingement

Ganglion

Herniated

disc
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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.

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:

e 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

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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The caudal end of the adult spinal cord is situated at what is known as the cauda equina. The caudal end of the
the level of the first or second lumbar vertebra. This is spinal cord tapers off into the cone-shaped conus medul-
because, following the third month of fetal development, laris, which continues distally as the filum terminale. The
the vertebral column grows faster than the spinal cord filum terminale is a caudal prolongation of the spinal pia
(Figs. 5.2 and 5.3). The lumbosacral nerve roots elongate mater that courses along with the cauda equina to termi-
and extend past the caudal end of the spinal cord to form nate on the dorsal surface of the coccyx.

Fig. 5.2 Differential rate of spinal growth. Conus

medullaris
(L1-2)

Vertebrae

Spinal Cerebrospinal
L cord fluid in
subarachnoid
space

mater

Dura D L
’_ mater D Pia

Arachnoid Root of
Root of first sacral
first sacral nerve (part of
nerve cauda equina)
S S
End of thecal
Dorsal sac (S2)
root
ganglion Filum
C — h
terminale
First trimester Later Adult

development

Fig. 5.3 Sagittal T1-weighted MRI showing inferior thoracic cord and conus medullaris (arrow) in an adult.
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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.

Fig. 5.4 Spinal nerve.

To paraspinal muscles
and skin of the back

Dorsal root

Spinal

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.

Inter-
vertebral
foramen

Spinal
nerve

Ventral Nerve Dorsal
root root root
ganglion
Dorsal root

ganglion
nerve
Dorsal
ramus

Ventral
ramus

White

ramus ‘ ]E
Sympathetic
(prevertebral)
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Ventral root

Blood vessel

Muscle
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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.

Fig. 5.5 Axial T1-weighted MRI replicating the cutout, showing
dorsal roots.

Dorsal nerve root

~

——l——, .

Ventral nerve root

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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Segmenta| Innervation of the BOdy Fig. 5.6 Segmental innervation of the body.
See Fig. 5.6.

Skin

A dermatome comprises that area of skin that is inner- i

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

%

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 2
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: L2-1L4
Gastrocnemius: S1-S2
Muscles of the perineum, bladder, and genitals: S3-S5
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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.

Fig. 5.7 Components of the gray matter of the spinal cord.

Intermediate

gray

Ventral horn

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 S2-54, 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.

Posteromarginal
nucleus

Substantia gelatinosa

Nucleus proprius

Nucleus dorsalis
(Clarke’s nucleus)

Intermediolateral
cell group

Intermediomedial
cell group

Medial group

Lateral group
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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 vy motor neurons innervate intrafusal
fibers of the neuromuscular spindles.

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).
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Fig. 5.9 Organization of the gray matter of the spinal cord.
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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. Laminael, 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.
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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.

Fig. 5.11 Somatotopy of spinal tracts.
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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.

Tract lamination

S = Sacral Segments

L = Lumbar Segments
Th = Thoracic Segments
C = Cervical Segments

Ventral corticospinal
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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.
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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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5 Spinal Cord

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)

Fig. 5.15 Anterior spinal artery syndrome.

Quadraparesis

Lateral spinothalamic tracts

Dorsal columns spared

Corticospinal tracts

Loss of pain and temperature
sense below level of lesion

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.
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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.

Fig. 5.16 Spinal tumors.

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

Extramedullary tumor syndrome

@ Radicular pain
® Tender to palpation

® Loss of pain and temperature sensation
@ Spastic paraparesis

@ Little or no muscle atrophy

® Muscle fasciculations common

@ Trophic skin disturbance absent

® Bowel and bladder disturbance late

Intramedullary tumor syndrome

Radicular pain rare

Dyesthesias and paraesthesias common
Dissociated sensory loss

Spastic paraparesis not prominent
Muscle atrophy common

Muscle fasciculations rare

Trophy skin disturbance common
Bowel and bladder disturbance early
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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.

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.

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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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

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).
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Fig. 5.18 Horner syndrome.
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5 Spinal Cord

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.

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.)
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Fig. 5.20 Disturbances of bladder function.
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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

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
asoverflowincontinence.Bladdertoneis 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).
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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.

Fig. 5.21 Rectal innervation.
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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 S3-54 spinal segments produce paralysis of the
sphincter muscle. As a result, fecal incontinence occurs.
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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.

Hypothalamus

Symptoms of spinal lesion above
T12 level

® Loss of psychogenic erection
(sympathetically mediated)
® Reflex erection preserved

Lesion

Symptoms of lesion at $2-S4 level

@ Loss of reflex erection

@ psychogenic (sympathetically
mediated) erection may be
preserved

Superficial dorsal vein

Lateral superficial vein %
Deep dorsal vein

Dorsal vein

and artery
Deep nerve

and artery
Corpus cavernosum

Urethra
Corpus spongiosum

| Engorgedstate ||

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 S3-54 spinal seg-
ments via the pudendal nerve.

2. Efferent limb From the S3-54 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.

Fig. 5.26 Foramen magnum lesion.

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. 5.27 Sagittal T1-weighted MRI with contrast showing ex-
tradural enhancing lesion at the foramen magnum lesion (ar-
row), compatible with a meningioma.

Symptoms and signs

® Suboccipital or neck pain

® Dysesthesias of the extremities
(upper > lower)

® Weakness of the extremities
(upper > lower)

® Wasting of the intrinsic hand muscles

® Gait disturbance

® Downbeat nystagmus
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C3 Spinal Level (C3 Spared) Sensory

See Fig. 5.28. Sensation is abolished below the base of the neck.

Motor Respiration

Motor examination reveals quadriplegia. Respiratory failure is also present because of denervation

of the diaphragm.
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.

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.

Fig. 5.29 C4 spinal level lesion. Functions or responses marked
with an “X” are impaired or absent.

R Motor

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.
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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.

Fig. 5.30 C5 spinal level lesion. Functions or responses marked
with an “X” are impaired or absent.

Motor

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.

— F Reflex ‘F Sensory ‘
C5, C6
R
Finger extensors Biceps

c7

Biceps Triceps

6,7

Wrist extensors

Wrist flexors Dorsal interossel

Respiration

Triceps

Ventilatory
muscles
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C6 Spinal Level (C6 Spared) Reflex

See Fig. 5.31. The biceps and brachioradialis reflexes are normal.
Motor Sensory

The deltoid and biceps muscles are intact. Wrist exten- Sensation is normal in the lateral upper extremity, in-
sion is also present (extensor carpi radialis longus and cluding the thumb, the index finger, and half of the mid-
brevis; C6), though slightly weakened (extensor carpi ul- dle finger.

naris; C7). Respiratory reserve is low.

Fig. 5.31 C6 spinal level lesion. Functions or responses marked
with an “X” are impaired or absent.

— Motor — ’ Reflex ‘F Sensory ‘

5, C6

Finger extensors Biceps

c7

Biceps Triceps

Cc7

Triceps

Wrist flexors Dorsal interosse
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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.

Fig. 5.32 C7 spinal level lesion. Functions or responses marked
with an “X” are impaired or absent.

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.

— Motor — F Reflex ‘F Sensory ‘

C5, C6

Biceps

Brachioradialis

Dorsal interossei

Wrist flexors

c7

Triceps
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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).

Fig. 5.33 C8 spinal level lesion. Functions or responses marked
with an “X” are impaired or absent.

QNN Votor D

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.

F Reflex ‘ F Sensory ‘

G5, C6

Biceps Triceps

Brachioradialis

Dorsal interosse

Wrist flexors

Triceps
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T1 Spinal Level (T1 Spared) Reflex

See Fig. 5.34. The upper extremity reflexes are normal.

Motor Sensory

Upper extremity strength is normal, leaving the patient Sensation is normal in the upper anterior chest and the
paraplegic. 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 Reflex

See Fig. 5.35. Upper extremity reflexes are normal. Lower extremity
reflexes are either absent (early) or increased (late).

Motor

The patient is paraplegic. Although an assessment of tho- Sensory

racic motor function is necessarily limited, some infor- The level of the lesion determines the level of intact sen-

mation about the intercostal and abdominal muscles may sation.

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.

Fig. 5.35 T2-T12 spinal level lesion.

’ Motor [ ] Reflex [ ] Sensory .
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Upper extremity
reflexes normal

Lower extremity
reflexes absent
or increased

Sensation absent
below level of 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.

Fig. 5.36 L1 spinal level lesion. Functions or responses marked
with an “X” are impaired or absent.

—F

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.

Reflex

= g =

Sensory

13, Sl

Adductors

L4,

Tibialis anterior

Gluteus medius Gastrocnemius

Bowel & bladder ~
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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.

Fig. 5.37 L2 spinal level lesion. Functions or responses marked
with an “X” are impaired or absent.

Motor

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.

Reflex Sensory

m— g -

L1,12,13

L5, S1

xtensor h
longus

Gluteus medius Gastrocnemius

—F

Bowel & bladder ~
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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.

Fig. 5.38 L3 spinal level lesion. Functions or responses marked
with an “X” are impaired or absent.

Motor

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.

Reflex Sensory

= g =

L1,12,13

L5, 51

Adductors

12,13, 14

Gluteus medius Gastrocnemius

E— gu

Bowel & bladder ~
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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.

Fig. 5.39 L4 spinal level lesion. Functions or responses marked
with an “X” are impaired or absent.

Motor

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.

Reflex Sensory

==

L1,12,13

Adductors

Gluteus medius Gastrocnemius
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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.

Fig. 5.40 L5 spinal level lesion. Functions or responses marked
with an “X” are impaired or absent.

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.

Reflex Sensory
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L1,12,13

Adductors

Quadriceps
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Bowel & bladder ~

Tibialis anterior

Gluteus medius Gastrocnemius
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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.

Fig. 5.41 S1 spinal level lesion. Functions or responses marked
with an “X” are impaired or absent.

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.

Reflex Sensory

— g -

Adductors

=

Quadriceps
ermor Gluteus maximus

’ Bowel & bladder ~

Gluteus medius Gastrocnemius
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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

Fig. 5.42 Conus medullaris and cauda equina syndromes.

Conus medullaris syndrome

e Autonomous bladder
(early sign)
® Fecal incontinence
(early sign)
e Impotence
® Symetrical saddle anesthesia
® Absence of corticospinal tract
signs or lower extremity
weakness

Lesion

Cauda equina syndrome

Radicular pain (early)
Autonomous bladder (late)
fecal incontinence (late)
Impotence

Asymmetric saddle anesthesia
Flaccid paraplegia

Absent deep tendon reflexes

LesiSs

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. 5.43 Axial T1-weighted MRI replicating upper right cutout.
Arrows show multiple intradural descending nerves.

Cross section of conus
medullaris (T12-L1)
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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 (S2-54)
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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-

Fig. 5.45 Transverse myelopathy.

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-

Dorsal columns

Corticospinal tracts

Right

Lateral spinothalamic tracts \

Loss of vibration and position
sense below level of lesion

Paraplegia

Loss of pain and
temperature sense
below level of lesion

Also, autonomic
disturbances:

® Respiratory failure (if
lesion C3-C5)

® Hypotension and
bradycardia

® Bowel and bladder
dysfunction

® Sexual dysfunction




5 Spinal Cord 199

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.

Fig. 5.46 Axial T2-weighted MRI showing normal cervical cord anatomy.

Dorsal column

Corticospinal tracts .

Corticospinal
tracts

Lageral spinothala

spinothalamic tracts

Fig. 5.47 Axial T2-weighted MRI of cervical cord with transverse myelitis, shown as central cord signal hyperintensity and cord swelling.
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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.
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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.
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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,
itis 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.

functional significance of these connections.

» Determine the brainstem’s blood supply.

» Develop an approach to the localization of brainstem lesions.
* Describe the seven major brainstem vascular syndromes.

* 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

» Describe the anatomy and function of the reticular formation in the brainstem.

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):

e Ventricular cavity The ventricular cavity of the
brainstem is contiguous with the central canal of the

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.
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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:

e QOculomotor 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.

e 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.

e 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.

e 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.

211
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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:

e 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.

e 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.

e 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.

e 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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Column3

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:

e Edinger-Westphal nucleus (1II) 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.

e 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 (I1X)
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.

e 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):

e 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.
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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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Mediates taste sensation and general visceral sensation
of the lungs, heart, and gastrointestinal tract.
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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.



6 Brainstem 223

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):

e 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.

Cerebral
cortex

Pontine
nuclei

Reticular

e [nferior 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.

e 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.

e 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.
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Fig. 6.11 Afferent cerebellar connections.
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Fig. 6.12 Curved reformat of coronal T1-weighted 7T MRI, cor-
responding to the anatomical underlay of 6.10 and 6.11 (also
see Figs. 8.5-8.10 for another version). Note that these small
brainstem nuclei are generally not well seen on conventional
MRI and advanced techniques are required.
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Efferent Cerebellar Connections

The following brainstem nuclei receive cerebellar effer-

ents (Figs. 6.12 and 6.13):

e 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.

Red nucleus

Reticular
formation

Vestibular
nuclei

Rubrospinal tract
Reticulospinal tract

Vestibulospinal tract

Fig. 6.13 Efferent cerebellar connections.

e 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.
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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).

e 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.

e 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:

e 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.

e (ontrol 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.

e 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).
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6 Brainstem

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.

Fig. 6.16 Arterial supply.

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.
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Fig. 6.17 Surface reconstruction of T1w 7T magnetic resonance
imaging (MRI) showing arterial supply of the brainstem.
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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:

e The oculomotor and trochlear nuclei, which produce
diplopia and ipsilateral pupillary disturbances with
ptosis (oculomotor nerve), are located at the level of
the midbrain.

e 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.

e 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:

e 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.

e 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:

e What cranial nerves are involved?
e 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

Fig. 6.21 Brainstem localization.
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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.
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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:

e [Ipsilateral impairment of facial pain and
temperature sensation (due to involvement of the
spinal tract and nucleus of the trigeminal nerve)

e (Contralateral impairment of body pain and
temperature sensation (due to involvement of the
spinothalamic tract)

e [psilateral limb and gait ataxia (due to involvement
of cerebellar connections)

e [psilateral Horner syndrome: ptosis, miosis,
anhydrosis (due to involvement of the descending
sympathetic fibers)

e Nausea, vomiting, vertigo, and nystagmus (due to
involvement of the vestibular nuclei and connections)

e Dysphagia and dysarthria (due to involvement of the

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:

e (Contralateral hemiparesis (due to involvement of
the corticospinal tract)

e (Contralateral loss of vibratory and position sense
(due to involvement of the medial lemniscus)

e [psilateral 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:

e [psilateral impairment of facial pain and temper-
ature sensation (due to involvement of the spinal
tract and nucleus of the trigeminal nerve)

e (Contralateral impairment of body pain and tem-
perature sensation (due to involvement of the spi-
nothalamic tract)

Fig. 6.24 Lateral pontine syndrome
(Millard-Gubler syndrome).

—— Deafness and tinnitus

— Ipsilateral Horner syndrome
Ipsilateral impairment of faD
pain and temperature sensation

— Nausea, vomiting, vertigo,
and nystagmus

— Ipsilateral limb and gait ataxia

— Ipsilateral facial paralysis

Contralateral impairment of |
body pain and temperature
Paralysis of gaze to

the side of the lesion T

Spinothalamic tract ——

(Vi)

Descending sympathetic fibers
Spinal tract and nucleus of trigeminal nerve (V)

Cochlear nerve (VIIl) or nucleus
Vestibular nuclei and connections
Inferior cerebellar peduncle

Paramedian pontine reticular formation

Abducens
nucleus

Right

—_— Facial nerve

Anterior
inferior
cerebellar
art.

or
superior
cerebellar
art.

Medial Corticospinal
longitudinal Medial tract
fasiculus lemniscus

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)




6 Brainstem

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)

e Contralateral loss of vibratory and position sense
(due to involvement of the medial lemniscus)

e [Ipsilateral limb and gait ataxia (due to involvement
of cerebellar connections)

e Paralysis of the ipsilateral lateral rectus muscle
(due to involvement of the abducens nerve)

Fig. 6.25 Medial pontine syndrome.
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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.
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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:

e (Contralateral hemiparesis (due to involvement of
the corticospinal tract)

e [psilateral 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:
e [Ipsilateral third nerve palsy (due to involvement of

the oculomotor nucleus and nerve, including its para-

sympathetic fibers)

e Tremor or involuntary movements of the contra-
lateral limbs (due to involvement of the red nucleus)

e 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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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).

Fig. 6.28 Dorsal midbrain syndrome (Parinaud’s syndrome).
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Learning Objectives

and internuclear lesions.

» Determine the anatomic basis of the corneal reflex.

those components.

* Develop an approach to cranial nerve testing.

» 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,

« 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.

» 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

» Describe the major cranial nerve syndromes, correlating anatomy with deficits.

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:

e They supply motor and sensory input to the head and
neck.

e They innervate the special sense organs.

e 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
(VIL, IX, X), and smell (I). On the basis of their functional
components, cranial nerves are classified as purely sen-

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.
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Fig. 7.1 Olfactory nerve.
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Fig. 7.2 Sagittal and coronal T2w magnetic resonance imaging (MRI) showing olfactory nerve (arrows).
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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.
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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.

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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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 (lll).
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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.

@ Pupillary constriction
@® Accommodation

Fig. 7.8 Parasympathetic components of oculomotor nerve.

Pretectal
nucleus

I\,\ Edinger-
Westphal

-%» = nucleus

Preganglionic

parasympathetic
fibers
Ciliary (parasympathetic
ganglion division of
oculomotor
nerve)
Short
ciliary
nerve
Table 7.1 Functional Components of the Oculomotor Nerve (lll)
Components Ganglion  Nuclei Exit through Skull Target Organ Function
Somatic motor Oculomotor Superior orbital fissure  Levator palpebrae Elevates upper eyelid

superioris
Medial rectus muscle Adducts eye

Inferior oblique Elevates, abducts, and
externally rotates eye

Superior rectus muscle  Depresses, abducts, and
internally rotates eye

Inferior rectus muscle Elevates, abducts, and
externally rotates eye

Visceral motor  Ciliary Edinger-Westphal Superior orbital fissure  Ciliary and constrictor ~ Curvature of the lens and

pupillae muscles 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”)

e Drooping of the upper eyelid (ptosis) due to paresis
of the levator palpebrae superioris

e Dilated pupil (mydriasis) and absent pupillary light
reflex due to involvement of the constrictor pupillae

e Absent accommodation reflex due to ciliary muscle
involvement

Fig. 7.9 Four clinical features of oculomotor nerve palsy.

Cerebral
peduncle

Medial
rectus

Levator
palpebrae
superior

Superior
rectus
muscle

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

o The basal midbrain, which may cause ipsilateral
ophthalmoplegia and contralateral hemiplegia
(Weber’s syndrome) following interruption of the
oculomotor nerve and adjacent corticospinal
fibers

o 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

o 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

Superior
colliculus

Oculomotor
nucleus

\O

Red
nucleus

Oculomotor nerve (W)

Inferior
rectus
muscle

Inferior
oblique
muscle

Signs anq SYMptoms
Eye is down and out
Eyelid dl'Oops
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Accommodatmn

(not shoyy reflex is absent
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Fig. 7.10 Four common lesions of oculomotor nerve.
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@ Midbrain infarction may involve oculomotor N.
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@ Basal midbrain (Weber’s syndrome)

Red nucleus region (Benedikt’s syndrome)
- @ Peripheral fibers of oculomotor N.
(diabetes mellitus)

@ Uncal herniation (due to increased
intracranial pressure) compresses
oculomotor N.
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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.

e Alesion of the ipsilateral oculomotor nerve results in a
loss of the direct response.

e A lesion of the contralateral oculomotor nerve results
in a loss of the consensual response.

Ipsilatera] oculomotor

Short
ciliary
nerve

e Alesion of the ipsilateral optic nerve results in a loss
of both the direct and consensual responses.

e Alesion 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.

Superior oblique muscle

Annulus
of Zinn
(IV nerve not
included)

Table 7.2 Functional Components of the Trochlear Nerve (IV)

Component Nucleus Exit through Skull

Somatic motor Trochlear Superior orbital fissure

Superior orbital fissure

Fig. 7.12 Anatomy of trochlear nerve (V).

Inferior
colliculus

Cavernous
sinus (not shown:
N’s I, VI, V1, and V2)

Cross section
showing origin of
trochlear nerve in
the midbrain

Target Organ Function

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).

Lateral rectus
-~ muscle

Table 7.3 Functional Components of the Abducens Nerve (VI)

Component Nucleus Exit through Skull

Somatic motor Abducens Superior orbital fissure

Superior orbital fissure

Annulus
of Zinn

Cavernous
sinus (not shown:
N’s I, IV, V1, and V2)

Cross section
at basal
portion of pons

Target Organ Function

Lateral rectus muscle Abducts eye
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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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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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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.
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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 um 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 lef