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Important note: Medicine is an ever-chang-
ing science undergoing continual develop-
ment. Research and clinical experience are
continually expanding our knowledge, in
particular our knowledge of proper treat-
ment and drug therapy. Insofar as this book
mentions any dosage or application, read-
ers may rest assured that the authors, edi-
tors, and publishers have made every effort
to ensure that such references are in accor-
dance with the state of knowledge at the
time of production of the book.
Nevertheless, this does not involve, imply,
or express any guarantee or responsibility
on the part of the publishers in respect to
any dosage instructions and forms of appli-
cations stated in the book. Every user is re-
quested to examine carefully the manufac-
turers' leaflets accompanying each drug
and to check, if necessary in consultation
with a physician or specialist, whether the
dosage schedules mentioned therein or the
contraindications stated by the manufac-
turers differ from the statements made in
the present book. Such examination is par-
ticularly important with drugs that are
either rarely used or have been newly re-
leased on the market. Every dosage
schedule or every form of application used
is entirely at the user’s own risk and re-
sponsibility. The authors and publishers re-
quest every user to report to the publishers
any discrepancies or inaccuracies noticed.

Some of the product names, patents, and regis-
tered designs referred to in this book are in fact
registered trademarks or proprietary names
even though specific reference to this fact is not
always made in the text. Therefore, the appear-
ance of a name without designation as pro-
prietary is not to be construed as a representa-
tion by the publisher that it is in the public
domain.

This book, including all parts thereof, is legally
protected by copyright. Any use, exploitation,
or commercialization outside the narrow limits
set by copyright legislation, without the pub-
lisher’s consent, is illegal and liable to prosecu-
tion. This applies in particular to photostat re-
production, copying, mimeographing, prepara-
tion of microfilms, and electronic data pro-
cessing and storage.
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Preface

The nervous system and the muscles are the
seat of many primary diseases and are affected
secondarily by many others.

This pocket atlas is intended as an aid to the de-
tection and diagnosis of the symptoms and signs
of neurological disease. The text and illustra-
tions are printed on facing pages, to facilitate
learning of the points presented in each.

The book begins with a summary of the fun-
damentals of neuroanatomy in Chapter 1. Chap-
ter 2 concerns the functions of the nervous sys-
tem and the commonly encountered syndromes
in clinical neurology. Individual neurological
diseases are discussed in Chapter 3. The clinical
neurological examination is best understood
once the material of the first three chapters is
mastered; it is therefore presented in the last
chapter, Chapter 4.

The choice of topics for discussion is directed
toward questions that frequently arise in clinical
practice. Some of the illustrations have been re-
produced from previous works by other authors,
because they seemed to us to be optimal solu-
tions to the problem of visually depicting a diffi-
cult subject. In particular, we would like to pay
tribute here to the graphic originality of the late
Dr. Frank H. Netter.

Many people have lent us a hand in the creation
of this book. Our colleagues at the Sanderbusch
Neurological Clinic were always ready to help us
face the difficult task of getting the book written
while meeting the constant demands of patient
care. I (R.R.) would particularly like to thank our
Oberdrzte (Senior Registrars), Drs. Helga Best
and Robert Schumann, for their skillful coopera-

tion and support over several years of work.
Thanks are also due to the radiologists, Drs.
Benno Wordehoff and Ditmar Schonfeld, for
providing images to be used in the illustrations.
This book would never have come about
without the fascination for neurology that was
instilled in me in all the stages of my clinical
training; I look back with special fondness on
the time [ spent as a Resident in the Department
of Neurology at the University of New Mexico
(Albuquerque). Above all, I thank the many
patients, past and present, who have entrusted
me with their care.

Finally, cordial thanks are due to the publishers,
Georg Thieme Verlag, for their benevolent and
surefooted assistance throughout the develop-
ment of this book, and for the outstanding qual-
ity of its production. Among the many members
of the staff to whom we are grateful, we would
like to single out Dr. Thomas Scherb, with whom
we were able to develop our initial ideas about
the format of the book, as well as Dr. Clifford
Bergman and Gabriele Kuhn, who saw this edi-
tion through to production with assurance, ex-
pertise, and the necessary dose of humor.

We dedicate this book to our families: Christina,
Claire, and Ben (R.R.) and Birgit, Jonas, and Lukas
(M.G.).

Reinhard Rohkamm, Sande
Manfred Giither, Bermatingen
Autumn 2003
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Overview

Neurology is the branch of medicine dealing
with diseases of the central, peripheral, and au-
tonomic nervous systems, including the skeletal
musculature.

Central Nervous System (CNS)
H Brain

The forebrain or prosencephalon (supratentorial
portion of the brain) comprises the telen-
cephalon (the two cerebral hemispheres and the
midline structures connecting them) and the
diencephalon.

The midbrain or mesencephalon lies between
the fore brain and the hind brain. It passes
through the tentorium cerebelli.

The hindbrain or rhombencephalon (infraten-
torial portion of the brain) comprises the pons,
the medulla oblongata (almost always called
“medulla” for short), and the cerebellum. The
mid brain, pons, and medulla together make up
the brain stem.

m Spinal cord

The spinal cord is approximately 45 cm long in
adults. Its upper end is continuous with the
medulla; the transition is defined to occur just
above the level of exit of the first pair of cervical
nerves. Its tapering lower end, the conus medul-
laris, terminates at the level of the L3 vertebra in
neonates, and at the level of the L1-2 interverte-
bral disk in adults. Thus, lumbar puncture
should always be performed at or below L3-4.
The conus medullaris is continuous at its lower
end with the threadlike filum terminale, com-
posed mainly of glial and connective tissue,
which, in turn, runs through the lumbar sac
amidst the dorsal and ventral roots of the spinal
nerves, collectively called the cauda equina
(“horse’s tail”), and then attaches to the dorsal
surface of the coccyx. The cervical, thoracic,
lumbar, and sacral portions of the spinal cord
are defined according to the segmental division
of the vertebral column and spinal nerves.

Peripheral Nervous System (PNS)

The peripheral nervous system connects the
central nervous system with the rest of the
body. All motor, sensory and autonomic nerve
cells and fibers outside the CNS are generally

considered part of the PNS. Specifically, the PNS
comprises the ventral (motor) nerve roots, dor-
sal (sensory) nerve roots, spinal ganglia, and spi-
nal and peripheral nerves, and their endings, as
well as a major portion of the autonomic
nervous system (sympathetic trunk). The first
two cranial nerves (the olfactory and optic
nerves) belong to the CNS, but the remainder
belong to the PNS.

Peripheral nerves may be purely motor or
sensory but are usually mixed, containing varia-
ble fractions of motor, sensory, and autonomic
nerve fibers (axons). A peripheral nerve is made
up of multiple bundles of axons, called fascicles,
each of which is covered by a connective tissue
sheath (perineurium). The connective tissue
lying between axons within a fascicle is called
endoneurium, and that between fascicles is
called epineurium. Fascicles contain myelinated
and unmyelinated axons, endoneurium, and
capillaries. Individual axons are surrounded by
supportive cells called Schwann cells. A single
Schwann cell surrounds several axons of unmy-
elinated type. Tight winding of the Schwann cell
membrane around the axon produces the my-
elin sheath that covers myelinated axons. The
Schwann cells of a myelinated axon are spaced a
small distance from one another; the intervals
between them are called nodes of Ranvier. The
nerve conduction velocity increases with the
thickness of the myelin sheath. The specialized
contact zone between a motor nerve fiber and
the muscle it supplies is called the neuromuscu-
lar junction or motor end plate. Impulses arising
in the sensory receptors of the skin, fascia,
muscles, joints, internal organs, and other parts
of the body travel centrally through the sensory
(afferent) nerve fibers. These fibers have their
cell bodies in the dorsal root ganglia (pseudo-
unipolar cells) and reach the spinal cord by way
of the dorsal roots.

Autonomic Nervous System (ANS)

The autonomic nervous system regulates the
function of the internal organs in response to
the changing internal and external environ-
ment. It contains both central (p. 140 ff) and pe-
ripheral portions (p. 146ff).
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Skull

Skull

The skull (cranium) determines the shape of the
head; it is easily palpated through the thin lay-
ers of muscle and connective tissue that cover it.
It is of variable thickness, being thicker and stur-
dier in areas of greater mechanical stress. The
thinner bone in temporal and orbital portions of
the cranium provides the so-called bone win-
dows through which the basal cerebral arteries
can be examined by ultrasound. Thinner por-
tions of the skull are more vulnerable to trau-
matic fracture. The only joints in the skull are
those between the auditory ossicles and the
temporomandibular joints linking the skull to
the jaw.

Neurocranium

The neurocranium encloses the brain, labyrinth,
and middle ear. The outer and inner tables of the
skull are connected by cancellous bone and
marrow spaces (diploé). The bones of the roof of
the cranium (calvaria) of adolescents and adults
are rigidly connected by sutures and cartilage
(synchondroses). The coronal suture extends
across the frontal third of the cranial roof. The
sagittal suture lies in the midline, extending
backward from the coronal suture and bifurcat-
ing over the occiput to form the lambdoid suture.
The area of junction of the frontal, parietal, tem-
poral, and sphenoid bones is called the pterion;
below the pterion lies the bifurcation of the
middle meningeal artery.

The inner skull base forms the floor of the cranial
cavity, which is divided into anterior, middle,
and posterior cranial fossae. The anterior fossa
lodges the olfactory tracts and the basal surface
of the frontal lobes; the middle fossa, the basal
surface of the temporal lobes, hypothalamus,
and pituitary gland; the posterior fossa, the cere-
bellum, pons, and medulla. The anterior and
middle fossae are demarcated from each other
laterally by the posterior edge of the (lesser)
wing of the sphenoid bone, and medially by the
jugum sphenoidale. The middle and posterior
fossae are demarcated from each other laterally
by the upper rim of the petrous pyramid, and
medially by the dorsum sellae.

Scalp

The layers of the scalp are the skin (including
epidermis, dermis, and hair), the subcuticular
connective tissue, the fascial galea aponeurotica,
subaponeurotic loose connective tissue, and the
cranial periosteum (pericranium). The hair of the
scalp grows approximately 1 cm per month. The
connection between the galea and the peri-
cranium is mobile except at the upper rim of the
orbits, the zygomatic arches, and the external
occipital protuberance. Scalp injuries superficial
to the galea do not cause large hematomas, and
the skin edges usually remain approximated.
Wounds involving the galea may gape; scalping
injuries are those in which the galea is torn away
from the periosteum. Subgaleal hemorrhages
spread over the surface of the skull.

Viscerocranium

The viscerocranium comprises the bones of the
orbit, nose, and paranasal sinuses. The superior
margin of the orbit is formed by the frontal
bone, its inferior margin by the maxilla and zy-
gomatic bone. The frontal sinus lies superior to
the roof of the orbit, the maxillary sinus inferior
to its floor. The nasal cavity extends from the
anterior openings of the nose (nostrils) to its
posterior openings (choanae) and communi-
cates with the paranasal sinuses—maxillary,
frontal, sphenoid, and ethmoid. The infraorbital
canal, which transmits the infraorbital vessels
and nerve, is located in the superior (orbital)
wall of the maxillary sinus. The portion of the
sphenoid bone covering the sphenoid sinus
forms, on its outer surface, the bony margins of
the optic canals, prechiasmatic sulci, and pitu-
itary fossa.

Rohkamm, Color Atlas of Neurology © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Skull

Scalp Galea aponeurotica
Coronal suture
Pterion
Coronal suture - “ Squamous
suture

Outer and inner table

Skull (cross section)

Glabella

Supraorbital foramen \‘,"
Orbit ’

Infraorbital foramen

Parieto-
mastoid
3 ‘ suture
' Lambdoid

N suture
H Occipito-
mastoid

suture

Mastoid

Skull process

Zygomatic bone

Mental foramen
Temporomandibular
joint

Frontal sinus
Supraorbital margin
Nasal bone ﬁ" Bl
Infraorbital margin —
__*x)
4

Sphenoid sinus

Perpendicular lamina
(ethmoid bone, nasal

=
septum)

i ) Upper jaw (maxilla)

Vomer - Lower jaw (mandible)

Viscerocranium

Foramen magnum

Dorsum sellae X .
Superior margin
Anterior of petrous bone
clinoid process

Pituitary fossa

Crista gall (sella turcica)
Cribriform
plate
Prechiasmatic
sulcus
ugum
Jspghenoida|e Lesser wing of sphenoid bone

Inner skull base
(yellow = anterior fossa, green = middle fossa, blue = posterior fossa)

Rohkamm, Color Atlas of Neurology © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Meninges

Meninges

The meninges lie immediately deep to the inner
surface of the skull and constitute the mem-
branous covering of the brain. The pericranium
of the inner surface of the skull and the dura
mater are collectively termed the pachymen-
inges, while the pia mater and arachnoid mem-
brane are the leptomeninges.

Pachymeninges

The pericranium contains the meningeal arter-
ies, which supply both the dura mater and the
bone marrow of the cranial vault. The per-
icranium is fused to the dura mater, except
where they separate to form the dural venous
sinuses. The virtual space between the per-
icranium and the dura mater—the epidural
space—may be forced apart by a pathological
process, such as an epidural hematoma. Imme-
diately beneath the dura mater, but not fused to
it, is the arachnoid membrane; the intervening
virtual space—the subdural space—contains
capillaries and transmits bridging veins, which,
if injured, can give rise to a subdural hematoma.
The falx cerebri separates the two cerebral hemi-
spheres and is bordered above and below by the
superior and inferior sagittal sinuses. It attaches
anteriorly to the crista galli, and bifurcates post-
eriorly to form the tentorium cerebelli, with the
straight sinus occupying the space between the
falx and the two halves of the tentorium. The
much smaller falx cerebelli separates the two
cerebellar hemispheres; it encloses the occipital
sinus and is attached posteriorly to the occipital
bone.

The tentorium cerebelli separates the superior
aspect of the cerebellum from the inferior
aspect of the occipital lobe. It rises toward the
midline, taking the shape of a tent. The opening
between the two halves of the tentorium,
known as the tentorial notch or incisura, is
traversed by the midbrain; the medial edge of
the tentorium is adjacent to the midbrain on
either side. The tentorium attaches posteriorly
to the sulcus of the transverse sinus, laterally to
the superior rim of the pyramid of the temporal
bone, and anteriorly to the anterior and poste-
rior clinoid processes. The tentorium divides the
cranial cavity into the supratentorial and in-
fratentorial spaces.

The pituitary stalk, or infundibulum, accom-
panied by its enveloping arachnoid membrane,

passes through an aperture in the posterior por-
tion of the diaphragma sellae (diaphragm of the
sella turcica), a horizontal sheet of dura mater
lying between the anterior and posterior clinoid
processes. The pituitary gland itself sits in the
sella turcica, below the diaphragm.

The meningeal branches of the three divisions of
the trigeminal nerve (pp.28 and 94) provide
sensory innervation to the dura mater of the
cranial roof, anterior cranial fossa, and middle
cranial fossa. The meningeal branch of the vagus
nerve (p.29), which arises from its superior gan-
glion, provides sensory innervation to the dura
mater of the posterior fossa. Pain can thus be felt
in response to noxious stimulation of the dura
mater, while the cerebral parenchyma is insen-
sitive. Some of the cranial nerves, and some of
the blood vessels that supply the brain, traverse
the dura at a distance from their entry into the
skull, and thereby possess an intracranial ex-
tradural segment, of a characteristic length for
each structure. Thus the rootlets of the trigemi-
nal nerve, for instance, can be approached surgi-
cally without incising the dura mater.

Pia Mater

The cranial pia mater is closely apposed to the
brain surface and follows all of its gyri and sulci.
The cerebral blood vessels enter the brain from
its surface by perforating the pia mater. Except
for the capillaries, all such vessels are accom-
panied for a short distance by a pial sheath, and
thereafter by a glial membrane that separates
them from the neuropil. The perivascular space
enclosed by this membrane (Virchow-Robin
space) contains cerebrospinal fluid. The choroid
plexus of the cerebral ventricles, which secretes
the cerebrospinal fluid, is formed by an infold-
ing of pial blood vessels (tela choroidea) covered
by a layer of ventricular epithelium (ependyma).

Arachnoid Membrane

The dura mater is closely apposed to the
arachnoid membrane; the virtual space be-
tween them (subdural space) contains capillar-
ies and bridging veins. Between the arachnoid
membrane and the pia mater lies the sub-
arachnoid space, which is filled with cerebrospi-
nal fluid and is spanned by a network of delicate
trabecular fibers.
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Cerebrospinal Fluid

Cerebrospinal Fluid

Cerebral Ventricles and Cisterns

The fluid-filled cerebral ventricles constitute the
inner CSF space. Each of the two lateral ventricles
communicates with the third ventricle through
the interventricular foramen of Monro (one on
each side). Fluid passes from the third ventricle
through the cerebral aqueduct (of Sylvius) into the
fourth ventricle, and thence through the single
midline foramen (of Magendie) and paired lateral
foramina (of Luschka)into the subarachnoid space
(outer CSFspace). Dilatations of the subarachnoid
space are called cisterns. The cerebellomedullary
cistern (cisterna magna) lies between the poste-
rior surface of the medulla and the undersurface
of the cerebellum. The cerebellopontine cistern oc-
cupies the cerebellopontine angle. The ambient
cistern lies lateral to the cerebral peduncle and
contains the posterior cerebral and superior cere-
bellar arteries, the basal vein, and the trochlear
nerve. The interpeduncular cistern lies in the mid-
line between the cerebral peduncles and contains
the oculomotor nerves, the bifurcation of the
basilarartery,and the origins of the superior cere-
bellar and posterior cerebral arteries; anterior to
it is the chiasmatic cistern, which surrounds the
optic chiasm and the pituitary stalk. The portion
of the subarachnoid space extending from the
foramen magnum to the dorsum sellae is collec-
tively termed the posterior cistern.

Cerebrospinal Fluid (CSF)

The CSF, aclear and colorless ultrafiltrate of blood
plasma, is mainly produced in the choroid plexus
of the cerebral ventricles and in the capillaries of
the brain. It normally contains no red blood cells
and at most 4 white blood cells/ul. Its functions
are both physical (compensation for volume
changes, buffering and equal distribution of in-
tracranial pressure despite variation in venous
and arterial blood pressure) and metabolic(trans-
port of nutrients and hormones into the brain,
and of waste products out of it). The total CSF
volume in the adult is ca. 150 ml, of which ca.
30 ml is in the spinal subarachnoid space. Some
500 ml of cerebrospinal fluid is produced per day,
corresponding to a flow of ca. 20 ml/h. The nor-
mal pulsation of CSF reflects brain pulsation due
to changes in cerebral venous and arterial
volume, respiration, and head movements. A Val-
salva maneuver increases the CSF pressure.

CSF circulation. CSF formed in the choroid plexus
flows through the ventricular systemand through
the foramina of Magendie and Luschka into the
basal cisterns. It then circulates further into the
spinal subarachnoid space, over the surfaces of
the cerebellum and cerebrum, eventually reach-
ing the sites of CSF absorption. It is mainly ab-
sorbed through the arachnoid villi (arachnoid
granulations, pacchionian corpuscles), which are
most abundant along the superior sagittal sinus
but are also found at spinal levels. CSF drains
through the arachnoid villi in one direction, from
the subarachnoid space to the venous compart-
ment, by a valve mechanism. This so-called bulk
flowisapparently achieved with the aid of pinocy-
totic vacuoles that transport the CSF, and all sub-
stances dissolved in it, in ladlelike fashion. At the
same time, CSF diffuses into the brain tissue adja-
cent to the CSFspace and is absorbed by the capil-
laries.

The Blood-CSF and Blood-Brain Barriers

These “barriers” are not to be conceived of as im-
penetrable; under normal conditions, all plasma
proteins pass into the CSF. The larger the protein
molecule, however, the longer it takes to reach
the CSF, and the steeper the plasma/CSF concen-
tration gradient. The term blood-brain barrier
(BBB) s a collective term for all barriers lying be-
tween the plasma and the neuropil, one of which
is the blood-CSF barrier (BCB). Disease processes
often alter the permeability of the BBB, but very
rarely that of the BCB.

Morphologically, the BCB is formed by the
choroid epithelium, while the BBB is formed by
the tight junction (zonula occludens) of capillary
endothelial cells. Up to half of all cerebral capil-
laries have a tubular structure, i.e., they have no
connecting interstices. Physiologically, the sys-
tem of barriers enables the regulation of the
osmolarity of brain tissue and CSF and, thereby,
the intracranial pressure and volume. Biochemi-
cally, the BCB is permeable to water-soluble sub-
stances (e.g., plasma proteins) but not to lipo-
soluble substances such as anesthetics, psycho-
active drugs, and analgesics. The BBB, on the
other hand, is generally permeable to liposoluble
substances (of molecular weight less than 500
daltons) but not to water-soluble substances.

Rohkamm, Color Atlas of Neurology © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Cerebrospinal Fluid

Left lateral ventricle with frontal,
occipital, and temporal horns

Interventricular foramen of Monro

Third ventricle

Aqueduct

Fourth ventricle with lateral recess

Cerebral ventricles

Choroid plexus

G Cerebellomedullary cistern

Chiasmatic cistern
Interpeduncular cistern
Ambient cistern

Epidural veins

Basal labyrinth

Arachnoid villus (substance transport)

Plexus capillary
with fenestrated
endothelium,

erythrocyte

Spinal nerve root

Brain capillary with .
nonfenestrated Cilia, plexus

endothelium epithelial cell
membrane

Tight junction

CSF circulation

Basal membrane

Processes of astrocytes

Blood-brain barrier Blood-CSF barrier
(capillary) (vessel of choroid plexus)

Rohkamm, Color Atlas of Neurology © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.
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Carotid Arteries

Blood is pumped from the left ventricle of the
heart to the aortic arch and thence to the com-
mon carotid arteries and anterior circulation of
the brain (internal carotid, middle cerebral, and
anterior cerebral arteries), and to the subclavian
arteries and posterior circulation of the brain
(vertebral, basilar, and posterior cerebral arter-
ies). The anterior circulation supplies the eyes,
basal ganglia, part of the hypothalamus, the
frontal and parietal lobes, and a large portion of
the temporal lobes, while the posterior circula-
tion supplies the brain stem, cerebellum, inner
ear, occipital lobes, the thalamus, part of the hy-
pothalamus, and a smaller portion of the tem-
poral lobes.

Venous blood from the superficial and deep cere-
bral veins (p. 18 ff) drains via the dural venous
sinuses into the internal jugular veins and
thence into the the superior vena cava and right
atrium. The extracranial and intracranial por-
tions of the blood supply of the brain as well as
that of the spinal cord will be detailed further in
the following paragraphs.

Carotid Arteries: Extracranial Portion

The brachiocephalic trunk arises from the aortic
arch behind the manubrium of the sternum and
bifurcates at the level of the sternoclavicular
joint to form the right subclavian and common
carotid arteries. The left common carotid artery
(usually adjacent to the brachiocephalic trunk)
and subclavian artery arise directly from the
aortic arch. The common carotid artery on either
side bifurcates at the level of the thyroid car-
tilage to form the internal and external carotid
arteries; these arteries lie parallel and adjacent
to each other after the bifurcation, with the ex-
ternal carotid artery lying medial. A dilatation of
the common carotid artery at its bifurcation is
called the carotid sinus.

The external carotid artery gives off the superior
thyroid, lingual, facial, and maxillary arteries
anteriorly, the ascending pharyngeal artery me-
dially, and the occipital and posterior auricular
arteries posteriorly. The maxillary and superfi-
cial temporal arteries are its terminal branches.
The middle meningeal artery is an important
branch of the maxillary artery.

The internal carotid artery gives off no ex-
tracranial branches. Its cervical portion runs
lateral or dorsolateral to the external carotid

artery, then dorsomedially along the wall of the
pharynx (parapharyngeal space) in front of the
transverse processes of the first three cervical
vertebrae, and finally curves medially toward
the carotid foramen.

Carotid Arteries: Intracranial Portion

The internal carotid artery (ICA) passes through
the base of the skull in the carotid canal, which
lies within the petrous part of the temporal
bone. It runs upward about 1 cm, then turns an-
teromedially and courses toward the petrous
apex, where it emerges from the temporal bone
to enter the cavernous sinus. Within the sinus,
the ICA runs along the lateral surface of the body
of the sphenoid bone (C5 segment of the ICA),
then turns anteriorly and passes lateral to the
sella turcica along the lateral wall of the sphe-
noid bone (segment C4). It then bends sharply
back on itself under the root of the anterior
clinoid process, so that it points posteriorly
(segment C3, carotid bend). After emerging
from the cavernous sinus, it penetrates the dura
mater medial to the anterior clinoid process and
passes under the optic nerve (cisternal segment,
segment C2). It then ascends in the sub-
arachnoid space (segment C1) till it reaches the
circle of Willis, the site of its terminal bifurcation.
Segments C3, C4, and C5 of the ICA constitute its
infraclinoid segment, segments C1 and C2 its su-
praclinoid segment. Segments C2, C3, and C4 to-
gether make up the carotid siphon.

The ophthalmic artery arises from the carotid
bend and runs in the optic canal inferior to the
optic nerve. One of its ocular branches, the cen-
tral retinal artery, passes together with the optic
nerve to the retina, where it can be seen by oph-
thalmoscopy.

Medial to the clinoid process, the posterior com-
municating artery arises from the posterior wall
of the internal carotid artery, passes posteriorly
in proximity to the oculomotor nerve, and then
joins the posterior cerebral artery.

The anterior choroidal artery usually arises from
the ICA and rarely from the middle cerebral
artery. It crosses under the optic tract, passes
laterally to the crus cerebri and lateral genicu-
late body, and enters the inferior horn of the
lateral ventricle, where it joins the tela
choroidea.
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Anterior Circulation of the Brain

The anterior and middle cerebral arteries are the
terminal branches of the internal carotid artery.
They originate at the ICA bifurcation, located in
the circle of Willis at the level of the anterior
clinoid process, between the optic chiasm and
the temporal pole.

Anterior Cerebral Artery (ACA)

The ACA is the more medial of the two arteries
arising from the ICA bifurcation. It ascends
lateral to the anterior clinoid process and past
the the optic nerve and optic chiasm, giving off a
small branch, the anterior communicating
artery (ACommaA), which crosses the midline to
join the contralateral ACA. The segment of ACA
proximal to the origin of the ACommaA is its pre-
communicating segment (segment Al). The Al
segments on either side and the ACommaA to-
gether form the anterior half of the circle of Wil-
lis. Segment A1 gives off an average of eight basal
perforating arteries that enter the brain through
the anterior perforated substance. The recurrent
artery of Heubner arises from the ACA near the
origin of the ACommaA, either from the distal
part of A1 or from the proximal part of A2.

The postcommunicating segment of the ACA (seg-
ments A2 to A5) ascends between the frontal
lobes and runs toward the occiput in the inter-
hemispheric fissure, along the corpus callosum
and below the free border of the falx cerebri, as
the pericallosal artery.Segment A2, which usually
gives off the frontopolar artery, ends where the
artery turns forward to become apposed to the
genu of the corpus callosum; segment A3 is the
frontally convex arch of the vessel along the genu.
The A4 and A5 segments run roughly horizontally
over the callosal surface and give off supracallosal
branches that run in a posterior direction.
Distribution. The basal perforating arteries aris-
ing from A1 supply the ventral hypothalamus and
a portion of the pituitary stalk. Heubner’s artery
supplies the head of the caudate nucleus, the ros-
tral four-fifths of the putamen, the globus pal-
lidus, and the internal capsule. The blood supply
of the inferior portion of the genu of the corpus
callosum, and of the olfactory bulb, tract, and
trigone, is variable.

The ACommaA gives off a few small branches (an-
teromedial central branches) to the hy-
pothalamus.

Branches from the postcommunicating segment
of the ACA supply the inferior surface of the fron-
tal lobe (frontobasilar artery), the medial and
parasagittal surfaces of the frontal lobe (calloso-
marginal artery), the paracentral lobule (para-
central artery), the medial and parasagittal sur-
faces of the parietal lobe (precuneal artery), and
the cortex in the region of the parieto-occipital
sulcus (parieto-occipital artery).

Middle Cerebral Artery (MCA)

The MCA is the more lateral of the two arteries
arising from the ICA bifurcation. Its first seg-
ment (M1, sphenoidal segment) follows the
anterior clinoid process for a distance of 1 to
2 cm. The MCA then turns laterally to enter the
depths of the Sylvian fissure (i.e., the Sylvian cis-
tern), where it lies on the surface of the insula
and gives off branches to it (M2, insular seg-
ment). It bends back sharply to travel along the
surface of the operculum (M3, opercular seg-
ment) and then finally emerges through the Syl-
vian fissure onto the lateral convexity of the
brain (M4 and M5, terminal segments).
Distribution. Small branches of M1 (the
thalamostriate and lenticulostriate arteries)
supply the basal ganglia, the claustrum, and the
internal, external, and extreme capsules. M2
and M3 branches supply the insula (insular ar-
teries), lateral portions of the orbital and infe-
rior frontal gyri (frontobasal artery), and the
temporal operculum, including the transverse
gyrus of Heschl (temporal arteries). M4 and M5
branches supply most of the cortex of the lateral
cerebral convexity, including portions of the
frontal lobe (arteries of the precentral and tri-
angular sulci), the parietal lobe (anterior and
posterior parietal arteries), and the temporal
lobe (arteries of central and postcentral sulci). In
particular, important cortical areas supplied by
M4 and M5 branches include the primary motor
and sensory areas (precentral and postcentral
gyri) and the language areas of Broca and Wer-
nicke.
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Vertebral and Basilar Arteries

Extracranial Portion

The vertebral artery arises from the arch of the
subclavian artery at a point designated V0. The
prevertebral or V1 segment extends from VO to
the foramen transversarium of the transverse
process of C6. The transversarial or V2 segment
passes vertically through the foramina transver-
saria of C6 through C2, accompanied by venous
plexuses and sympathetic nerves derived from
the cervical ganglia. It gives off branches to the
cervical nerves, vertebrae and intervertebral
joints, neck muscles, and cervical spinal cord.
Often, a prominent branch at the C5 level anas-
tomoses with the anterior spinal artery. The V3
segment, also called the atlas (C1) loop, runs
laterally and then vertically to the foramen
transversarium of C1, which it passes through,
winds medially along the lateral mass of C1,
pierces the posterior atlanto-occipital mem-
brane behind the atlanto-occipital joint, and
then enters the dura mater and arachnoid mem-
brane at the level of the foramen magnum. The
two vertebral arteries are unequal in size in
about 75% of persons, and one of them is ex-
tremely narrow (hypoplastic) in about 10%, usu-
ally on the right side.

Intracranial Portion

The V4 segment of the vertebral artery lies en-
tirely within the subarachnoid space. It termi-
nates at the junction of the two vertebral arter-
ies to form the basilar artery, at the level of the
lower border of the pons. Proximal to the junc-
tion, each vertebral artery gives off a mediobasal
branch; these two branches run for ca. 2 cm and
then unite in the midline to form a single ante-
rior spinal artery, which descends along the
anterior surface of the medulla and spinal cord
(see p. 23). The posterior inferior cerebellar artery
(PICA), which originates from the V4 segment at
a highly variable level, curves around the infe-
rior olive and extends dorsally through the root
filaments of the accessory nerve. It then ascends
behind the fibers of the hypoglossus and vagus
nerves, forms a loop on the posterior wall of the
fourth ventricle, and gives off terminal branches
to the inferior surface of the cerebellar hemi-
sphere, the tonsils, and the vermis. It provides
most of the blood supply to the dorsolateral

medulla and the posteroinferior surface of the
cerebellum. The posterior spinal artery (there is
one on each side) arises from either the verte-
bral artery or the PICA.

The basilar artery runs in the prepontine cistern
along the entire length of the pons and then bi-
furcates to form the posterior cerebral arteries.
Its inferior portion is closely related to the abdu-
cens nerves, its superior portion to the oculo-
motor nerves. Its paramedian, short circumfer-
ential, and long circumferential branches supply
the pons and the superior and middle cerebellar
peduncles.

The anterior inferior cerebellar artery (AICA)
arises from the lower third of the basilar artery.
It runs laterally and caudally toward the cere-
bellopontine angle, passes near the internal
acoustic meatus, and reaches the flocculus,
where it gives off terminal branches that supply
the anteroinferior portion of the cerebellar cor-
tex and part of the cerebellar nuclei. The AICA
lies basal to the abducens nerve and ventrome-
dial to the facial and auditory nerves in the cere-
bellopontine cistern. It often gives rise to a laby-
rinthine branch that enters the internal acoustic
meatus.

The superior cerebellar arteries (SCA) of both
sides originate from the basilar trunk just below
its bifurcation. Each SCA travels through the
perimesencephalic cistern dorsal to the oculo-
motor nerve, curves around the cerebral
peduncle caudal and medial to the trochlear
nerve, and then enters the ambient cistern,
where it gives off its terminal branches. The SCA
supplies the upper pons, part of the mid brain,
the upper surface of the cerebellar hemispheres,
the upper portion of the vermis, and the cere-
bellar nuclei.
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Posterior Circulation of the Brain

Posterior Cerebral Artery (PCA)

The precommunicating segment of the PCA (P1)
extends from the basilar bifurcation to the
origin of the posterior communicating artery
(PCommaA). Its course lies within the inter-
peduncular cistern, which is demarcated by the
clivus and the two cerebral peduncles. The
oculomotor nerve, after its emergence from the
brain stem, runs between the PCA and the su-
perior cerebellar artery. The postcommunicating
segment (P2) curves laterally and backward
around the crus cerebri and reaches the poste-
rior surface of the midbrain at an intercollicular
level.

The precommunicating and postcommunicat-
ing segments are together referred to as the pars
circularis of the PCA. (Alternatively, the pars
circularis may be divided into three segments—
interpeduncular, ambient, and quadrigeminal—
named after the cisterns they traverse.)

Distal to the pars circularis of the PCA is the pars
terminalis, which divides above the tentorium
and caudal to the lateral geniculate body to form
its terminal branches, the medial and lateral
occipital arteries.

Pars circularis. The precommunicating segment
gives off fine branches (posteromedial central
arteries) that pierce the interpeduncular per-
forated substance to supply the anterior
thalamus, the wall of the third ventricle, and the
globus pallidus. The postcommunicating seg-
ment gives off fine branches (posterolateral cen-
tral arteries) to the cerebral peduncles, the post-
erior portion of the thalamus, the colliculi of the
mid brain, the medial geniculate body, and the
pineal body. Further branches supply the poste-
rior portion of the thalamus (thalamic
branches), the cerebral peduncle (peduncular
branches), and the lateral geniculate body and
choroid plexus of the third and lateral ventricles
(posterior choroidal branches).

Pars terminalis. Of the two terminal branches of
this terminal portion of the PCA, the lateral
occipital artery (together with its temporal
branches) supplies the uncus, the hippocampal
gyrus, and the undersurface of the occipital
lobe. The medial occipital artery passes under
the splenium of the corpus callosum, giving off
branches that supply it (dorsal branch to the
corpus callosum) as well as the cuneus and pre-

cuneus (parieto-occipital branch), the striate
cortex (calcarine branch), and the medial sur-
faces of the occipital and temporal lobes (occipi-
totemporal and temporal banches), including
the parasagittal portion of the occipital lobe.
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Intracranial Veins

Cerebral Veins

The superficial cerebral veins (cortical veins)
carry blood from the outer 1-2 cm of the brain
surface to large drainage channels such as the
superior and inferior sagittal sinuses, the great
cerebral vein of Galen, the straight sinus, and
the tentorial veins. Thus, the cerebellar veins
drain blood from the cerebellar surface into the
superior vermian vein and thence into the great
cerebral vein, straight sinus, and transverse
sinuses. The deep cerebral veins (central veins)
drain blood from the inner regions of the brain
(hemispheric white matter, basal ganglia, cor-
pus callosum, choroid plexus) and from a few
cortical areas as well.

Superficial cerebral veins (cortical veins). The
superficial cerebral veins are classified by their
location as prefrontal, frontal, parietal, and
occipital. Except for the occipital veins, which
empty into the transverse sinus, these veins all
travel over the cerebral convexity to join the su-
perior sagittal sinus. They are termed bridging
veins at their distal end, where they pierce the
arachnoid membrane and bridge the sub-
arachnoid space to join the sinus. The superficial
middle cerebral vein (not shown) usually follows
the posterior ramus of the Sylvian fissure and
the fissure itself to the cavernous sinus. The infe-
rior cerebral veins drain into the cavernous sinus,
superior petrosal sinus, and transverse sinus.
The superior cerebral veins drain into the super-
ior sagittal sinus.

Deep cerebral veins (central veins). The internal
cerebral vein arises bilaterally at the level of the
interventricular foramen (of Monro). It traverses
the transverse cerebral fissure to a point just in-
ferior to the splenium of the corpus callosum.
The venous angle at its junction with the super-
ior thalamostriate vein can be seen in a laterally
projected angiogram. The two internal cerebral
veins join under the splenium to form the great
cerebral vein (of Galen), which receives the basal
vein (of Rosenthal) and then empties into the
straight sinus at the anterior tentorial edge at
the level of the quadrigeminal plate. The basal
vein of Rosenthal is formed by the union of the
anterior cerebral vein, the deep middle cerebral
vein, and the striate veins. It passes posterome-
dial to the optic tract, curves around the cerebral
peduncle, and empties into the internal vein or

the great cerebral vein posterior to the brain
stem.

Posterior fossa. The anterior, middle, and poste-
rior veins of the posterior fossa drain into the
great cerebral vein, the petrosal vein, and the
tentorial and straight sinuses, respectively.

Extracerebral Veins

The extracerebral veins—most prominently, the
dural venous sinuses—drain venous blood from
the brain into the sigmoid sinuses and jugular
veins.

The diploic veins drain into the extracranial
veins of the scalp and the intracranial veins
(dural venous sinuses).

The emissary veins connect the sinuses, diploic
veins, and superficial veins of the skull. Infec-
tions sometimes travel along the emissary veins
from the extracranial to the intracranial com-
partment.

The veins of the brain empty into the superior
and inferior groups of dural venous sinuses. The
sinuses of the superior group (the superior and
inferior sagittal, straight, and occipital sinuses)
join at the confluence of the sinuses (torcular
Herophili), which drains into both transverse
sinuses and thence into the sigmoid sinuses and
internal jugular veins. The sinuses of the inferior
group (superior and inferior petrosal sinuses)
join at the cavernous sinus, which drains into
the sigmoid sinus and internal jugular vein via
the inferior petrosal sinus, or into the internal
vertebral plexus via the basilar plexus.
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Extracranial Veins

Craniocervical Veins

Anastomotic channels connect the cutaneous
veins of the two sides of the head. Venous blood
from the facial, temporal, and frontal regions
drains into the facial and retromandibular veins
and thence into the internal jugular vein. Some
blood from the forehead drains via the naso-
frontal, angular, and superior ophthalmic veins
into the cavernous sinus. The occipital vein car-
ries blood from the posterior portion of the
scalp into the deep cervical vein and thence into
the external jugular vein. Blood from the jugular
veins continues to the brachiocephalic vein, su-
perior vena cava, and right atrium. The venous
channels in the spinal canal and the transcranial
emissary veins play no more than a minor role
in venous drainage. The pterygoid plexus links
the cavernous sinus, the facial vein, and the in-
ternal jugular vein.

The numerous anastomoses between the ex-
tracranial and intracranial venous systems pro-
vide a pathway for the spread of infection from
the scalp or face to the intracranial compart-
ment. For example, periorbital infection may ex-
tend inward and produce septic thrombosis of
the cavernous sinus.

Cranial Veins

The facial vein drains the venous blood from the
face and anterior portion of the scalp. It begins
at the inner canthus as the angular vein and
communicates with the cavernous sinus via the
superior ophthalmic vein. Below the angle of
the mandible, it merges with the retromandibu-
lar vein and branches of the superior thyroid
and superior laryngeal veins. It then drains into
the internal jugular vein in the carotid triangle.
The veins of the temporal region, external ear,
temporomandibular joint, and lateral aspect of
the face join in front of the ear to form the retro-
mandibular vein, which either joins the facial
vein or drains directly into the internal jugular
vein. Its upper portion gives off a prominent
dorsocaudal branch that joins the posterior
auricular vein over the sternocleidomastoid
muscle to communicate with the external jugu-
lar vein. Venous blood from the posterior por-
tion of the scalp and the mastoid and occipital
emissary veins drains into the occipital vein,

which anastomoses with the occipital venous
plexus and finally drains into the external jugu-
lar vein.

The pterygoid plexus lies between the tem-
poralis, medial pterygoid, and lateral pterygoid
muscles and receives blood from deep portions
of the face, the external ear, the parotid gland,
and the cavernous sinus, which it carries by way
of the maxillary and retromandibular veins to
the internal jugular vein.

Cervical Veins

The deep cervical vein originates from the occipi-
tal vein and suboccipital plexus. It follows the
course of the deep cervical artery and vertebral
artery to arrive at the brachiocephalic vein,
which it joins.

The vertebral vein, which also originates from
the occipital vein and suboccipital plexus, en-
velops the vertebral artery like a net and accom-
panies it through the foramina transversaria of
the cervical vertebrae, collecting blood along
the way from the cervical spinal cord, meninges,
and deep neck muscles through the vertebral
venous plexus, and finally joining the brachio-
cephalic vein.
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Spinal Circulation

Arteries

Most of the blood supply of the spinal cord is
supplied by the segmental spinal arteries, while
relatively little comes from the vertebral arter-
ies via the anterior and posterior spinal arteries.
The segmental and spinal arteries are linked by
numerous anastomoses.

Segmental arteries. The vertebral, ascending
cervical, and deep cervical arteries give off cer-
vical segmental branches; the thoracic and
abdominal aorta give off thoracolumbar
segmental branches via the posterior intercostal
and lumbar arteries.

The segmental arteries give off radicular
branches that enter the intervertebral foramen
and supply the anterior and posterior roots and
spinal ganglion of the corresponding level. The
spinal cord itself is supplied by unpaired medul-
lary arteries that originate from segmental ar-
teries. The anatomy of these medullary arteries
is variable; they usually have 5 to 8 larger ven-
tral and dorsal branches that join up with the
anterior and posterior spinal arteries. Often
there is a single large radicular branch on one
side, the great radicular artery (of Adam-
kiewicz), that supplies the entire lower two-
thirds of the spinal cord. It usually enters the
spinal canal in the lower thoracic region on the
left side.

Spinal arteries. The spinal arteries run longi-
tudinally down the spinal cord and arise from
the vertebral artery (p. 14). The unpaired ante-
rior spinal artery lies in the anterior median fis-
sure of the spinal cord and supplies blood to the
anterior two-thirds of the cord. The artery’'s
diameter steadily increases below the T2 level.
The two posterior spinal arteries supply the dor-
sal columns and all but the base of the dorsal
horns bilaterally. Numerous anastomoses of the
spinal arteries produce a vasocorona around the
spinal cord. The depth of the spinal cord is sup-
plied by these arteries penetrating it from its
outer surface and by branches of the anterior
spinal artery penetrating it from the anterior
median fissure (sulcocommissural arteries).

Spinal Veins

Blood from within the spinal cord travels
through the intramedullary veins, whose anat-

omy is variable, to the anterior and posterior spi-
nal veins, which form a reticulated network in
the pia mater around the circumference of the
cord and down its length. The anterior spinal
vein drains the anterior two-thirds of the gray
matter, while the posterior and lateral spinal
veins drain the rest of the spinal cord. These ves-
sels empty by way of the radicular veins into the
external and internal vertebral venous plexuses,
groups of valveless veins that extend from the
coccyx to the base of the skull and communicate
with the dural venous sinuses via the suboccipi-
tal veins. Venous blood from the cervical spine
drains by way of the vertebral and deep cervical
veins into the superior vena cava; from the
thoracic and lumbar spine, by way of the poste-
rior intercostal and lumbar veins into the azygos
and hemiazygos veins; from the sacrum, by way
of the median and lateral sacral veins into the
common iliac vein.

Watershed Zones

Because blood can flow either upward or
downward in the anterior and posterior spinal
arteries, the tissue at greatest risk of hypoperfu-
sion is that located at a border zone between the
distributions of two adjacent supplying arteries
(“watershed zone”). Such vulnerable zones are
found in the cervical, upper thoracic, and lower
thoracic regions (ca. C4, T3-T4, and T8-T9).
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Anatomical and Functional Organization

Cortical Structures

Different areas of the cerebral cortex (neocortex)
may be distinguished from one another by their
histological features and neuroanatomical con-
nections. Brodmann’s numbering scheme for
cortical areas has been used for many years and
will be introduced in this section.

Projection areas. By following the course of
axons entering and leaving a given cortical area,
one may determine the other structures to
which it is connected by afferent and efferent
pathways. The primary projection areas are
those that receive most of their sensory im-
pulses directly from the thalamic relay nuclei
(primary somatosensory cortex; Brodman areas
1, 2, 3), the visual (area 17), or the auditory
(areas 41, 42) pathways. The primary motor cor-
tex (area 4) sends motor impulses directly down
the pyramidal pathway to somatic motor neu-
rons within brainstem and the spinal cord. The
primary projection areas are somatotopically
organized and serve the contralateral half of the
body. Proceeding outward along the cortical
surface from the primary projection areas, one
encounters the secondary projection areas
(motor, areas 6, 8, 44; sensory, areas 5, 7a, 40;
visual, area 18; auditory, area 42), which sub-
serve higher functions of coordination and in-
formation processing, and the tertiary projection
areas (motor, areas 9, 10, 11; sensory, areas 7b,
39; visual, areas 19, 20, 21; auditory, area 22),
which are responsible for complex functions
such as voluntary movement, spatial organiza-
tion of sensory input, cognition, memory, lan-
guage, and emotion. The two hemispheres are
connected by commissural fibers, which enable
bihemispheric coordination of function. The
most important commissural tract is the corpus
callosum; because many tasks are performed
primarily by one of the two hemispheres (cere-
bral dominance), interruption of the corpus cal-
losum can produce various disconnection syn-
dromes. Total callosal transection causes split-
brain syndrome, in which the patient cannot
name an object felt by the left hand when the
eyes are closed, or one seen in the left visual
hemifield (tactile and optic anomia), and cannot
read words projected into the left visual hemi-
field (left hemialexia), write with the left hand
(left hemiagraphia), or make pantomimic move-

ments with the left hand (left hemiapraxia).
Anterior callosal lesions cause alien hand syn-
drome (diagonistic apraxia), in which the
patient cannot coordinate the movements of the
two hands. Disconnection syndromes are usu-
ally not seen in persons with congenital absence
(agenesis) of the corpus callosum.
Cytoarchitecture. Most of the cerebral cortex
consists of isocortex, which has six distinct cy-
toarchitectural layers. The Brodmann classifica-
tion of cortical areas is based on distinguishing
histological features of adjacent areas of isocor-
tex.

Functional areas. The functional organization of
the cerebral cortex can be studied with various
techniques: direct electrical stimulation of the
cortex during neurosurgical procedures,
measurement of cortical electrical cortical activ-
ity (electroencephalography and evoked poten-
tials), and measurement of regional cerebral
blood flow and metabolic activity. Highly
specialized areas for particular functions are
found in many different parts of the brain. A le-
sion in one such area may produce a severe
functional deficit, though partial or total re-
covery often occurs because adjacent uninjured
areas may take over some of the function of the
lost brain tissue. (The extent to which actual
brain regeneration may aid functional recovery
is currently unclear.) The specific anatomic pat-
terns of functional localization in the brain are
the key to understanding much of clinical neu-
rology.

Subcortical Structures

The subcortical structures include the basal gan-
glia, thalamus, subthalamic nucleus, hy-
pothalamus, red nucleus, substantia nigra, cere-
bellum, and brain stem, and their nerve path-
ways. These structures perform many different
kinds of complex information processing and
are anatomically and functionally intercon-
nected with the cerebral cortex. Subcortical le-
sions may produce symptoms and signs resem-
bling those of cortical lesions; special diagnostic
studies may be needed for their precise localiza-
tion.
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Brain Stem

The brain stem consists of the midbrain (mesen-
cephalon), pons, and medulla. It contains the
nuclei of the cranial nerves and ascending and
descending tracts running to and from the brain,
cerebellum, and spinal cord. It also contains au-
tonomic centers that regulate cardiovascular
function, breathing, and eating behavior as well
as acoustic and vestibular relay nuclei. The flow
of information along afferent and efferent path-
ways is regulated by reflex systems.

Nerve Pathways

All motor (p.44) and sensory projection systems
(p- 104) pass through the brain stem and com-
municate with its intrinsic structures at various
sites. The central sympathetic pathway (p.90)
originates in the hypothalamus.

Reticular Formation

The reticular formation (RF) is a network of nu-
clei and interconnecting fibers that is anatomi-
cally intertwined with the cranial nerve nuclei
and other fiber tracts of the brain stem. Different
parts of the reticular formation perform differ-
ent functions. The reticular activating system
(RAS) provides the anatomical and physiological
basis for wakeful consciousness (p.116). The
medullary RF contains the vital centers control-
ling the heartbeat, breathing, and circulation as
well as reflex centers for swallowing and vomit-
ing. The pontine RF contains centers for coordi-
nation of acoustic, vestibular, respiratory, and
cardiovascular processes. The midbrain RF con-
tains centers subserving visuospatial orienta-
tion and eating behavior (chewing, sucking, lick-
ing).

Reflex Systems (pp. 118ff)

Pupillary light reflex. The Edinger-Westphal nu-
cleus in the midbrain, which is adjacent to the
oculomotor nucleus, provides the efferent arm
of the reflex loop (p.90; examination, p.92.)

Vestibulo-ocular reflex (VOR, p. 84). The vestibu-
lar nuclei receive their main input from the
labyrinthine semicircular canals and collateral
input from the cerebellar nuclei; their output is
conveyed to the extraocular muscles through
the medial longitudinal fasciculus, and to the

spinal cord through the vestibulospinal tract.
Examination: Suppression of visual fixation: the
subject extends his arms and stares at his
thumbs while spinning on a swivel chair. Nys-
tagmus does not occur in normal subjects.
Oculocephalic reflex (doll's eyes phenomenon):
Horizontal or vertical passive rotation of the
subject’s head causes the eyes to rotate in the
opposite direction; normally suppressible by
awake persons, this reflex is seen in patients
with impaired consciousness but preserved ves-
tibular function. Caloric testing: The examiner
first confirms that the patient’s eardrums are in-
tact, then instills cold water in the external audi-
tory canal with the head elevated at a 30° angle
(which inactivates the ipsilateral horizontal
semicircular canal). This normally causes nys-
tagmus in the contralateral direction, i.e., slow
ipsilateral conjugate deviation of the eyes, fol-
lowed by a quick jerk to the other side.

Corneal reflex. Afferent arm, CN V/1; efferent
arm, CN VII, which innervates the orbicularis
oculi muscle. Examination: Touching the cornea
from the side while the subject looks forward
evokes blinking. The reflex can also be assessed
by electromyography (EMG).

Pharyngeal (gag) reflex. Afferent arm, mainly CN
IX, X, and V/2; efferent arm, CN IX and X. The gag
reflex may be absent in normal persons. Exami-
nation: Touching the soft palate or back of the
pharynx evokes pharyngeal muscle contraction.
Cough reflex. Afferent arm, CN IX and X; efferent
arm, via the solitary tract to the diaphragm and
other participating muscle groups. Examination:
Tested in intubated patients with endotracheal
suction (tracheal reflex).

Masseter (jaw jerk) reflex. Afferent arm, prob-
ably CN V/3; efferent arm, CN V. Examination:
Tapping the chin evokes jaw closure.

Acoustic reflex (p. 68). Afferent arm, projections
of the cochlear nuclei to the RAS. Examination:
Sudden, intense acoustic stimuli evoke a fright
reaction including lid closure, startle, turning of
the head, and increased alertness.
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Cranial Nerves

Cranial Nerve Pathways

| Olfactory nerves = cribriform plate = olfactory bulb = olfactory tract = anterior perforated sub-
stance = lateral olfactory stria (= parahippocampal gyrus) and medial olfactory stria (= limbic
system)

I Retinal ganglion cells = optic disk = optic nerve = orbit = optic canal = optic chiasm = optic
tract = lateral geniculate body (= optic radiation = occipital lobe) and superior colliculi (= pre-
tectal area)

1] Midbrain = interpeduncular fossa = between superior cerebellar artery and posterior cerebral
artery = tentorial edge = cavernous sinus = medial orbital fissure = oculomotor nerve, superior
division (levator palpebrae and superior rectus muscles) and inferior division (medial and inferior
rectus and inferior oblique muscles) or parasympathetic fibers = ciliary ganglion

\% Midbrain = dorsal brainstem below the inferior colliculi = around the cerebral peduncle = lateral
wall of the cavernous sinus = orbital fissure = superior oblique muscle

vV Pons = ca. 50 root filaments (sensory root = portio major; motor root = portio minor) = petrous
apex = through the dura mater = trigeminal ganglion (V/1 = orbital fissure; V/2 = foramen
rotundum, V/3 + portio minor = foramen ovale)

Vi Posterior margin of pons = up the clivus = through the dura mater = petrous apex = lateral to
internal carotid artery in the cavernous sinus = orbital fissure = lateral rectus muscle

Vil Pons (cerebellopontine angle) above the olive = internal acoustic meatus = petrous pyramid
(canal of facial nerve) = geniculum of facial nerve (= nervus intermedius/greater petrosal nerve =
gustatory fibers) = medial wall of the tympanic cavity = stylomastoid foramen = muscles of fa-
cial expression

Vil Lateral to CN VII = vestibular nerve, cochlear nerve

IX Medulla = jugular foramen = between carotid artery and internal jugular vein = root of the
tongue

X Posterolateral sulcus of medulla = jugular foramen = internal organs

X Cranial and spinal roots = trunk of accessory nerve = jugular foramen = muscles

Xl Medulla = hypoglossal canal = tongue muscles

CN = cranial nerve.

See Table 1, p. 356, for the functions of the cranial nerves.
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Spine and Spinal Cord

Spine

The spine (vertebral column) bears the weight
of the head, neck, trunk and upper extremities.
Its flexibility is greatest in the cervical region,
intermediate in the lumbar region, and lowest in
the thoracic region. Its uppermost vertebrae
(atlas and axis) articulate with the head, and its
lowermost portion, the sacrum (which consists
of 5 vertebrae fused together), articulates with
the pelvis. There are 7 cervical, 12 thoracic (in
British usage dorsal), and 5 lumbar vertebrae,
making a total of 24 above the sacrum. Below
the sacrum, the coccyx is composed of 3 to 6
coccygeal vertebrae.

Intervertebral Disks

Each pair of adjacent vertebrae is separated by
an intervertebral disk. From the third decade of
life onward, each disk progressively diminishes
in water content, and therefore also in height. Its
tensile, fibrous outer ring (annulus fibrosus)
connects it with the vertebrae above and below
and is held taut by the pressure in the central
nucleus pulposus, which varies as a function of
the momentary position of the body. The pres-
sure that obtains in the sitting position is double
the pressure when the patient stands, but that
found in the recumbent position is only one-
third as great. The interior of the disk has no
nociceptive innervation, in contrast to the peri-
osteum of the vertebral bodies, which is inner-
vated by the meningeal branch of the segmental
spinal nerve, as are the intervertebral joint cap-
sules, the posterior longitudinal ligament, the
dorsal portion of the annulus fibrosus, the dura
mater, and the blood vessels.

Spinal Canal

The spinal canal is a tube formed by the vertebral
foramina of the vertebral bodies stacked one on
top of another; it is bounded anteriorly by the
vertebral bodies and posteriorly by the vertebral
arches (laminae). Its walls are reinforced by the
intervertebral disks and the anterior and poste-
rior longitudinal ligaments. It contains the spinal
cord and its meninges, the surrounding fatty and
connective tissues, blood vessels, and spinal
nerve roots. Its normal sagittal diameter ranges

from 12 to 22 mm in the cervical region and from
22 to 25 mm in the lumbar region.

Spinal Cord

Like the brain, the spinal cord is intimately en-
veloped by the pia mater, which contains
numerous nerves and blood vessels; the pia
mater merges with the endoneurium of the spi-
nal nerve rootlets and also continues below the
spinal cord as the filum terminale internum. The
weblike spinal arachnoid membrane contains
only a few capillaries and no nerves. The den-
ticulate ligament runs between the pia mater
and the dura mater and anchors the spinal cord
to the dura mater. In lumbar puncture, cere-
brospinal fluid is withdrawn from the space be-
tween the arachnoid membrane and pia mater
(spinal subarachnoid space), which communi-
cates with the subarachnoid space of the brain.
The spinal dura mater originates at the edge of
the foramen magnum and descends from it to
form a tubular covering around the spinal cord.
Its lumen ends at the S1-S2 level, where it con-
tinues as the filum terminale externum, which
attaches to the sacrum, thus anchoring the dura
mater inferiorly. The dura mater forms sleeves
around the anterior and posterior spinal nerve
roots which continue distally, together with the
arachnoid membrane, to form the epineurium
and perineurium of the spinal nerves. Unlike the
cranial dura mater, the spinal dura mater is not
directly apposed to the periosteum of the sur-
rounding bone (i.e., the vertebral canal) but is
separated from it by the epidural space, which
contains fat, loose connective tissue, and valve-
less venous plexuses (p.22).

The root filaments (rootlets) that come together
to form the ventral and dorsal spinal nerve roots
are arranged in longitudinal rows on the lateral
surface of the spinal cord on both sides. The ven-
tral root carries only motor fibers, while the dor-
sal root carries only sensory fibers. (This so-
called “law of Bell and Magendie” is actually not
wholly true; the ventral root is now known to
carry a small number of sensory fibers as well.)
The cell bodies of the pseudounipolar sensory
neurons are contained in the dorsal root gan-
glion, a swelling on the dorsal root just proximal
to its junction with the ventral root to form the
segmental spinal nerve.
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Dermatomes and Myotomes

The precise region of impaired sensation to light
touch and noxious stimuli is an important clue
for the clinical localization of spinal cord and
peripheral nerve lesions. Reflex abnormalities
and autonomic dysfunction are further ones, as
discussed below (p.40, p. 110).

Dermatomes (pp. 34, 36)

A dermatome is defined as the cutaneous area
whose sensory innervation is derived from a
single spinal nerve (i.e., dorsal root). The divi-
sion of the skin into dermatomes reflects the
segmental organization of the spinal cord and
its associated nerves. Pain dermatomes are nar-
rower, and overlap with each other less, than
touch dermatomes (p. 104); thus, the level of a
spinal cord lesion causing sensory impairment
is easier to determine by pinprick testing than
by light touch. (The opposite is true of periph-
eral nerve lesions.) Radicular pain is pain in the
distribution of a spinal nerve root, i.e., in a der-
matome; pseudoradicular pain may occupy a
bandlike area but cannot be assigned to any par-
ticular dermatome. Pseudoradicular pain can be
caused by tendomyosis (pain in the muscles that
move a particular joint), generalized tendomy-
opathy or fibromyalgia, facet syndrome (inflam-
mation of the intervertebral joints), myelogelo-
sis (persistent muscle spasm resulting from
overexertion), and other conditions. For mne-
monic purposes, it is useful to know that the C2
dermatome begins in front of the ear and ends
at the occipital hairline; the T1 dermatome
comes to the midline of the forearm; the T4 der-
matome is at the level of the nipples (which,
however, belong to T5); the T10 dermatome in-
cludes the navel; the L1 dermatome is in the
groin; and the S1 dermatome is at the outer
edge of the foot and heel.

Myotomes

A myotome is defined as the muscular distribu-
tion of a single spinal nerve (i.e., ventral root),
and is thus the muscular analogue of a cu-
taneous dermatome. Many muscles are inner-
vated by multiple spinal nerves; only in the par-
avertebral musculature of the back (erector
spinae muscle) is the myotomal pattern clearly
segmental (p.31); the nerve supply here is

through the dorsal branches of the spinal
nerves. Knowledge of the myotomes of each spi-
nal nerve, and of the segment-indicating muscles
(Table 2, p.357) in particular, enables the clini-
cal and electromyographic localization of radic-
ular lesions causing motor dysfunction. The seg-
ment-indicating muscles are usually innervated
by a single spinal nerve, or by two, though there
is anatomic variation.

Plexuses (pp. 34, 36) and Peripheral
Nerves (pp. 35, 37)

The ventral branches of spinal nerves supplying
the limbs join together to form the cervical (C1-
C4), brachial (C5-T1), lumbar (T12-L4), and
sacral plexuses (L4-S4). The brachial plexus
begins as three trunks, the upper (derived from
the C5 and C6 roots), middle (C7), and lower (C8,
T1). These trunks split into divisions, which re-
combine to form the lateral (C5-C7), posterior
(C5-C8), and medial (C8 and T1) cords (named
by their relation to the axillary artery). The
cords of the brachial plexus branch into the
nerves of the upper limb (p. 35). The nerves of
the anterior portion of the lower limb are
derived from the lumbar plexus, which lies be-
hind and within the psoas major muscle (p. 37);
those of the posterior portion of the lower limb
from the sacral plexus. The coccygeal nerve (the
last spinal nerve to emerge from the sacral hia-
tus) joins with the S3-S5 nerves to form the
coccygeal plexus, which innervates the coccy-
geus and the skin over the coccyx and anus (me-
diates the pain of coccygodynia).
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Dermatomes and Myotomes
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Brachial Plexus
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Nerves of the Upper Limb
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Lumbar Plexus
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Nerves of the Lower Limb
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Reflexes

Reflexes are involuntary and relatively stereo-
typed responses to specific stimuli. Afferent
nerve fibers conduct the impulses generated by
activated receptors to neurons in the central
nervous system, which fire impulses that are
then transmitted through efferent nerve fibers
to the cells, muscles, or organs that carry out the
reflex response. The pathway as a whole is
known as the reflex arc. Receptors are found at
the origin of all sensory pathways—in the skin,
mucous membranes, muscles, tendons, and pe-
riosteum, as well as in the retina, inner ear, ol-
factory mucosa, and taste buds. A reflex re-
sponse may involve the somatic musculature or
the internal organs. Most reflexes are relatively
independent of the state of consciousness. An
interruption of the reflex arc at any point
weakens or abolishes the reflex. Intrinsic reflexes
are those whose receptors and effectors are lo-
cated in the same organ (e. g., the quadriceps re-
flex), while the receptors and effectors of extrin-
sic reflexes are in different organs (e.g. the
oculovestibular reflex). Reflexes are important
for normal function (e.g., for postural control
and goal-directed movement), and an impaired
reflex is an important objective finding in clini-
cal neurological examination.

Intrinsic Muscle Reflexes (Phasic Stretch
Reflexes, Tendon Reflexes)

Intrinsic muscle reflexes are triggered by stretch
receptors within the muscle (annulospiral nerve
endings of muscle spindles). The impulses
generated at the receptors are conveyed via af-
ferent fast-twitch Ia fibers to spinal alpha-motor
neurons, whose efferent o, processes excite the
agonistic muscle of an opposing muscle pair.
The antagonistic muscle is simultaneously in-
hibited by spinal interneurons. The resulting
muscle contraction relaxes the muscle spindles,
thereby stopping impulse generation at the
stretch receptors. The spinal reflex arc is also
under the influence of higher motor centers.
Abnormal reflex responses imply an abnormal-
ity of the musculature, the reflex arc, or higher
motor centers. The most important reflexes in
clinical diagnosis are the biceps (C5-C6), bra-
chioradialis (C5-C6), triceps (C7-C8), adductor
(L2-L4), quadriceps (L2/3-L4), posterior tibial
(L5), and Achilles (S1-S2) reflexes.

Extrinsic Reflexes

Intrinsic muscle reflexes, discussed above, are
monosynaptic, but extrinsic reflexes are polysy-
naptic: between their afferent and efferent arms
lies a chain of spinal interneurons. They may be
activated by stimuli of various types, e.g.,
muscle stretch, touch on the skin (abdominal re-
flex) or cornea (corneal reflex), mucosal irrita-
tion (sneezing), light (eye closure in response to
a bright flash), or sound (acoustic reflex). The in-
tensity of the response diminishes if the
stimulus is repeated (habituation). Because they
are polysynaptic, extrinsic reflexes have a longer
latency (stimulus-to-response interval) than in-
trinsic reflexes. Some important extrinsic re-
flexes for normal function are the postural and
righting reflexes, feeding reflexes (sucking,
swallowing, licking), and autonomic reflexes
(p. 110).

The flexor reflex is triggered by noxious stimula-
tion, e. g., from stepping on a tack. Excitatory in-
terneurons activate spinal cord alpha-motor
neurons, which, in turn, excite ipsilateral flexor
muscles and simultaneously inhibit ipsilateral
extensor muscles via inhibitory interneurons.
Meanwhile, the contralateral extensors con-
tract, and the contralateral flexors relax. The re-
sponse does not depend on pain, which is felt
only when sensory areas in the brain have been
activated, by which time the motor response has
already occurred. This spinal reflex arc, like that
of the intrinsic muscle reflexes, is under the in-
fluence of higher motor centers.

Abnormalities of the extrinsic reflexes imply an
interruption of the reflex arc or of the corti-
cospinal tracts (which convey impulses from
higher motor centers). Some clinically impor-
tant extrinsic reflexes are the abdominal (T6-
T12), cremasteric (L1-L2), bulbocavernosus (S3-
S4), and anal wink (S3-S5) reflexes.

Reflexes that can be elicited only in the diseased
state are called pathological reflexes. Pathologi-
cal reflexes indicating dysfunction of the py-
ramidal (corticospinal) tract include the Babin-
ski sign (tonic dorsiflexion of the great toe on
stimulation of the lateral sole of the foot), the
Gordon reflex (same response to squeezing of
the calf muscles), and the Oppenheim reflex
(same response to a downward stroke of the ex-
aminer’s thumb on the patient’s shin).
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Reflexes
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Motor Control

The motor system controls the timing, direction,
amplitude, and force of movement through the
coordinated opposing actions of agonist and an-
tagonist muscles. It also keeps the body in a
stable position through postural and righting re-
flexes. Reflex movements are involuntary, stereo-
typed responses to stimuli. Rhythmic movements
have both reflex and voluntary components.
Voluntary movements are performed at will.

Reflex Movements

Withdrawing a foot from a noxious stimulus or
spreading the arms when falling are examples of
reflex movements. Intrinsic muscle reflexes regu-
late muscle tone and elasticity and are impor-
tant for postural control and coordination of
muscle groups. Specific functions such as joint
stabilization or adjustment of contraction
strength are achieved with the aid of inhibitory
spinal interneurons. Extrinsic reflexes include
protective reflexes (flexor response to noxious
stimulus, corneal reflex) and postural reflexes
(extensor reflex, neck reflex).

Rhythmic Movements

Walking, breathing, and riding a bicycle are
rhythmic movements. They are subserved both
by spinal reflex arcs and by supraspinal in-
fluence from the brain stem, cerebellum, basal
ganglia, and motor cortex.

Voluntary Movements

Voluntary movements depend on a sequence of
contractions of numerous different muscles that
is planned to achieve a desired result (motor
program). Hence different parts of the body are
able to carry out similar movements (motor
equivalence) more or less skillfully, e.g., simul-
taneous rotation of the big toe, foot, lower leg,
leg, pelvis and trunk. Voluntary movements in-
corporate elements of the basic reflex and
rhythmic movement patterns; their smooth ex-
ecution depends on afferent feedback from the
visual, vestibular, and proprioceptive systems to
motor centers in the spinal cord, brain stem, and
cerebral cortex. Further modulation of volun-
tary movements is provided by the cerebellum
and basal ganglia, whose neural output reaches

the cortex through thalamic relay nuclei. Fine
motor control thus depends on the continuous
interaction of multiple centers responsible for
the planning (efferent copy) and execution of
movement.

Motor cortex (p.25). Voluntary movements are
planned in the motor areas of the cerebral cor-
tex. The primary motor area (area 4) regulates
the force of muscle contraction and the goal-
oriented direction of movement; it mainly con-
trols distal muscle groups. The supplementary
motor area (medial area 6) plays an important
role in complex motor planning. The premotor
area (lateral area 6) receives nerve impulses
from the posterior parietal cortex and is con-
cerned with the visual and somatosensory con-
trol of movement; it mainly controls trunk and
proximal limb movement.

Cerebellum (p. 54). The cerebellum coordinates
limb and eye movements and plays an impor-
tant role in the maintenance of balance and the
regulation of muscle tone.

Basal ganglia (p.210). The basal ganglia have a
close anatomic and functional connection to the
motor cortex and participate in the coordination
of limb and eye movement.
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Motor Execution

Pyramidal Tract

Each fiber of the pyramidal tract originates in
the first or upper motor neuron, whose cell body
is located in the primary motor area (area 4),
primary sensory areas (areas 1-3), the sup-
plementary motor area, or the premotor area
(area 6). The fibers descend through the poste-
rior portion of the internal capsule through the
cerebral peduncle, pons, and medulla, forming a
small bulge (pyramid) on the anterior surface of
the medulla. Most of the fibers cross the midline
in the decussation of the pyramids and then de-
scend through the spinal cord in the lateral cor-
ticospinal tract. Among the minority of fibers
that do not cross in the pyramidal decussation,
most continue in the ipsilateral anterior corti-
cospinal tract, crossing the midline in the ante-
rior spinal commissure only once they reach the
level of their target motor neurons. The py-
ramidal tract mainly innervates distal muscle
groups in the limbs. In the brain stem, the py-
ramidal tract gives off fibers to the motor nuclei
of the cranial nerves (corticopontine and corti-
cobulbar tracts). Fibers from the frontal eye
fields (area 8) reach the nuclei subserving eye
movement (cranial nerves III, IV, VI) through the
pyramidal tract. The motor nuclei of cranial
nerves III, IV, VI, and VII (lower two-thirds of the
face) are innervated only by the contralateral
cerebral cortex; thus, unilateral interruption of
the pyramidal tract causes contralateral paraly-
sis of the corresponding muscles. In contrast,
the motor nuclei of cranial nerves V (portio
minor), VII (frontal branch only), IX, X, XI, and
XII receive bilateral cortical innervation, so that
unilateral interruption of the pyramidal tract
causes no paralysis of the corresponding
muscles.

Nonpyramidal Motor Tracts

Other motor tracts lead from the cerebral cortex
via the pons to the cerebellum, and from the
cerebral cortex to the striatum (caudate nucleus
and putamen), thalamus, substantia nigra, red
nucleus, and brain stem reticular formation.
These fiber pathways are adjacent to the py-
ramidal tract. Fibers arising from the premotor
and supplementary motor areas (p.43) project
ipsilaterally and contralaterally to innervate the

muscles of the trunk and proximal portions of
the limbs that maintain the erect body posture.
Because of the bilateral innervation, paresis due
to interruption of these pathways recovers more
readily than distal paresis due to a pyramidal le-
sion. Lesions of the pyramidal tract usually in-
volve the adjacent nonpyramidal tracts as well
and cause spastic paralysis; the rare isolated py-
ramidal lesions cause flaccid paralysis (p.46).
Corticopontine fibers. Corticopontine fibers
originate in the frontal, temporal, parietal, and
occipital cortex and descend in the internal cap-
sule near the pyramidal tract. The pontine nu-
clei project to the cerebellum (p. 54).

Other functionally important tracts. The ru-
brospinal tract originates in the red nucleus, de-
cussates immediately, forms synapses with in-
terneurons in the brain stem, and descends in
the spinal cord to terminate in the anterior horn.
Rubrospinal impulses activate flexors and in-
hibit extensors, as do impulses conducted in the
medullary portion of the reticulospinal tract. On
the other hand, impulses conducted in the pon-
tine portion of the reticulospinal tract and in the
vestibulospinal tract activate extensors and in-
hibit flexors.

Motor Unit

A motor unit is the functional unit consisting of
a motor neuron and the muscle fibers inner-
vated by it. The motor neurons are located in the
brain stem (motor nuclei of cranial nerves) and
spinal cord (anterior horn). The innervation ratio
is the mean number of muscle fibers innervated
by a single motor neuron. The action potentials
arising from the cell body of a motor neuron are
relayed along its axon to the neuromuscular
synapses (motor end plates) of the muscle
fibers. The force of muscle contraction depends
on the number of motor units activated and on
the frequency of action potentials. Innervation
ratios vary from 3 for the extraocular muscles
and 100 for the small muscles of the hand to
2000 for the gastrocnemius. The smaller the in-
nervation ratio, the finer the gradation of force.
The muscle fibers of a motor unit do not lie side
by side but are distributed over a region of
muscle with a cross-sectional diameter of
5-11 mm.
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Central Paralysis

Paralysis Due to Upper Motor Neuron
(UMN) Lesions

The clinical features of paralysis due to lesions
of the pyramidal tract (upper motor neuron =
UMN) depends on the anatomic site(s) of in-
volvement of other efferent or afferent tracts
and nuclei.

Impairment of fine motor function. Voluntary
movement of paretic limbs requires greater ef-
fort than normal and causes greater muscular
fatigue. Moreover, rapid alternating movements
are slowed by hypertonia in the opposing ago-
nist and antagonist muscles of paretic limbs.
There may be synkinesia (involuntary move-
ment of paretic limbs associated with other
movements, e. g., yawning), undifferentiated ac-
cessory movements (mass movements), or spinal
automatisms (involuntary movements triggered
by somatosensory stimuli).

Paralysis. Paralysis of UMN type affects multiple
(but not all) muscle groups on one side of the
body. Bilaterally innervated movements (e. g., of
eyes, jaw, pharynx, neck; see p.44) may be only
mildly paretic, or not at all. Paralysis that is ini-
tially total usually improves with time, but re-
covery may be accompanied by other motor dis-
turbances such as tremor, hemiataxia, hemi-
chorea, and hemiballism. Fine motor control is
usually more severely impaired than strength.
Neurogenic muscular atrophy does not occur in
paralysis of UMN type.

Spasticity. The defining feature of spasticity is a
velocity-dependent increase of muscle tone in
response to passive stretch. Spasticity is usually,
but not always, accompanied by hypertonia. The
“clasp-knife phenomenon” (sudden slackening
of muscle tone on rapid passive extension) is
rare. Spasticity mainly affects the antigravity
muscles (arm flexors and leg extensors).

Reflex abnormalities. The intrinsic muscle re-
flexes are enhanced (enlargement of reflex
zones, clonus) and the extrinsic reflexes are
diminished or absent. Pathological reflexes such
as the Babinski reflex can be elicited.

m Cerebral lesions

Monoparesis. Isolated lesions of the primary
motor cortex (area 4) cause flaccid weakness of
the contralateral face, hand, or leg. Lesions af-
fecting adjacent precentral or postcentral areas,

or areas deep to the cortex, cause spasticity and
possibly an associated sensory deficit. It may be
difficult to determine by examination alone
whether monoparesis is of upper or lower
motor neuron type (p.50). Accessory move-
ments of antagonistic muscles are present only
in paralysis of UMN type.

Contralateral hemiparesis. Lesions of the inter-
nal capsule cause spastic hemiparesis. Involve-
ment of corticopontine fibers causes (central)
facial paresis, and impairment of corticobulbar
fibers causes dysphonia and dysphagia. Sensory
disturbances are also usually present. Unilateral
lesions in the rostral brain stem cause con-
tralateral spastic hemiparesis and ipsilateral nu-
clear oculomotor nerve palsy (crossed paralysis).
For other syndromes caused by brain stem le-
sions, see p.70ff. A rare isolated lesion of the
medullary pyramid (p.74) can cause con-
tralateral flaccid hemiplegia without facial para-
lysis, or (at mid-decussational level) con-
tralateral arm paresis and ipsilateral leg paresis
(Hemiplegia alternans).

Ipsilateral paresis. Lesions of the lower medulla
below the pyramidal decussation (p.74) cause
ipsilateral paralysis and spasticity (as do lesions
of the lateral corticospinal tract; see p.45).
Quadriparesis. Decortication syndrome (p. 118) is
caused by extensive bilateral lesions involving
both the cerebral cortex and the underlying
white matter, possibly extending into the dien-
cephalon; midbrain involvement produces the
decerebration syndrome. Involvement of the
pons or medulla causes an initial quadriplegia;
in the later course of illness, spinal automatisms
may be seen in response to noxious stimuli.
Paraparesis. In rare cases, UMN-type paralysis of
both lower limbs accompanied by bladder dys-
function is caused by bilateral, paramedian, pre-
central cortical lesions (parasagittal cortical syn-
drome). Focal seizures may occur.
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Central Paralysis

m Spinal Cord Lesions

The site and extent of a spinal cord lesion can
often be determined by clinical examination
(p-32 ff).

Paralysis. Paralysis may be of mixed upper and
lower motor neuron type if the lesion affects not
only the long fiber tracts but also the anterior
horn cells of the spinal cord or their distal
processes (root entry zone, spinal nerve roots).
Reflex abnormalities are found below the level
of the lesion. Central cord lesions cause both
paralysis and a dissociated sensory deficit
(p-106).

Posterior cord syndrome. Lesions of the poste-
rior columns of the spinal cord impair vibration
and position sense (p. 104 ff). Neck flexion may
induce a shocklike paresthesia shooting down
the back (Lhermitte’s sign). There may be hyper-
sensitivity to touch and noxious stimuli in areas
of sensory denervation.

Autonomic dysfunction. Spinal cord transection
causes acute spinal shock, a complete loss of au-
tonomic function below the level of the lesion
(bladder, bowel, and sexual function; vasomotor
regulation; sweating). Injuries at C4 and above
additionally cause respiratory paralysis. The spi-
nal autonomic reflexes (p. 146 ff) may later re-
cover to a variable extent, depending on the site
of the lesion. Slowly progressive lesions of the
caudal portion of the spinal cord (e. g., intrinsic
tumor) usually come to notice because of uri-
nary or sexual dysfunction.

Complete transection. Transection causes im-
mediate flaccid paraplegia or quadriplegia, an-
esthesia and areflexia below the level of trans-
ection, bilateral Babinski signs, and spinal shock
(see above). The motor and sensory impairment
may begin to improve within 6 weeks if the spi-
nal cord is incompletely transected, ultimately
leading to a stable chronic myelopathy
manifested by spastic paraparesis or quadri-
paresis and sensory and autonomic dysfunction.
Incomplete transection. Lesions affecting only a
portion of the cross-sectional area of the spinal
cord cause specific clinical syndromes according
to their site (pp. 32, 44, 104), of which the best
known are the posterior column syndrome, the
anterior horn syndrome (p.50), the posterior
horn syndrome (p.106), the central cord syn-
drome (p.106), the anterior spinal artery syn-

drome (p.282), and Brown-Séquard syndrome.
In the last-named syndrome, hemisection of the
spinal cord causes ipsilateral spastic paresis,
vasomotor paresis, anhidrosis, and loss of posi-
tion and vibration sense and somatosensory
two-point discrimination, associated with con-
tralateral loss of pain and temperature sensa-
tions (the so-called dissociated sensory deficit).
Cervical cord lesions. Upper cervical cord lesions
at the level of the foramen magnum (p.74)
cause neck pain radiating down the arms;
shoulder and arm weakness that usually begins
on one side, then progresses to include the legs
and finally the opposite arm and shoulder; atro-
phy of the intrinsic muscles of the hand; Lher-
mitte’s sign; cranial nerve deficits (CN X, XI, XII);
nystagmus; sensory disturbances on the face;
and Horner syndrome. Progressive spinal cord
involvement may ultimately impair respiratory
function. Lesions at C1 or below do not cause
cranial nerve deficits. (C1 root innervates the
meninges without dermatome representation.)
Lower cervical cord lesions (C5-C8) produce the
signs and symptoms of complete and in-
complete transection discussed above, includ-
ing segmental sensory and motor deficits. If the
lesion involves the spinal sympathetic pathway,
Horner syndrome results.

Thoracic cord lesions. Transverse cord lesions at
T1 can produce Horner syndrome and atrophy
of the intrinsic muscles of the hand. Lesions at
T2 and below do not affect the upper limbs.
Radicular lesions produce segmental pain radi-
ating in a band from back to front on one or both
sides. Localized back pain due to spinal cord le-
sions is often incorrectly attributed to spinal
degenerative disease until weakness and blad-
der dysfunction appear. Lesions of the upper
thoracic cord (T1-T5) impair breathing through
involvement of the intercostal muscles.
Lumbar and sacral cord injuries. Lesions at L1 to
L3 cause flaccid paraplegia and bladder dysfunc-
tion (automatic bladder, p. 156). lliopsoas weak-
ness may make it difficult or impossible for the
patient to sit. Lesions at L4 to S2 impair hip ex-
tension and flexion, knee flexion, and foot and
toe movement. Lesions at S3 and below produce
the conus medullaris syndrome: atonic bladder,
rectal paralysis, and “saddle” anesthesia of the
perianal region and inner thighs. For cauda
equina syndrome, see pages 318 and 319.
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Peripheral Paralysis

Signs

Paralysis of peripheral origin can be caused by
lesions of the anterior horn (lower motor neu-
ron, LMN), nerve root, peripheral nerve, or
motor end plate and must be distinguished from
weakness due to disease of the muscle itself
(myopathy). Apparent weakness can also be
produced by tendon rupture or injury to bones
and joints.

Paralysis. Paralysis is accompanied by diminu-
tion of muscle tone (flaccidity). The extent of
weakness depends on the type, severity, and
distribution of LMN or myopathic involvement.
Reflex abnormalities. The intrinsic muscle re-
flexes are diminished or absent to a degree that
may be disproportionate to the degree of weak-
ness: in LMN-type paralysis, loss of reflexes is
independent from the loss of strength; in my-
opathy, it parallels the weakness. Extrinsic re-
flexes are unaffected unless the effector muscle
is atrophic. Pathological reflexes are absent.
Muscle atrophy. Muscle atrophy due to an LMN
lesion may be disproportionate to the degree of
weakness (either greater or less). Progressive
atrophy of paralyzed muscles begins ca. 3 weeks
after a peripheral nerve injury. The distribution
and severity of muscle atrophy in myopathy de-
pends on the etiology.

Spontaneous movements. Spontaneous move-
ments are seen in affected muscles. Fascicula-
tions are involuntary, nonrhythmic contractions
of motor units in a relaxed muscle. They are not
exclusively caused by anterior horn lesions.
Myokymia is rhythmic contraction of muscle
fibers; if the affected muscle is superficial (e. g.,
the orbicularis oculi), waves of muscle contrac-
tion are visible under the skin.

Lower Motor Neuron (LMN) Lesions

Anterior horn. Loss of motor neurons in the spi-
nal cord paralyzes the motor units to which they
belong. The flaccid segmental weakness may
begin asymmetrically and is accompanied by
severe muscle atrophy. There is no sensory defi-
cit. The intrinsic reflexes of the affected muscles
are lost at an early stage. The weakness may be
mainly proximal (tongue, pharynx, trunk
muscles) or distal (hands, calf muscles) depend-
ing on the etiology of anterior horn disease.

Radicular syndrome. A lesion of a single ventral
nerve root (caused, for example, by a herniated
intervertebral disk) produces weakness in the
associated myotome. Muscles supplied by mul-
tiple nerve roots are only slightly weakened, if at
all, but those supplied by a single root may be
frankly paralyzed and atrophic (segment-indi-
cating muscles, cf. Table 2, p.357). Involvement
of the dorsal root produces pain and paresthesia
in the associated dermatome, which may be
triggered by straining (sneezing, coughing),
movement (walking), or local percussion. Au-
tonomic deficits are rare.

Peripheral nerve. Paralysis may be caused by
plexus lesions (plexopathy) or by lesions of one
or more peripheral nerves (mononeuropathy,
polyneuropathy). Depending on the particular
segment(s) of nerve(s) affected, the deficit may
be purely motor, purely sensory, or mixed, with
a variable degree of autonomic dysfunction.
Motor end plate. Disorders of neuromuscular
transmission are typified by exercise-induced
muscle fatigue and weakness. The degree of in-
volvement of specific muscle groups (eyes,
pharyngeal muscles, trunk muscles) depends on
the type and severity of the underlying disease.
There is no associated sensory deficit. Hy-
poreflexia characteristically occurs in Lambert—
Eaton syndrome and is found in myasthenia
gravis to an extent that parallels weakness. Au-
tonomic dysfunction occurs in Lambert-Eaton
syndrome and botulism.

Myopathy (see p.52) and musculoskeletal le-
sions of the tendons, ligaments, joints, and
bones may cause real or apparent weakness and
thus enter into the differential diagnosis of LMN
lesions. They cause no sensory deficit.
Musculoskeletal lesions may restrict movement,
particularly when they cause pain, sometimes to
the extent that the muscle becomes atrophic
from disuse. Severe autonomic dysfunction may
also occur (p. 110).
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Peripheral Paralysis

Myopathy

Problems such as muscle weakness, fatigue,
stiffness, cramps, tension, atrophy, pain, and in-
voluntary movement do not necessarily signify
disease of the muscle itself. Myopathy must be
distinguished from neurogenic weakness of
UMN or LMN type. Weakness may accompany
systemic disease because of a generalized cata-
bolic state or through a specific disease-related
impairment of muscle function. Myopathy may
be either primary or secondary, i.e., the product
of another underlying disease. Different types of
myopathy affect different muscle groups: some
are generalized (congenital myopathy), while
others are mainly either proximal (Duchenne
type muscular dystrophy, polymyositis) or distal
(myotonic dystrophy, inclusion body myositis),
or mainly affect the head and face (mito-
chondrial myopathy). Myasthenia gravis, strictly
speaking a disorder of neuromuscular transmis-
sion rather than a form of myopathy, most
prominently affects the orbicularis oculi
muscle; weakness increases with exercise.
Muscle power is commonly graded according to
the scale proposed by the British Medical Re-
search Council (MRC) (1976):

0 No muscle contraction

1  Visible or palpable contraction, but no move-
ment

2 Movement occurs, but not against gravity
3 Movement against gravity

4 Movement against gravity and additional re-
sistance

5 Normal muscle power

m Muscle Atrophy

Myopathy produces atrophy through the im-
paired development, the destruction, and the
impaired regeneration of muscle fibers.
Primary (genetic) myopathies include the pro-
gressive muscular dystrophies, myotonic
muscular dystrophies, congenital myopathies
(e.g., central core disease, nemaline myopathy),
and metabolic myopathies (Pompe disease/gly-
cogen storage disease type II, Kearns-Sayre syn-
drome, carnitine deficiency).

Secondary myopathies include myositis, my-
opathy due to endocrine disorders (hyperthy-
roidism and hypothyroidism, hyperparathyroid-

ism), and chronic toxic myopathies (alcohol,
corticosteroids, chloroquine).

m Disorders of Muscle Function

In these disorders, weakness is due to impaired
function of the muscle fibers. Persistent weak-
ness can lead to muscle atrophy. The episodic
occurrence or worsening of muscle weakness is
typical.

Primary myopathies. Hypokalemia- and hyper-
kalemia-related forms of paralysis belong to this
group.

Myasthenic syndromes. Myasthenia gravis and
Lambert-Eaton syndrome are characterized by
abnormal fatigability of the muscles.

Postviral fatigue syndrome. Mildly increased
fatigability of the muscles may persist for weeks
after recovery from a viral illness.

B Muscle Pain and Stiffness

Muscle pain and stiffness restrict movement,
causing weakness as a secondary consequence.
Muscle pain. Muscle pain (myalgia, p.346) at
rest and on exertion accompanies muscle
trauma (muscle rupture, strain, soreness, com-
partment syndromes), viral myositis (influenza,
Coxsackie virus, herpes simplex virus), fibromy-
algia, polymyalgia rheumatica, and muscle
cramps and spasms of various causes (malig-
nant hyperthermia, carnitine palmitoyl-
transferase deficiency, phosphorylase defi-
ciency/glycogen storage disease type V).
Muscle stiffness. Stiffness is prominent in con-
genital myotonia, neuromyotonia, and cold-
induced paramyotonia.
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Cerebellum

The functions of the cerebellum include the con-
trol of balance, posture, gait, and goal-directed
movement, and the regulation of muscle tone.

Neural Pathways

Afferent connections. The three large white-
matter tracts (peduncles) of the cerebellum con-
vey afferent input to the cerebellar cortex from
the cerebral cortex (especially visual areas), pon-
tine nuclei, the brain stem nuclei of the trigemi-
nal, vestibular, and cochlear nerves, and the spi-
nal cord. The superior cerebellar peduncle con-
veys ipsilateral proprioceptive input (p.104)
from the anterior spinocerebellar tract of the
spinal cord. The middle cerebellar peduncle car-
ries fibers of pontine origin (p. 45). The inferior
cerebellar peduncle carries fibers from the vesti-
bular nerve and nucleus to the flocculonodular
lobe and fastigial nucleus, and from the con-
tralateral inferior olive to the cerebellar hemi-
spheres (olivocerebellar tract), as well as propri-
oceptive input from the posterior spinocerebel-
lar tract (derived from muscle spindles and
destined for the anterior and posterior portions
of the paramedian cerebellar cortex) and fibers
from the brain stem reticular formation.
Efferent connections. The cerebellar nuclei
(fastigial, globose, emboliform, and dentate;
p.43) project via the (contralateral) superior
cerebellar peduncle to the red nucleus, thalamus,
and reticular formation. The thalamus projects
in turn to the premotor and primary motor cor-
tex, whose output travels down to the pons,
which projects back to the cerebellum, forming
a neuroanatomical circuit. Cerebellar output in-
fluences (ipsilateral) spinal motor neurons by
way of the red nucleus and rubrospinal tract.
The inferior cerebellar peduncle projects to the
vestibular nuclei and brain stem reticular for-
mation (completing the vestibulocerebellar
feedback loop) and influences spinal motor neu-
rons by way of the vestibulospinal and reti-
culospinal tracts.

Functional Systems

The cerebellum can be thought of as containing
three separate functional components.

Vestibulocerebellum (archeocerebellum). Struc-
tures: Flocculonodular lobe and lingula. Afferent

connections: From the semicircular canals and
maculae (p.56), vestibular nucleus, visual sys-
tem (lateral geniculate body), superior col-
liculus, and striate area to the vermis. Efferent
connections: From the fastigial nucleus to the
vestibular nucleus and reticular formation.
Functions: Control of balance, axial and proximal
muscle groups, respiratory movements, and
head and eye movements (stabilization of gaze).
Effects of lesions: Loss of balance (truncal ataxia,
postural ataxia > gait ataxia), nystagmus on
lateral gaze, and absence of visual fixation sup-
pression (p. 26) resulting in oscillopsia (station-
ary objects seem to move).

Spinocerebellum (paleocerebellum). Structures:
Parts of the superior vermis (culmen, central
lobule) and inferior vermis (uvula, pyramis),
parts of the cerebellar hemispheres (wing of
central lobule, quadrangular lobule, parafloc-
culus). Afferent connections: The pars intermedia
receives the spinocerebellar tracts, projections
from the primary motor and somatosensory
cortex, and projections conveying auditory,
visual, and vestibular information. Efferent con-
nections: From the nucleus interpositus to the
reticular formation, red nucleus, and ven-
trolateral nucleus of the thalamus, which pro-
jects in turn to area 4 of the cortex. Functions:
Coordination of distal muscles, muscle tone
(postural control), balance, and velocity and
amplitude of saccades. Effects of lesions: Gait
ataxia > postural ataxia, muscular hypotonia,
dysmetria.

Pontocerebellum (neocerebellum). Structures:
Most of the cerebellar hemispheres, including
the declive, folium, and tuber of the vermis. Af-
ferent connections: From sensory and motor cor-
tical areas, premotor cortex, and parietal lobes
via pontine nuclei and the inferior olive. Efferent
connections: From the dentate nucleus to the red
nucleus and the ventrolateral nucleus of the
thalamus, and from these structures onward to
motor and premotor cortex. Functions: Coordi-
nation, speed, and precision of body movement
and speech. Effects of lesions: Delayed initiation
and termination of movement, mistiming of ag-
onist and antagonist contraction in movement
sequences, intention tremor, limb ataxia.
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Vestibular System

Labyrinth

The vestibular apparatus (labyrinth) consists of
the saccule, the utricle, and three semicircular
canals, each in a plane approximately at right
angles to the others. The labyrinth is filled with
fluid (endolymph) and has five receptor organs:
the ampullary crests, which lie in a dilatation
(ampulla) in front of the utricle at the end of
each semicircular canal; the saccular macula
(macula sacculi), a vertically oriented sensory
field on the medial wall of the saccule; and the
utricular macula (macula utriculi), a horizon-
tally oriented sensory field on the floor of the
utricle.

Semicircular canals. Angular acceleration is
sensed by the hair cells of the ampullary crests
and the gelatinous bodies (cupulae) suspended
in the endolymph above them. Rotation about
the axis of one of the semicircular canals causes
its cupula to deflect in the opposite direction,
because it is held back by the more slowly
moving endolymph. With persistent rotation at
a constant angular velocity (i.e., zero angular ac-
celeration), the cupula returns to its neutral
position; but if the rotation should suddenly
stop, the cupula is deflected once again, this
time in the direction of the original rotation, be-
cause it is carried along by the still moving en-
dolymph. The subject feels as if he were rotating
counter to the original direction of rotation and
also tends to fall in the original direction of rota-
tion.

Maculae. The otolithic membrane of the saccu-
lar and utricular maculae is denser than the sur-
rounding endolymph because of the calcite
crystals (otoliths) embedded in it. Linear accel-
eration of the head thus causes relative motion
of the otolithic membrane and endolymph, re-
sulting in activation of the macular receptor
cells (hair cells). The resultant forces lead to ac-
tivation of the sensory receptors of the maculae.

Neural Pathways

Afferent connections. The semicircular organs
project mainly to the superior and medial vesti-
bular nuclei, the macular organs to the inferior
vestibular nuclei. The vestibulocerebellum
maintains both afferent and efferent connec-
tions with the vestibular nuclei; in particular,
the lateral vestibular nucleus receives its major

input from the paramedian region of the cere-
bellar cortex. Fibers reach the vestibular nucleus
from the spinal cord ipsilaterally, and also bi-
laterally by way of the fastigial nucleus. The
oculomotor nuclei project to the ipsilateral ves-
tibular nuclei through the medial longitudinal
fasciculus. The vestibular nuclei are intercon-
nected by internuclear and commissural fibers.
Efferent connections. The vestibulocerebellum
projects to the ipsilateral nodulus, uvula, and
anterior lobe of the vermis, and to the flocculi
bilaterally. The lateral vestibulospinal tract pro-
jects ipsilaterally to the motor neurons of the
spinal cord and also gives off fibers to cranial
nerves X and XI. Fibers to the motor neurons of
the contralateral cervical spinal cord decussate
in the medial vestibulospinal tract. The medial
longitudinal fasciculus (p.86) gives off caudal
fibers to the motor neurons of the cervical cord,
and rostral fibers bilaterally to the nuclei sub-
serving eye movement. Other fibers cross the
midline to the contralateral thalamus, which
projects in turn to cortical areas 2 and 3 (pri-
mary somatosensory area).

Functional Systems

The vestibular system provides vestibulo-
cochlear input to the cerebellum, spinal cord,
and oculomotor apparatus to enable the coordi-
nation of head, body, and eye movements. It in-
fluences extensor muscle tone and reflexes via
the lateral vestibulospinal tract (postural motor
system). The medial longitudinal fasciculus per-
mits simultaneous, integrated control of neck
muscle tone and eye movements. The oculomo-
tor system (p. 86) communicates with the vesti-
bular nuclei, the cerebellum, and the spinal cord
via the medial longitudinal fasciculus and pon-
tine projection fibers; thus the control of eye
movements is coordinated with that of body
movements. Proprioceptive input concerning
joint position and muscle tone reaches the vesti-
bular system from the cerebellum (p.54).
Thalamocortical connections permit spatial
orientation. Phenomena such as nausea, vomit-
ing, and sweating arise through interaction with
the hypothalamus, the medullary “vomiting
center,” and the vagus nerve, while the
emotional component of vestibular sensation
(pleasure and discomfort) arises through inter-
action with the limbic system.
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Vertigo

Patients often use the word “dizziness” non-
specifically to mean lightheadedness, unsteadi-
ness, reeling, staggering, or a feeling of rotation.
Dizziness in this broad sense has many possible
causes. Vertigo, or dizziness in the narrow sense,
is the unpleasant illusion that one is moving or
that the external world is moving (so-called
subjective and objective vertigo, respectively).
Pathogenesis. Vertigo arises from a mismatch
between expected and received sensory input
(vestibular, visual, and somatosensory) regard-
ing spatial orientation and movement.

Cause. Vertigo occurs as a normal response to
certain stimuli (physiological vertigo) or as the
result of diseases (pathological vertigo) affect-
ing the labyrinth (peripheral vestibular vertigo),
central vestibular system (central vestibular
vertigo), or other functional systems (nonvesti-
bular vertigo).

Symptoms and signs. The manifestations of ver-
tigo are the same regardless of etiology. They fall
into the following categories: autonomic (drow-
siness, yawning, pallor, sialorrhea, increased
sensitivity to smell, nausea, vomiting), mental
(decreased drive, lack of concentration, apathy,
sense of impending doom), visual (oscillopsia =
illusory movement of stationary objects), and
motor (tendency to fall, staggering and swaying
gait).

Physiological Vertigo

Healthy persons may experience vertigo when
traveling by car, boat, or spaceship (kinetosis =
motion sickness) or on looking down from a
mountain or tall building (height vertigo).

Peripheral Vestibular (Labyrinthine)
Vertigo (p. 88)

There is usually an acute, severe rotatory vertigo
directed away from side of the labyrinthine le-
sion, with a tendency to fall toward the side of
the lesion, horizontal nystagmus away from the
side of lesion, nausea, and vomiting. Peripheral
vestibular vertigo may depend on position,
being triggered, for example, when the patient
turns over in bed or stands up (positional ver-
tigo), or it may be independent of position (per-
sistent vertigo). It may also occur in attacks as
episodic vertigo.

Positional vertigo. Benign, paroxysmal posi-
tional vertigo (BPPV) of peripheral origin is usu-
ally due to detached otoliths of the utricular mac-
ula floating in the posterior semicircular canal
(canalolithiasis). With every bodily movement,
the freely floating otoliths move within the canal,
under the effect of gravity. An abnormal cupular
deflection results, starting 1-5 seconds after
movement and lasting up to 30 seconds. The Dix—
Hallpike maneuver is a provocative test for BPPV:
the patient is rapidly taken from a sitting to a
supine position while the head is kept turned 45°
to one side. If nystagmus and vertigo ensue, they
are due to canalolithiasis on the side of the ear
nearer the ground. The canalith repositioning
procedure (CRP), by which particles can be re-
moved from the semicircular canal, involves re-
peatedly turning the patient’s head to the op-
posite side, then back upright.

Episodic and persistent vertigo may be due to
viral infection of the vestibular apparatus (vesti-
bular neuritis, labyrinthitis) or to Méniére dis-
ease, which is characterized by attacks of ro-
tatory vertigo, tinnitus, hearing loss, and ear
pressure. Other causes include labyrinthine
fistula and vestibular paroxysm.

Central Vestibular Vertigo
(pp. 70 ff and 88)

This type of vertigo is caused by a lesion of the
vestibular nuclei, vestibulocerebellum, thala-
mus, or vestibular cortex, or their interconnect-
ing fibers. Depending on the etiology (e.g.,
hemorrhage, ischemia, tumor, malformation, in-
fection, multiple sclerosis, “vestibular” epilepsy,
basilar migraine), vertigo may be transient or
persistent, acute, episodic, or slowly progres-
sive. It may be associated with other neurologi-
cal deficits depending on the location and ex-
tent of the responsible lesion.

Nonvestibular Vertigo

Episodic or persistent nonvestibular vertigo
often manifests itself as staggering, unsteady
gait, and loss of balance. The possible causes in-
clude disturbances of the oculomotor apparatus,
cerebellum, or spinal cord; peripheral neu-
ropathy; intoxication; anxiety (phobic attacks of
vertigo); hyperventilation; metabolic disorders;
and cardiovascular disease.

Rohkamm, Color Atlas of Neurology © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Vertigo

Rotatory vertigo

(positional, chronic) Nonvestibular vertigo

(unsteady posture/gait; nondirectional
vertigo)

Utricle
Cupula

Otolith in posterior
semicircular canal

Semicircular
canal after
repositioning

Benign peripheral paroxysmal positional vertigo

Rohkamm, Color Atlas of Neurology © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.

Motor Function

59



Motor Function

60

Gait Disturbances

Normal Gait

Posture. The assumption of an upright posture
and the maintenance of balance (postural re-
flexes) are essential for walking upright. Loco-
motion requires the unimpaired function of the
motor, visual, vestibular, and somatosensory
systems. The elderly cannot stand up as quickly
and tend to walk somewhat unsteadily, with
stooped posture and broader steps, leading to an
elevated risk of falling.

Locomotion. Normally, walking can be initiated
without hesitation. The gait cycle (time between
two successive contacts of the heel of one foot
with the ground = 2 steps) is characterized by
the gait rhythm (number of steps per unit time),
the step length (actually the length of an entire
cycle, i.e. 2 steps), and the step width (distance

Gait Disturbances

Description Related Terms

Antalgic gait Limping gait, leg differ-

ence, limp

Steppage gait Foot-drop gait

Site of Lesion

Foot, leg, pelvis, spinal
column

Sciatic or peroneal nerve,
spinal root L4/5, motor
neuron

Paresis of pelvic girdle
muscles (Duchenne) or of
gluteal abductors (Tren-

between the lines of movement of the two heels,
roughly 5-10 cm). Touchdown is with the heel
of the foot. Each leg alternately functions as the
supporting leg (stance phase, roughly 65 % of the
gait cycle), and as the advancing leg (swing
phase, roughly 35 % of the gait cycle). During the
shifting phase, both feet are briefly in contact
with the ground (double-stance phase, roughly
25% of the stance phase). Because the body’s
center of gravity shifts slightly to the side with
each step, the upper body makes small compen-
satory movements to maintain balance. The
arms swing alternately and opposite to the
direction of leg movement. Normally, the speed
of gait can be changed instantaneously. In old
age, the gait sequence is less energetic and more
hesitant, and turns tend to be carried out en
bloc.

Possible Cause

Lumbar root lesion, bone dis-
ease, peripheral nerve com-
pression

Polyneuropathy, peroneal
paresis; lesions of motor neu-
ron, sciatic nerve, or L4/5 root

Myopathy, osteomalacia; le-
sions of the hip joint or super-
ior gluteal nerve; L5 lesion

delenburg)

Waddling gait Duchenne gait, Trendelen-
burg gait, gluteal gait

Toe-walking

Spastic gait Paraspastic gait, leg cir-

cumduction, spastic-ataxic
gait, Wernicke-Mann gait

Talipes equinus, spasticity

Pyramidal tract, extrapy-
ramidal motor system (su-
pratentorial, infratentorial,

Foot deformity, cerebral palsy,
Duchenne muscular dystrophy,
habit

Unilateral or bilateral central
paralysis with spasticity, stiff-
man syndrome

Ataxia of gait

Dystonic gait

Start delay

Psychogenic
gait distur-
bance

Gait ataxia, staggering
gait, unsteady gait, ta-
betic gait, reeling gait

Choreiform gait

Hypokinetic rigid gait, gait

apraxia, festinating gait

Functional gait distur-
bance

spinal)

Peripheral nerves, posterior
column of spinal cord,
spinocerebellar tracts, cere-
bellum, thalamus, postcen-
tral cortex

Basal ganglia

Frontal lobe, basal ganglia,
extensive white matter le-
sions
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Polyneuropathy, disease af-
fecting posterior columns,
tabes dorsalis, cerebellar le-
sion, intoxication, progressive
supranuclear palsy

Torsion dystonia, dopa-respon-
sive dystonia, kinesiogenic
paroxysmal dystonia, Hunting-
ton disease

Parkinson disease, frontal lobe
lesion, normal-pressure hydro-
cephalus, Binswanger disease

Mental illness, malingering



Gait Disturbances

Stance phase Swing phase

Right leg supports Right leg
advances
Gait cycle

! |
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angulated)

Posture and gait in youth
(left) and old age (right)

Ataxic gait Spastic gait
(right hemiparesis)

Spastic gait Hypokinetic-rigid gait Psychogenic gait disturbances
(spastic paraparesis) (left, Parkinson disease; right, start (histrionic movements)
delay/gait apraxia)
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Tremor

Tremor, the most common movement distur-
bance, is an involuntary, rhythmic, oscillating
movement of nearly constant amplitude. It can
occur wherever movement is subserved by an-
tagonistic muscle pairs. Different types of tremor
may be classified by the circumstances in which
they are activated or inhibited and by their loca-
tion, frequency, and amplitude (Table 3, p.357).
Tremor amplitude is the most important deter-
minant of disability. Parkinsonian tremor and es-
sential tremor are the most common types.
Rest tremor occurs in the absence of voluntary
movement and is aggravated by emotional stress
(excitement, time pressure) and mental activity
(e.g., conversing, reading a newspaper). The
tremor subsides when the limbs are moved, but
begins again when they return to the resting
position. Rest tremor is a typical feature of
parkinsonism.
Action tremors occur during voluntary move-
ment. Postural tremor occurs during main-
tenance of a posture, especially when the arms
are held outstretched, and disappears when the
limbs are relaxed and supported. Essential
tremor is a type of postural tremor. Kinetic
tremor occurs during active voluntary move-
ment; it may be worst at the beginning (initial
tremor), in the middle (transitory tremor), or at
the end of movement (terminal tremor). Inten-
tion tremor, the type that is worst as the move-
ment nears its goal, is characteristic of cerebellar
and brain stem lesions. Writing tremor and vocal
tremor are examples of task-specific tremors.
Dystonia-related tremors (e.g., in spasmodic
torticollis or writer's cramp) can be suppressed
by a firm grip (antagonistic maneuvers).
Frequency. The frequency of tremor in each in-
dividual case is relatively invariant and may be
measured with a stopwatch or by electromyo-
graphy. Different types of tremor have charac-
teristic frequencies, listed in the table below, but
there is a good deal of overlap, so that differen-
tial diagnosis cannot be based on frequency
alone.
2.5-5Hz Cerebellar tremor, Holmes tremor
3-6Hz  Parkinsonian tremor
7-9Hz  Essential tremor, postural tremor in
parkinsonism
7-12Hz Physiological tremor,
physiological tremor
12-18 Hz Orthostatic tremor

exaggerated

Tremor genesis. The tremor of Parkinson disease
is due to rhythmic neuronal discharges in the
basal ganglia (internal segment of globus pal-
lidus, subthalamic nucleus) and thalamus (ven-
trolateral nucleus), which are the ultimate result
of degeneration of the dopaminergic cells of the
substantia nigra that project to the striatum
(p. 210). Essential tremor is thought to be due to
excessive oscillation in olivocerebellar circuits,
which then reaches the motor cortex by way of a
thalamic relay. Intention tremor is caused by le-
sions of the cerebellar nuclei (dentate, globose,
and emboliform nuclei) or their projection
fibers to the contralateral thalamus (ven-
trolateral nucleus, p.54). In any variety of
tremor, the abnormal oscillations are relayed
from the motor cortex through the corticospinal
tracts (p.44) to the spinal anterior horn cells to
produce the characteristic pattern of alternating
contraction of agonist and antagonist muscles.
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Action tremor

Kinetic tremor

Tremor types

Physiological tremor
Essential tremor
Parkinsonian tremor
Orthostatic tremor
Cerebellar tremor

Holmes tremor
Neuropathy-related tremor
Substance-induced tremor™
Palatal tremor

Voice tremor

Writing tremor
Psychogenic tremor

Intention tremor (end tremor)

*Due to coffee, tea, alcohol, medications
(stimulants, neuroleptics, antidepressants, anti-
convulsants, cyclosporine A), neurotoxins (heavy
metals, insecticides, herbicides, solvents)
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Dystonia

“Dystonia” is a general term for involuntary
movement disorders involving sustained
muscle contraction according to a stereotypic
pattern, usually resulting in spasmodic or
torsional movement and abnormal posture.
Dystonic movements are usually exacerbated by
voluntary activity. They may arise only during
skilled activities such as writing or playing a
musical instrument (action dystonia). In-
complete relief can be obtained by the
avoidance of triggering activities and by the use
of antagonistic maneuvers (e. g., placing the fin-
gers on the chin, forehead or neck, or yawning,
to counteract cervical dystonia). Dystonia may
be classified by its distribution as focal (affects
only one region of the body), segmental (two ad-
jacent regions), multifocal (two or more nonad-
jacent regions), generalized, or lateralized
(hemidystonia), and by its etiology as either pri-
mary (idiopathic) or secondary (symptomatic).
Secondary dystonia is usually caused by a dis-
order of copper, lipid, or amino acid metabolism,
or by a mitochondrial disorder (p. 306 ff).

Craniocervical Dystonia

Blepharospasm. Spasmodic contraction of the
orbicularis oculi muscle causes excessive blink-
ing and involuntary eye closure. It can often be
accompanied by ocular foreign-body sensation
and be ameliorated by distracting maneuvers,
and is worse at rest or in bright light. There may
be involuntary clonic eye closure, tonic narrow-
ing of the palpebral fissure, or difficulty opening
the eyes (eye-opening apraxia, p.128).
Blepharospasm may be so severe as to leave the
patient no useful vision.

Oromandibular dystonia affects the perioral
muscles and the muscles of mastication. In a
condition named Meige syndrome blepharo-
spasm is accompanied by dystonia of the
tongue, larynx, pharynx, and neck.

Cervical dystonia may involve head rotation
(torticollis), head tilt to one side (laterocollis), or
flexion or extension of the neck (anterocollis,
retrocollis), often accompanied by tonic
shoulder elevation or head tremor. It may be dif-
ficult to distinguish nondystonic from dystonic
head tremor; only the latter can be improved by
antagonistic maneuvers. Dystonia often causes
pain, usually in the neck and shoulder.

Arm and Leg Dystonia

These are most often produced by specific, usu-
ally complex, activities (task-specific dystonia).
Writer’s cramp (graphospasm) and musician’s
dystonia (for example, while playing the piano,
violin, or wind instruments) are well-known ex-
amples. Toe or foot dystonia (“striatial foot”) is
seen in patients with Parkinson disease and
dopa-responsive dystonia.

Other Types of Dystonia (see also p.204)

In idiopathic torsion dystonia, focal dystonia of
an arm or leg appears in childhood and slowly
becomes generalized to include a truncal dys-
tonia causing abnormal posture (scoliosis, ky-
phosis, opisthotonus). In spastic dysphonia, the
voice usually sounds strained and forced, and is
interrupted by constant pauses (adductor type);
less commonly, it becomes breathy or whis-
pered (abductor type). Dopa-responsive dystonia
(Segawa syndrome) arises in childhood and
mainly impairs gait (p. 60), to a degree that var-
ies over the course of the day. Paroxysmal, auto-
somal dominant inherited forms of dystonia are
characterized by recurrent dystonic attacks of
variable length (seconds to hours). The attacks
may be either kinesiogenic (provoked by rapid
movements), in which case they usually involve
choreoathetosis, or nonkinesiogenic (provoked
by caffeine, alcohol, or fatigue).
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Chorea, Ballism, Dyskinesia, Myoclonus

Chorea

Choreiform movements are irregular, abrupt,
and seemingly randomly occurring, and usually
affect the distal parts of the limbs. In mild
chorea, the hyperkinetic movements may be in-
tegrated in voluntary movements, such as strok-
ing the hair. More severe cases may involve
rapidly changing, bizarre body and limb pos-
tures. A combination of choreiform and (distal)
dystonic movements is termed choreoathetosis.
Huntington disease, an autosomal dominant dis-
order, is the best-known cause of chorea (p. 300,
383). Others include hereditary diseases (e.g.,
neuroacanthocytosis, benign hereditary chorea)
and neurodegenerative diseases (e. g., Alzheimer
disease, multisystem atrophy). Secondary chorea
may be caused by infections (e.g., Sydenham’s
chorea due to streptococcal infection; herpes en-
cephalitis, toxoplasmosis), vascular disease
(e. g., lupus erythematosus, stroke), brain tumor,
drug therapy (e. g., estrogen, neuroleptic drugs),
or old age (senile chorea).

Hemiballism (Ballism)

Ballism consists of violent flinging movements
of the limbs due to involuntary contraction of
the proximal limb muscles, and usually affects
only one side of the body (hemiballism). It may
be continuous or occur in attacks lasting several
minutes. The most common cause is an infarc-
tion or other destructive lesion of the sub-
thalamic nucleus (STN). Diminished neural out-
flow from the STN leads to increased activity in
the thalamocortical motor projection (p. 210).

Drug-induced Dyskinesias

Involuntary movements of various kinds may be
induced by numerous drugs, most prominently
L-dopa and neuroleptic drugs including
phenothiazines, butyrophenones, thioxan-
thenes, benzamides, and metoclopramide, all of
which affect dopaminergic transmission
(p-210).

Acute dystonic reactions (p. 204) involve painful
craniocervical or generalized dystonia (opistho-
tonus, tonic lateral bending and torsion of the
trunk = “Pisa syndrome”) and are treated with
anticholinergic agents (e. g., biperidene).

Tardive (i.e., late) dyskinesia is a complication of
long-term administration of the so-called classi-
cal neuroleptic agents. It is characterized by ab-
normal, stereotyped movements of the mouth,
jaw, and tongue (orofacial dyskinesia), some-
times accompanied by respiratory disturbances,
grunting, and thrusting movements of the trunk
and pelvis. The same drugs may induce tardive
akathisia, i.e., motor restlessness with a feeling
of inner tension and abnormal sensations in the
legs; this syndrome must be distinguished from
restless legs syndrome (p. 114) and tics (p. 68).
These agents also rarely induce tardive
craniocervical dystonia, myoclonus, and tremor.

Myoclonus

Myoclonus consists of involuntary, brief, sud-
den, shocklike muscle contractions producing
visible movement. It has a variety of causes and
may be focal, segmental, multifocal, or general-
ized. Its cortical, subcortical, or spinal origin can
be determined by neurophysiological testing.
Attacks of myoclonus may be spontaneous or
may be evoked by visual, auditory, or soma-
tosensory stimuli (reflex myoclonus) or by vol-
untary movement (postural myoclonus, action
myoclonus).
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Myoclonus, Tics

Physiological myoclonus. Myoclonus of variable
intensity may occur normally as a person falls
asleep (sleep myoclonus). Hiccups (singultus) are
myoclonic movements of the diaphragm and
normally cease spontaneously. (Severe, in-
tractable hiccups, however, may be produced by
lesions of the brain stem.) Normal myoclonic
startle reflexes are to be distinguished from the
rare startle disorders such as hyperekplexia,
stiff-man syndrome, and startle epilepsy. The
myoclonus that occurs in the waking phase after
syncope is sometimes mistaken for an epileptic
seizure.

Essential myoclonus is a rare hereditary disease
characterized by persistent, very brief, multifo-
cal myoclonic movements, accompanied by dys-
tonia. The abnormal movements are improved
by small quantities of alcohol.

Myoclonic encephalopathies. Multifocal or
generalized action myoclonus is found in asso-
ciation with dementia and tonic-clonic seizures
in various types of progressive myoclonic en-
cephalopathy (PME), including Lafora disease,
myoclonus epilepsy with ragged red fibers
(MERRF syndrome), neuronal lipofuscinosis
(Kufs disease) and sialidosis type I/II. Epilepsy
without dementia is found in progressive myo-
clonus epilepsy (Unverricht-Lundborg syn-
drome) and progressive myoclonic ataxia.
Symptomatic myoclonus is associated with many
different diseases including Alzheimer disease,
corticobasal degeneration, Huntington disease,
metabolic disorders (liver disease, lung disease,
hypoglycemia, dialysis), encephalitis (Creutz-
feldt-Jakob disease, subacute sclerosing panen-
cephalitis), and paraneoplastic syndromes (op-
soclonus-myoclonus syndrome). It can also be
the result of hypoxic/ischemic brain damage
(posthypoxic action myoclonus = Lance-Adams
syndrome).

Asterixis consists of brief, irregular flapping
movements of the outstretched arms or hands
due to sudden pauses in the train of afferent im-
pulses to muscles (“negative” myoclonus). It is
not specific for any particular disease. In toxic or
metabolic encephalitis, it almost always occurs
together with myoclonus.

Tics

Tics are rapid, irregular, involuntary movements
(motor tics) or utterances (vocal tics) that inter-
rupt normal voluntary motor activity. They are
triggered by stress, anxiety, and fatigue but may
also occur at rest; they can be suppressed by a
voluntary effort, but tend to re-emerge with
greater intensity once the effort is relaxed. Tics
are often preceded by a feeling of inner tension.
They may be transient or chronic.

Simple tics. Simple motor tics involve isolated
movements, e. g., blinking, twitching of abdomi-
nal muscles, or shrugging of the shoulders.
Simple vocal tics may involve moaning, grunt-
ing, hissing, clicking, shouting, throat clearing,
sniffing, or coughing.

Complex tics. Complex motor tics consist of
stereotyped movements that may resemble vol-
untary movements, e. g., handshaking, scratch-
ing, kicking, touching, or mimicking another
person’s movements (echopraxia). Complex
vocal tics may involve obscene language (co-
prolalia) or the repetition of another person’s
words or sentences (echolalia).

Gilles de la Tourette syndrome (often abbre-
viated to Tourette syndrome) is a chronic dis-
ease in which multiple motor and vocal tics
begin in adolescence and progress over time.
Other features of the disease are personality dis-
turbances, obsessive-compulsive phenomena,
and an attention deficit.
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Brain Stem Syndromes

Clinical localization of brain stem lesions de-
pends on knowledge of the tiered arrangement
of cranial nerve nuclei, the intramedullary
course of cranial nerve fibers, and their spatial
relationship to tracts passing up and down the
brain stem (see also p. 26). Lesions can be local-
ized to the midbrain, pons, or medulla, and
further classified in terms of their location in a
cross-sectional plane as anterior, posterior, me-
dial, or lateral. The “classic” brain stem syn-
dromes are rarely seen in actual experience, as
the patterns of damage tend to overlap rather
than occupy discrete areas of tissue. Brain stem
lesions that affect decussating neural pathways
proximal to their decussation produce crossed
deficits (p. 46); thus, some lesions produce ipsi-
lateral cranial nerve palsies and contralateral
hemiparesis of the limbs and trunk.

Midbrain Syndromes (Table 4, p.358)

Lesions of the mid brain may involve its anterior
portion (cerebral peduncle, Weber syndrome);
its medial portion (mid brain tegmentum, Bene-
dict syndrome), or its dorsal portion (midbrain
tectum, Parinaud syndrome). Occlusion of the
basilar artery at midbrain level causes “top of the
basilar syndrome”.

Pontine Syndromes
(p.72 and Table 5, p.359)

The syndromes produced by anterior and poste-
rior pontine lesions are summarized in Table 5.

m Paramedian Lesions

Cause. Multiple lacunar infarcts are the most
common cause.

Symptoms and signs. Unilateral lesions (medi-
olateral or mediocentral) cause contralateral
paralysis, especially in the distal limb muscles;
dysarthria; and unilateral or bilateral ataxia;
and, sometimes, contralateral facial and abdu-
cens palsies. Bilateral lesions cause pseudobul-
bar palsy and bilateral sensorimotor deficits.

m Lateral Pontomedullary Syndrome

Cause. Infarction or hemorrhage in the territory
of the posterior inferior cerebellar artery or ab-
errant branch of the vertebral artery.

Lesion. As in Wallenberg syndrome (p. 361) with
additional involvement of the facial nerve nu-
cleus, vestibular nerve nucleus, and inferior
cerebellar peduncle.

Symptoms and signs. As in Wallenberg syn-
drome with additional ipsilateral findings: facial
palsy (nuclear), rotatory vertigo, tinnitus, hear-
ing loss, nystagmus, cerebellar ataxia.

Medullary Syndromes
(p.73 and Table 6, p.361)

Lesions usually involve the medial or the lateral
portion of the medulla; the lateral medullary
syndrome is called Wallenberg syndrome and
may be associated with various oculomotor and
visual disturbances (p. 86 ff).

Ocular deviation. Vertical deviation (skew devia-
tion) in which the ipsilateral eye is lower. Skew
deviation may be accompanied by the ocular tilt
reaction: ipsilateral head tilt, marked extorsion
of the ipsilateral eye, and mild intorsion of the
contralateral eye.

Nystagmus. Positional nystagmus may be hori-
zontal, torsional, or mixed. See-saw nystagmus is
characterized by intorsion and elevation of one
eye and extorsion and depression of the other.
Conjugate deviation to the side of the lesion.
Abnormal saccades. Ocular dysmetria with
overreaching (hypermetria) when looking to the
side of lesion and underreaching (hypometria)
when looking to the opposite side. Attempted
vertical eye movements are executed with diag-
onal motion.
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Pontine Syndromes
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Skull Base Syndromes

The site of a lesion at the base of the skull can often be deduced from the pattern of cranial nerve in-
volvement.

Olfactory nerve, Anosmia, behavioral changes; | Trauma, mass in anterior cranial
bulb, and tract may progress to Foster Ken- fossa (meningioma, glioma,
nedy3 syndrome osteoma, abscess)
Medial sphenoid Ipsilateral anosmia and optic Il Medial sphenoid wing mening-
wing# nerve atrophy, contralateral ioma, mass in anterior cranial
papilledema fossa
Medial/lateral sphe- Pain in ipsilateral eye, forehead, V1,0, IV Medial (eye pain) or lateral (tem-
noid wing* temple; exophthalmos, diplopia poral pain) sphenoid wing
meningioma
Orbital apex, super- Ipsilateral: incomplete or I, 111, 1V, Tumor (pituitary adenoma,
ior orbital fissures complete external ophthal- V/[1, VI meningioma, metastasis, naso-
moplegia, sensory deficit on pharyngeal tumor, lymphoma),
forehead; papilledema, visual granuloma (TB, fungal infection,
disturbances, optic atrophy Tolosa-Hunt syndrome, arteritis),
trauma, infraclinoid ICA
aneurysm
Cavernous sinusé Ipsilateral symptoms and signs I, 1V, V/[1, Same as in orbital apex syndrome
appear earlier than in orbital Vi + cavernous sinus thrombosis,
apex syndrome; exophthalmos?, carotid-cavernous fistula
Horner syndrome
Optic chiasm8 Visual field defects Il See p. 80
Petrous apex® Ipsilateral facial pain (usually VI, V/[1 (to Inner ear infection, tumor,
retro-orbital), hearing loss, V[3), VIII, trauma
sometimes also facial palsy (v
Edge of clivus™® Ipsilateral mydriasis, may pro- 1] Intracranial hypertension (p. 158)
gress to complete oculomotor
palsy
Cerebellopontine Ipsilateral hearing loss, tinnitus, VIIl, V[1+2,  Acoustic neuroma, meningioma,
angle deviation nystagmus, facial VI, VI metastasis

sensory disturbance, peripheral
facial palsy/spasm, abducens
palsy, ataxia, headache

Jugular foramen?! Ipsilateral: pain in region of ton-  IX, X, XI Metastasis, glomus tumor,
sils, root of tongue, middle ear; trauma, jugular vein thrombosis,
coughing, dysphagia, hoarse- abscess

ness, sternocleidomastoid and
trapezius paresis, absence of
gag reflex; sensory deficit in
root of tongue, soft palate,
pharynx, larynx

Foramen magnum?? Same as above + ipsilateral glos-  IX, X, XI, Xl Basilar impression, Klippel-Feil
soplegia, neck pain, and local syndrome, local tumor/metastasis
spinal symptoms (p. 48)

1 CN = cranial nerve (unilateral CN deficits). 2 Only the most common causes are listed; other causes are
possible. 3 (Foster) Kennedy syndrome (Foster is the first name). 4 Sphenoid wing syndrome. 5 Orbital apex syn-
drome, superior orbital fissure syndrome. 6 Cavernous sinus syndrome. 7 Patients with carotid-cavernous fistulae
have pulsatile exophthalmos, conjunctival injection, and a systolic bruit that can be heard by auscultation over
the eye and temple. 8 Optic chiasm syndrome. 9 Gradenigo syndrome. 10 Clivus syndrome. 11 Jugular foramen
syndrome, Vernet syndrome. 12 Collet-Sicard syndrome; may be accompanied by varying degrees of dysfunction
of CN IX through XII.
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Smell

Olfactory epithelium. The olfactory mucosa on
either side of the nasal cavity occupies an area of
approximately 2.5 cm2 on the roof of the super-
ior nasal concha, extending to the nasal septum.
The mucus covering the olfactory epithelium is
necessary for olfactory function, because
molecules interact with olfactory receptors only
when they are dissolved in the mucus. Olfactory
cells are bipolar sensory cells with a mean life-
span of about 4 weeks. Fine bundles of cilia pro-
ject from one end of each olfactory cell into the
mucus. Olfactory receptors located on the cilia
are composed of specific receptor proteins that
bind particular odorant molecules. Each ol-
factory cell produces only one type of receptor
protein; the cells are thus chemotopic, i.e., each
responds to only one type of olfactory stimulus.
Olfactory cells are wuniformly distributed
throughout the olfactory mucosa of the nasal
conchae.

Olfactory pathway. The unmyelinated axons of
all olfactory cells converge in bundles of up to 20
fila olfactoria on each side of the nose (these
bundles are the true olfactory nerves), which
pass through the cribriform plate to the ol-
factory bulb. Hundreds of olfactory cell axons
converge on the dendrites of the mitral cells of
the olfactory bulb, forming the olfactory glomer-
uli. Other types of neurons that modulate the ol-
factory input (e.g., granular cells) are found
among the mitral cells. Neural impulses are re-
layed through the projection fibers of the ol-
factory tract to other areas of the brain including
the prepiriform cortex, limbic system, thalamus
(medial nucleus), hypothalamus, and brain stem
reticular formation. This complex intercon-
nected network is responsible for the important
role of smell in eating behavior, affective be-
havior, sexual behavior, and reflexes such as
salivation. The trigeminal nerve supplies the
mucous membranes of the nasal, oral, and
pharyngeal cavities. Trigeminal receptor cells
are also stimulated by odorant molecules, but at
a higher threshold than the olfactory receptor
cells.

Olfactory Disturbances (Dysosmia)

Olfactory disturbances can be classified as
either quantitative (anosmia, hyposmia, hyper-
osmia) or qualitative (parosmia, cacosmia). Con-

genital olfactory disturbances manifest them-
selves as partial anosmia (“olfactory blindness”).
The perceived intensity of a persistent odor
decreases or disappears with time (olfactory
adaptation). External factors such as an arid en-
vironment, cold, or cigarette smoke impair the
ability to smell; diseases affecting the na-
sopharyngeal cavity impair both smell and taste.
Odors and emotions are closely linked and can
influence each other. The perception of smell
may be qualitatively changed (parosmia) be-
cause of autonomic (hunger, stress) and hor-
monal changes (pregnancy) or disturbances
such as ozena, depression, traumatic lesions, or
nasopharyngeal empyema. Olfactory hallucina-
tions can be caused by mediobasal and temporal
tumors (focal epilepsy), drug or alcohol with-
drawal, and psychiatric illnesses such as schizo-
phrenia or depression.

Tests of smell. One nostril is held closed, and a
bottle containing a test substance is held in front
of the other. The patient is then asked to inhale
and report any odor perceived. In this subjective
test, odor perception per se is more important
than odor recognition. Odor perception indi-
cates that the peripheral part of the olfactory
tract is intact; odor recognition indicates that
the cortical portion of the olfactory pathway is
also intact. More sophisticated tests may be re-
quired in some cases. Because there is bilateral
innervation, unilateral lesions proximal to the
anterior commissure and cortical lesions may
not cause anosmia.

Anosmia/hyposmia. Unilateral anosmia may be
caused by a tumor (meningioma). Korsakoff syn-
drome can render the patient unable to identify
odors. Viral infections (influenza), heavy smok-
ing, and toxic substances can damage the ol-
factory epithelium; trauma (disruption of ol-
factory nerves, frontal hemorrhage), tumors,
meningitis, or radiotherapy may damage the ol-
factory pathway. Parkinson disease, multiple
sclerosis, Kallmann syndrome (congenital
anosmia with hypogonadism), meningoen-
cephalocele, albinism, hepatic cirrhosis, and
renal failure can also cause olfactory distur-
bances.
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Taste

Taste buds. Each taste bud contains 50-150 gu-
statory cells. Taste buds are found on the mar-
gins and furrows of the different types of gu-
statory papillae (fungiform, foliate, and vallate)
and are specific for one of the four primary
tastes, sweet, sour, salty, and bitter. The lifespan
of each gustatory cell is approximately one
week. Filaments called microvilli projecting
from the cells’ upper poles are coated with gu-
statory receptor molecules. Stimulation of the
gustatory cell at its receptors by the specific
taste initiates a molecular transduction process,
resulting in depolarization of the cell. Each taste
bud responds to multiple qualities of taste, but
at different sensitivity thresholds, resulting in a
characteristic taste profile. For example, one
papilla may be more sensitive to “sweet,”
another to “sour.” The higher the concentration
of the tasted substance, the greater the number
of gustatory cells that fire action potentials.
Complex tastes are encoded in the different pat-
terns of receptor stimulation that they evoke.
Gustatory pathway. Sensory impulses from the
tongue are conveyed to the brain by three path-
ways: from the anterior two-thirds of the
tongue via the lingual nerve (V/3) to the chorda
tympani, which arises from the facial nerve
(nervus intermedius); from the posterior third
of the tongue via the glossopharyngeal nerve;
and from the epiglottis via the vagus nerve
(fibers arising from the inferior ganglion).
Sensory impulses from the soft palate travel via
the palatinate nerves to the pterygopalatine
ganglion and onward through the greater
petrosal nerve and nervus intermedius. All gu-
statory information arrives at the nucleus of the
solitary tract, which projects, through a
thalamic relay, to the postcentral gyrus. The gu-
statory pathway is interconnected with the ol-
factory pathway through the hypothalamus and
amygdala. It has important interactions with the
autonomic nervous system (facial sweating and
flushing; salivation) and with affective centers
(accounting for like and dislike of particular
tastes).

Gustatory Disturbances (Dysgeusia)

When smell is impaired, the patient loses the
capacity for fine differentiation of tastes but is
able to distinguish the primary tastes (sweet,

sour, salty, bitter). For example, chocolate pud-
ding can be identified as “sweet” but not as
“chocolate.” Diminished taste (hypogeusia) is
more common than complete loss of taste
(ageusia).

Tests of taste. Taste thresholds on each side of
the tongue are tested with the tongue out-
stretched. A test solution is applied to the
tongue with a cotton swab for 20 to 30 seconds.
The patient is then asked to point to the corre-
sponding region of a map divided into “sweet”,
“sour”, “salty” and “bitter” zones. The test solu-
tions contain glucose (sweet), sodium chloride
(salty), citric acid (sour), or quinine (bitter). The
mouth is rinsed with water between test solu-
tions. The taste zones are not organized in a
strict topographic pattern. Electrogustometry
can be used for precise determination of the
taste thresholds but it is time-consuming and
requires a high level of concentration on the
part of the patient.

Ageusia/hypogeusia. Dry mouth (Sjogren syn-
drome), excessive alcohol consumption, smok-
ing, spicy food, chemical burns, medications
(e.g., lithium, L-dopa, aspirin, cholestyramine,
amitryptiline,  vincristine, carbamazepine),
radiotherapy, infectious diseases (influenza),
and stomatitis (thrush) can damage the taste
buds. Lesions of the chorda tympani producing
unilateral gustatory disturbances are seen in
patients with peripheral facial palsy, chronic
otitis media, and cholesteatoma. Lesions of
cranial nerves V, IX, or X lead to taste distortion
(especially of bitter, sour, and salty) in the poste-
rior third of the tongue, in combination with
paresthesia (sensation of burning or numbness).
Gustatory disturbances may also be caused by
damage to the central gustatory pathway, e.g.,
by trauma, brain tumors, carbon monoxide poi-
soning, or multiple sclerosis. The sense of taste
can also change because of aging (especially
sweet and sour), pregnancy, diabetes mellitus,
hypothyroidism, and vitamin deficiencies (A,
B,).
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Visual pathway

Retina. Visible light is electromagnetic radiation
at wavelengths of 400-750 nanometers. The
dioptric system (cornea, aqueous humor of the
anterior and posterior ocular chambers, pupil,
lens, vitreous body) produces a miniature, up-
side-down mirror image of the visual field on
the retina. The fovea, located in the center of the
macula at the posterior pole of the eyeball, is the
area of sharpest vision in daylight. Blood is sup-
plied to the eye by the ophthalmic artery via the
ciliary arteries (supplies the choroid) and the
central retinal artery (supplies the retina). The
optic disk, the central retinal artery that
branches from it, and the central retinal vein can
be examined by ophthalmoscopy.

Visual pathway. The visual pathway begins in
the retina (first three neurons) and continues
through the optic nerve to the optic chiasm,
from which it continues as the optic tract to the
lateral geniculate body. The optic radiation
arises at the lateral geniculate body and termi-
nates in the primary (area 17) and secondary
visual areas (areas 18, 19) of the occipital lobe.

The fibers of the retinal neuronal network con-
verge at the optic disk before continuing via the
optic nerve to the optic chiasm, in which the me-
dial (nasal) fibers cross to the opposite side. The
right optic tract thus contains fibers from the
temporal half of the right retina and the nasal
half of the left retina. The lateral geniculate body
is the site of the fourth neuron of the optic path-
way. Its efferent fibers form the optic radiation,
which terminates in the visual cortex (striate
cortex) of the occipital lobe. The central foveal
area has the largest cortical representation. The
visual pathway is interconnected with midbrain
nuclei (medial, lateral, and dorsal terminal nu-
clei of the pretectal region; superior colliculus),
nonvisual cortical areas (somatosensory, pre-
motor, and auditory), the cerebellum, and the
pulvinar (posterior part of thalamus).

Visual field. The monocular visual field is the
portion of the external world seen with one eye,
and the binocular visual field is that seen by both
eyes. The visual fields of the two eyes overlap;
the overall visual field therefore consists of a
central zone of clear binocular vision produced
by the left and right central foveae, a peripheral
binocular zone, and a monocular zone. Partial
decussation at the optic chiasm brings visual in-
formation from the right (left) side of the world

to the left (right) side of the brain. The visual
field is topographically represented at all levels
of the visual pathway from retina to cortex; le-
sions at any level of the pathway cause visual
field defects of characteristic types. If the images
on the two retinas are displaced by more than a
certain threshold distance, double vision (dipl-
opia) results. This is most commonly due to dis-
turbances of the extraocular muscles, e. g., para-
lysis of one or more of these muscles (p. 86).
Stereoscopic vision. Three-dimensional visual
perception (stereoscopic vision) is produced by
comparison of the slightly different images in
the two eyes. Stereoscopic vision is very impor-
tant for depth perception, though depth can be
judged to some extent, through other cues, with
monocular vision alone.

Color vision. Testing of color vision requires
standard definition of the colors red, blue, and
green. The visual threshold for various colors,
each defined as a specific mixture of the three
primary colors, is determined with a standard-
ized color perception chart. Disturbances of color
vision may be due to disturbances of the dioptric
system, the retina, or the visual pathway. Corti-
cal lesions cause various kinds of visual agnosia.
Lesions of area 18 may make it impossible for
patients to recognize colors despite intact color
vision (color agnosia), or to recognize familiar
objects (object agnosia) or faces (prosop-
agnosia). Patients with lesions of area 19 have
intact vision but cannot recognize or describe
the objects that they see. Spatial orientation
may be impaired (visuospatial agnosia), as may
the inability to draw pictures. Persons with
visual agnosia may need to touch objects to
identify them.

Limbic system. Connections with the limbic sys-
tem (hippocampus, amygdala, parahippocampal
gyrus; p. 144) account for the ability of visual
input to evoke an emotional response.
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Visual Field Defects

Examination. The visual fields of both eyes
should always be jointly assessed. The confronta-
tion test, in which the examiner “confronts” the
patient’s visual field with his or her own, intact,
contralateral visual field, is used to check for
visual field defects. For the test to be performed
correctly, the patient and the examiner must first
fixate along the same line. The examiner then
slowly moves a white or red object (at least 1 cm
in diameter) from the periphery of the visual
field toward the center in a number of different
directions, and determines where the patient can
and cannot see it. Alternatively, the examiner
may raise one or more fingers and ask the patient
to count them (a useful test for small children,
and for persons whose vision is so poor that it
cannot be tested by the first method). The per-
ceived brightness (unequal in patients with
hemianopsia) of the hand in the nasal and tem-
poral portions of the visual field is also deter-
mined. The red vision test enables the detection
of a central scotoma as an area in which the red
color is perceived as less intense. More detailed
information can be obtained by further oph-
thalmological testing (Goldmann perimetry, au-
tomatic perimetry).

Visual field defect (scotoma). The thin myeli-
nated fibers in the center of the optic nerve,
which are derived from the papillomacular
bundle, are usually the first to be affected by
optic neuropathy (central scotoma). From the
optic chiasm onward, the right and left visual
fields are segregated into the left and right sides
of the brain. Unilateral lesions of the retina and
optic nerve cause monocular deficits, while ret-
rochiasmatic lesions cause homonymous defects
(quadrantanopsia, hemianopsia) that do not
cross the vertical meridian, i.e., affect one side of
the visual field only. Anterior retrochiasmatic le-
sions cause incongruent visual field defects,
while posterior retrochiasmatic lesions lead to
congruent visual field defects. Temporal lobe le-
sions cause mildly incongruent, contralateral,
superior homonymous quadrantanopsia. Bitem-
poral visual field defects (heteronymous hemi-
anopsia) have their origin in the chiasm. Uni-
lateral retrochiasmatic lesions cause visual field
defects but do not impair visual acuity. Organic
visual field defects widen pregressively with the
distance of test objects from the eye, whereas
psychogenic ones are constant (“tubular fields”).
Prechiasmatic lesions may affect the retina,
papilla (= optic disk), or optic nerve. Transient

episodes of monocular blindness (amaurosis
fugax) see p.372 (table 22a). Acute or subacute
unilateral blindness may be caused by optic or
retrobulbar neuritis, papilledema (intracranial
mass, pseudotumor cerebri), cranial arteritis,
toxic and metabolic disorders, local tumors, cen-
tral retinal artery occlusion, or central retinal
vein occlusion.

Chiasmatic lesions. Lesions of the optic chiasm
usually produce bitemporal visual field defects.
Yet, because the medial portion of the chiasm
contains decussating fibers while its lateral por-
tions contain uncrossed fibers, the type of visual
field defect produced varies depending on the
exact location of the lesion. As a rule, anterior
chiasmatic lesions that also involve the optic
nerve cause a central scotoma in the eye on the
side of the lesion and a superior temporal visual
field defect (junction scotoma) in the con-
tralateral eye. Lateral chiasmatic lesions produce
nasal hemianopsia of the ipsilateral eye; those
that impinge on the chiasm from both sides pro-
duce binasal defects. Dorsal chiasmatic lesions
produce bitemporal hemianopic paracentral
scotomata. Double vision may be the chief com-
plaint of patients with bitemporal scotomata.
Retrochiasmatic lesions. Depending on their lo-
cation, retrochiasmatic lesions produce different
types of homonymous unilateral scotoma: the de-
fect may be congruent or incongruent, quadran-
tanopsia or hemianopsia. As a rule, temporal le-
sions cause contralateral superior quadran-
tanopsia, while parietal lesions cause con-
tralateral inferior quadrantanopsia. Complete
hemianopsia may be caused by a relatively small
lesion of the optic tract or lateral geniculate body,
or by a more extensive lesion more distally along
the visual pathway. Sparing of the temporal
sickle (p. 80)indicates that the lesionislocated in
the occipital interhemispheric fissure. Bilateral
homonymous scotoma is caused by bilateral optic
tract damage. The patient suffers from “tunnel
vision” but the central visual field remains intact
(sparing of macular fibers). Cortical blindness re-
fers to subnormal visual acuity due to bilateral
retrogeniculate lesions. Bilateral altitudinal ho-
monymous hemianopsia (i.e., exclusively above
or exclusively below the visual equator) is due to
extensive bilateral damage to the temporal lobe
(superior scotoma) or parietal lobe (inferior sco-
toma).
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Oculomotor Function

The visual axes of the eyes are directed straight
ahead on primary gaze (i.e., 23° inward from the
more lateral axes of the orbits). Movements of
the eyes are mediated by six extraocular
muscles on each side. The lateral and medial
rectus muscles are responsible for horizontal
eye movements. Vertical eye movements are
subserved by the superior and inferior rectus as
well as superior and inferior oblique muscles.
The rectus muscles elevate and depress the eye
when it is abducted, the oblique muscles when
itis adducted. The two muscles of each synergis-
tic pair (e. g., the left lateral rectus and right me-
dial rectus muscles) receive equal degrees of in-
nervation (Hering’s law).

Vestibulo-ocular reflex (VOR). Impulses arising
in the semicircular canals in response to rapid
movement of the head induce reflex movement
of the eyes in such a way as to stabilize the visual
image (p.26). For example stimulation of the
horizontal semicircular canal activates the ipsi-
lateral medial rectus and contralateral lateral
rectus muscles, while inhibiting the ipsilateral
lateral rectus and contralateral medial rectus
muscles. The VOR makes the eyes move in the
direction opposite to the head movements, at
the same angular velocity.

Optokinetic reflex. Optokinetic nystagmus
(OKN) is triggered by large-scale, moving visual
stimuli and serves to stabilize the visual image
during slow head movement. OKN is character-
ized by slow, gliding conjugate movement of the
eyes in the direction of an object moving hori-
zontally or vertically across the visual field, in
alternation with rapid return movements in the
opposite direction (saccades). OKN is intact in
psychogenic (pseudo) blindness.

Fixation. Fixation is active adjustment of the
gaze (with or without the aid of eye movement)
to keep a visualized object in focus.

Saccades. Saccades are rapid, jerky conjugate
movements of the eyes that serve to adjust or
set the point of fixation of an object on the fovea.
Saccades may be spontaneous, reflexive (in re-
sponse to acoustic, visual, or tactile stimuli), or
voluntary; the rapid phase of nystagmus is a
saccade. The speed, direction, and amplitude of
a saccadic movement are determined before it is
carried out and cannot be influenced voluntarily
during its execution. Shifts of visual fixation by
more than 10° are accompanied by head move-

ments.

Slow ocular pursuit. Voluntary ocular pursuit
can occur only when triggered by a moving
visual stimulus (e. g., a passing car). Conversely,
fixation of the gaze on a resting object while the
head is moving leads to gliding eye movements.
Fixation-independent ocular pursuit also occurs
during somnolence and the early stages of sleep
(“floating” eye movements).

Vergence movements (convergence and diver-
gence) are mirror-image movements of the two
eyes toward or away from the midline, evoked
by movement of an object toward or away from
the head in the sagittal plane. They serve to
center the visual image on both foveae and are
accompanied by an adjustment of the curvature
of the lens (accommodation) to keep the object
in focus.

Neural pathways. The medial longitudinal
fasciculus (MLF) interconnects the nuclei of
cranial nerves III, IV, and VI. The MLF also con-
nects with fibers conveying information to and
from the cervical musculature, vestibular nuclei,
cerebellum, and cerebral cortex and thus medi-
ates the coordination of eye movements with
movements of the body and head. Saccades are
produced by two parallel systems: Voluntary eye
movements are subserved by the frontal system,
which consists of the frontal eye fields (areas 4,
6, 8, 9), the supplementary eye field (area 6), the
dorsolateral prefrontal cortex (area 46), and a
portion of the parietal cortex (area 7). It projects
to the contralateral paramedian pontine reticu-
lar formation (PPRF), which coordinates vertical
and horizontal saccades. Vertical and torsional
eye movements are controlled by the rostral in-
terstitial nucleus of the MLF and by the intersti-
tial nucleus of Cajal. Reflex eye movements are in-
itiated in the visual cortex (area 17) and tem-
poral lobe (areas 19, 37, 39) and modulated in
the superior colliculus (collicular system). Ver-
gence and accommodation are mediated by the
pretectal area in the vicinity of the oculomotor
nucleus.
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Oculomotor Disturbances

Peripheral Oculomotor Disturbances

Weakness of an extraocular muscle results in di-
plopia, which is most pronounced in the direc-
tion of action of the affected muscle (p. 85). The
cause may be a lesion in the muscle itself, in the
cranial nerve that supplies it, or in the cranial
nerve nucleus.

Examination. The more peripheral of the two
images seen by the patient is always derived
from the affected eye. The impaired eye move-
ment may be seen directly by observation of
conjugate eye movements in the nine cardinal
directions of gaze (p. 85). Next, the examiner has
the patient look in the direction of greatest
image displacement, covers first one eye and
then the other, and asks the patient each time
which of the two images has disappeared. The
more peripheral image disappears when the af-
fected eye is covered. Alternatively, the patient
can be asked to look at a point of light while a
red glass is held in front of one eye; if the more
peripheral image is red, then the eye with the
glass is the affected eye. Another test is to
rapidly cover and uncover one eye and then the
other while the patient looks in the cardinal
directions of gaze. The greatest ocular deviation
and the greatest adjustment of the unaffected
eye (secondary angle of deviation) occur when
the patient looks in the direction of the paretic
muscle. As a rule, these tests are helpful when a
single muscle is acutely weak; more sophisti-
cated ophthalmological tests are needed if the
weakness is chronic or affects more than one
muscle.

Oculomotor nerve palsy. When a compressive
lesion causes complete oculomotor nerve palsy,
the patient complains of diplopia (with oblique
image displacement) only when the ptotic eye-
lid is passively elevated. The affected eye is
turned downward (action of the intact superior
oblique muscle) and outward (intact lateral rec-
tus muscle) on primary gaze, and the pupil is
fixed, dilated, and irregularly shaped. The in-
volved eye can still be abducted (intact CN VI),
and looking down causes intorsion (intact CN
IV). Incomplete oculomotor nerve palsy because
of nuclear or myopathic lesions may differen-
tially affect the intraocular and extraocular
muscles supplied by CN III and cause different
types of diplopia and pupillary disorders (p. 90).

Trochlear nerve palsy. The affected eye points
upward and toward the nose on primary gaze.
Diplopia is worst when the affected eye looks
toward the nose and downward.

Abducens nerve palsy. The affected eye deviates
toward the nose on primary gaze. Horizontal di-
plopia is worst on looking toward the side of the
affected eye.

Supranuclear and Internuclear Oculomo-
tor Disturbances

Internuclear ophthalmoplegia (INO) is charac-
terized by inability to adduct one eye, combined
with nystagmus of the other, abducted eye (dis-
sociated nystagmus), on attempted lateral gaze.
It is due to a lesion of the medial longitudinal
fasciculus (MLF) on the side of the nonadducting
eye and at a level between the nuclei of CN III
and CN VI. Bilateral MLF lesions cause bilateral
INO. Both eyes can adduct normally during con-
vergence. More rostral lesions lead to conver-
gence paresis without nystagmus; more caudal
lesions lead to paresis of the lateral rectus
muscle. Multiple sclerosis and vascular dis-
orders are the most common causes of INO.
Unilateral pontine lesions cause ipsilateral gaze
palsy (the gaze points away from the side of the
lesion) but leave vertical eye movement largely
intact. Co-involvement of the MLF leads to one-
and-a-half syndrome (ipsilateral pontine gaze
palsy + INO), e.g., paresis of conjugate gaze to
the left and impaired adduction of the left eye
on looking to the right.

Supratentorial lesions. Extensive cortical or sub-
cortical hemispheric lesions produce con-
tralateral gaze palsy (patient gazes toward the
side of the lesion). Slow reflex movements of the
eyes in all directions are still possible because
the optokinetic reflex is not affected. In occipital
lesions, the optokinetic reflex is absent; volun-
tary eye movements are preserved, but the eyes
can no longer follow slowly moving objects. Ab-
normal, diffuse elevation of activity within a
hemisphere (e.g., because of an epileptic
seizure) causes contralateral gaze deviation.

For further information on horizontal and verti-
cal gaze palsy, see page 70.

Rohkamm, Color Atlas of Neurology © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Oculomotor Disturbances

53

Complete right oculomotor palsy
(looking straight ahead)

I I -

v Nucleus
praepositus

vi hypoglossi
(lateral gaze)

Neuroanatomy of internuclear ophthalmoplegia
(INO) (shown: left INO on rightward gaze) Bilateral INO
(leftward, rightward, and downward gaze)

Irritative lesion

Supra-
tentorial
lesion
Irritative lesion
Hypoglossal nucleus [ | pontine lesion
| |
1 )
_l
Rightward gaze deviation Conjugate supranuclear paresis of leftward gaze

(irritative lesion: left, supratentorial; right, pontine)  (right supratentorial lesion or left pontine destructive lesion)

Rohkamm, Color Atlas of Neurology © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.

Cranial Nerves

87



Cranial Nerves

88

Nystagmus

Nystagmus is involuntary rhythmic movement
of the eyes consisting of slow movement in one
direction and rapid return movement in the
other. The slow component is caused by distur-
bances of the motor and stabilizing systems of
the eye (p. 84) or because of ocular muscle pare-
sis; the fast component represents the rapid re-
turn movement of pontine generators. Although
the slow component is the actual pathological
component of nystagmus, the direction of nys-
tagmus is conventionally said to be that of its fast
component, which is easier to detect. The inten-
sity of nystagmus increases when the patient
gazes in the direction of the fast component.
Nystagmus can be further classified according to
the type of movement as pendular, circular, or
torsional (rotatory).

Examination. The examiner first observes the
eyes on primary gaze, then during horizontal
and vertical pursuit (fixation of gaze on a slowly
moving object) and vergence. Nystagmus of
labyrinthine origin is observed best with Frenzel
spectacles (preventing visual fixation and giving
the examiner a magnified view of the eyes). The
following features of nystagmus are assessed:
positional-dependence, coordination (conjugate,
dissociated), direction (horizontal, vertical, ro-
tatory, retracting, pendular), amplitude (fine,
medium, coarse), and frequency (slow, mod-
erate, fast).

Physiological Nystagmus

Physiological nystagmus serves to stabilize the
visual image while the head and body are
moving or when the individual looks at a
moving object. The different types include con-
genital nystagmus (often X-linked recessive;
fixation nystagmus is most pronounced when
gazing fixedly on an object; the direction of nys-
tagmus is usually horizontal), spasmus nutans
(pendular nystagmus beginning in the first year
of life; often accompanied by nodding of the
head and torticollis; disappears spontaneously),
end-position nystagmus (occurs during rapid
movement; extreme lateral gaze; usually only a
few beats), and optokinetic nystagmus (its ab-
sence is pathological; see p. 84).

Pathological Nystagmus

Gaze-evoked nystagmus occurs only in certain
direction(s) of gaze. The main causes are drug

intoxication and brain stem or cerebellar distur-
bances. A slower and coarser gaze-paretic nys-
tagmus may be seen in association with su-
pranuclear or peripheral gaze palsy, beating in
the direction of the paretic gaze. Peripheral
palsy of an eye muscle may cause unilateral nys-
tagmus of the affected eye.

Spontaneous nystagmus is that which occurs
when the eyes are in the primary position; it is
usually caused by vestibular dysfunction and is
rarely congenital.

Peripheral vestibular nystagmus (cf. p. 58) can be
seen in patients with benign paroxysmal posi-
tional vertigo, vestibular neuritis, Méniére dis-
ease, vascular compression of the vestibular
nerve, and labyrinthine fistula. Nystagmus
decreases on fixation and increases when fixa-
tion is blocked (lid closure, Frenzel spectacles).
Most patients exhibit rotatory nystagmus that
either beats continually toward the nonaffected
ear, or else begins a short time after a change of
position (positional nystagmus toward the lower
ear, see p.58).

Central vestibular nystagmus (p. 58) is caused by
lesions of the brain stem (vestibular nuclei, ves-
tibulocerebellum) or of the thalamocortical pro-
jections. It is usually accompanied by other
brain stem or cerebellar signs, does not decrease
on fixation, depends on the direction of gaze,
and usually persists. Central positional nystag-
mus does not exhibit latency, is not affected by
the rate of positional change, occurs with
changes of position to either side, beats toward
the higher ear, and is not exhaustible, stopping
only when the patient is returned to the neutral
position. Because positional information from
vestibular, visual, and somatosensory systems is
integrated in the vestibulo-ocular reflex (VOR;
see pp. 26, 84), the phenomena associated with
nystagmus can be explained as functional dis-
turbances in one of the major three spatial
planes of action of the VOR. Lesions cause an im-
balance between the neural inputs to the VOR
concerning the two sides of the affected plane.
Depending on which plane is affected, the re-
sulting nystagmus may be horizontal (horizontal
plane; lesion of the vestibular nuclei), vertical
(sagittal plane; pontomesencephalic, pon-
tomedullary, or floccular lesion), or torsional
(coronal plane; pontomesencephalic or pon-
tomedullary lesion). Vertical nystagmus (upbeat
or downbeat) is always due to a central lesion.
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Pupillomotor Function

The colored part of the eye, or iris (Greek “rain-
bow"), is the posterior wall of the anterior ocu-
lar chamber. Its inner edge forms the margin of
the pupil. The sphincter pupillae muscle con-
tracts the pupil, and the dilator pupillae muscle
dilates it. The upper eyelid contains two
muscles: the superior tarsal muscle receives
sympathetic innervation, and the levator palpe-
brae superioris muscle is innervated by the
oculomotor nerve.

Nerve Pathways

Parasympathetic fibers. The preganglionic
fibers arise in the accessory oculomotor nucleus
(Edinger-Westphal nucleus), travel in the oculo-
motor nerve along its outer edge, and enter the
ciliary ganglion. The postganglionic fibers travel
to the ciliary and sphincter pupillae muscles in
the short ciliary nerves (of which there are up to
20). The parasympathetic fibers and all others
on the outer aspect of CN III receive their blood
supply from the pial vessels, while fibers in the
interior of the nerve are supplied by the vasa
nervorum.

Sympathetic fibers. The central sympathetic
fibers exit from the posterolateral portion of the
hypothalamus (first preganglionic neurons),
then pass ipsilaterally through the tegmentum
of the mid brain and pons and through the
lateral medulla to form a synapse onto the sec-
ond preganglionic neurons in the intermedi-
olateral cell column of the spinal cord (ciliospi-
nal center), at levels C8-T2. Most of the fibers
exit the spinal cord with the ventral root of T1
and join with the sympathetic trunk, which lies
adjacent to the pleural dome at this level. They
travel with the ansa subclavia around the sub-
clavian artery and pass through the inferior
(stellate) and middle cervical ganglia to the su-
perior cervical ganglion, where they form a
(third) synapse onto the postganglionic neu-
rons. Postganglionic fibers to the pupil travel
along the course of the internal carotid artery
(carotid plexus) and the ophthalmic artery, then
in the nasociliary nerve (a branch of CN V) and,
finally, the long ciliary nerves, which innervate
the dilator pupillae muscle. Other postgan-
glionic fibers of the sympathetic system pass to
the sweat glands, the orbital muscles (bridging
the inferior orbital fissure), the superior and in-
ferior tarsal muscles, and the conjunctival ves-
sels. Fibers to the sweat glands arise at the

T3-T4 level and form a synapse with the third
neuron in the stellate ganglion; thus, nerve root
lesions at C8-T2 do not impair sweating.

Light Reflex

The light reflex regulates the diameter of the
pupils according to the amount of light falling
on the eye. Each pupil constricts in response to
light and dilates in the dark. The afferent arm of
the reflex arc consists of fibers of the optic nerve
that decussate in the optic chiasm, then pass
around the lateral geniculate body and termi-
nate in the mid brain pretectal area, both ipsi-
laterally and contralaterally. The parasympa-
thetic fibers are the efferent arm. The Edinger—
Westphal nuclei of the two sides are connected
to each other by interneurons; thus, impulses
from each optic nerve arrive at both Edinger-
Westphal nuclei, and light falling on one eye
leads to contraction of both the ipsilateral pupil
(direct light reflex) and the contralateral pupil
(consensual light reflex). The pupillary diameter
in moderate ambient light is normally 3-4 mm.
Excessive pupillary constriction (<2 mm) is re-
ferred to as miosis, and excessive dilatation
(>5 mm) as mydriasis. Anisocoria (inequality of
the diameters of the pupils) often indicates a
diseased state (see below); it may be physiologi-
cal but, if so, is usually mild.

The Near Response: Convergence,
Pupilloconstriction, Accommodation

When a subject watches an approaching object,
three things happen: the eyes converge through
the action of the medial rectus muscles; the
pupils constrict; and the curvature of the lens
increases through the action of the ciliary
muscle (accommodation). The near response
may be initiated voluntarily (by squinting) but is
most often the result of a reflex, whose afferent
arm consists of the visual pathway to the visual
cortex. The efferent arm for convergence con-
sists of descending fibers to the pretectal con-
vergence center (Perlia’s nucleus) and onward to
the oculomotor nucleus (nuclear area for the
medial rectus muscles); the efferent arm for
pupilloconstriction and accommodation is the
parasympathetic projection of the Edinger—
Westphal nucleus through the oculomotor
nerve to the sphincter pupillae and ciliary
muscles.
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Pupillary Dysfunction

Examination. The size and shape of the pupils
are first assessed in diffuse light with the
patient looking at a distant object to prevent the
near response. The room is then darkened and
the direct light reflex of each pupil is tested at
varying light intensities (by varying the distance
of the lamp from the eye). If both pupils con-
strict when illuminated, there is no efferent
pupillary defect. Next, in the swinging flashlight
test, the examiner indirectly illuminates one eye
with a bright light for ca. 2 seconds, then quickly
switches the light to the other eye, and back
again, some 5-7 times. The normal finding is
that the two pupils are always of equal diame-
ter; an abnormal finding indicates asymmetry of
the afferent arm of the light reflex on the two
sides, e.g., because of an optic nerve lesion
(Marcus Gunn pupillary escape phenomenon). If
either of these tests is abnormal, or if the pupils
are significantly unequal, the near response
should be tested and the direct and consensual
light reflexes should be tested separately in each
eye. It is easier to identify which pupil is abnor-
mal by observing both phases of the light re-
sponse (constriction and dilatation): both are
slower in the abnormal pupil. In light-near dis-
sociation, the pupils constrict as part of the near
response, but not in response to light. Phar-
macological pupil testing may be necessary in
some cases.

Parasympathetic Denervation
(Unilateral Mydriasis)

Oculomotor palsy (p. 86) is accompanied by my-
driasis only when the parasympathetic fibers on
the margin of the oculomotor nerve are affected.
This is usually not the case in ischemic neu-
ropathy of CN III (e. g., in diabetes mellitus), be-
cause the marginal fibers receive their blood
supply from pial vessels (p. 90). A tonic pupil is a
mydriatic pupil with light-near dissociation.
This condition may be due to local causes (infec-
tion, temporal arteritis) or to systemic diseases
such as Adie syndrome (+ reduction/absence of
tendon reflexes in the legs) and Ross syndrome
(+ hyporeflexia + segmental hypohidrosis). The
use of anticholinergic agents (atropine eye-
drops, scopolamine patch) causes iatrogenic
mydriasis.

Sympathetic Denervation
(Unilateral Miosis)

Horner syndrome is produced by a lesion at any
site along the sympathetic pathway to the eye
and is characterized by unilateral miosis (with
sluggish dilatation) and ptosis; anhidrosis (ab-
sence of sweating) and enophthalmos are part
of the syndrome but are of no practical diagnos-
tic value. The affected pupil will fail to dilate in
response to the instillation of 5% cocaine eye-
drops. Preganglionic lesions (i.e., those proximal
to the superior cervical ganglion) can be distin-
guished from postganglionic lesions by the in-
stillation of 5% pholedrine eyedrops (at least
three days after the cocaine test); the miotic
pupil dilates more than the normal pupil if the
lesion is preganglionic, symmetrically if it is
postganglionic. Central Horner syndrome (first
preganglionic neuron) may be due to lesions of
hypothalamus, brain stem, or cervicothoracic
spinal cord; the second preganglionic neuron
may be affected by lesions of the brachial
plexus, apical thorax, mediastinum, or neck; the
postganglionic neuron may be affected by
carotid dissection or lesions of the skull base.

Supranuclear Lesions

Lesions above the oculomotor nucleus tend to
cause bilateral pupillary dysfunction; the most
common cause is dorsal compression of the
midbrain (Parinaud syndrome; p.358). Neu-
rosyphilis produces Argyll-Robertson pupils—
unequal, irregularly miotic pupils with a varia-
ble degree of iris atrophy, and light-near disso-
ciation.

Coma (see also p. 118)

The cause of coma may be structural, metabolic,
or toxic. Pupilloconstriction is produced by opi-
ates, alcohol, and barbiturates, pupillary dilata-
tion by atropine poisoning (mushrooms, bella-
donna), tricyclic antidepressants, botulinum
toxin, cocaine, and other drugs. Focal lesions
(clivus, midbrain) may cause unilateral or bi-
lateral pupillary areflexia and mydriasis. Uni-
lateral miosis is seen in central Horner syn-
drome, and bilateral miosis (pinpoint pupils) in
acute pontine dysfunction.
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Trigeminal Nerve

Peripheral Connections of the Trigeminal
Ganglion

Ophthalmic nerve (V[1). V/1 gives off a recur-
rent branch to the tentorium cerebelli and falx
cerebri (tentorial branch) and the lacrimal, fron-
tal, and nasociliary nerves, which enter the orbit
through the superior orbital fissure. The lacri-
mal nerve supplies the lacrimal gland, conjunc-
tiva, and lateral aspect of the upper eyelid. The
frontal nerve divides into the supratrochlear
nerve, which supplies the inner canthus, and the
supraorbital nerve, which supplies the conjunc-
tiva, upper eyelid, skin of the forehead, and fron-
tal sinus. Finally, the nasociliary nerve gives off
branches to the skin of the medial canthus,
bridge and tip of the nose, the mucous mem-
branes of the nasal sinus (anterior ethmoid
nerve) and sphenoid sinus, and the ethmoid
cells (posterior ethmoid nerve).

Maxillary nerve (V|2). Before entering the fora-
men rotundum, V/2 gives off a middle meningeal
branch that innervates the dura mater of the me-
dial cranial fossa and the middle meningeal
artery. Other branches innervate the skin of the
zygomatic region and temple (zygomatic nerve),
and of the cheek (infraorbital nerve). The infraor-
bital nerve enters the orbit through the inferior
orbital fissure, then exits from it again through
the infraorbital canal; it innervates the cheek and
the maxillary teeth (superior alveolar nerve).
Mandibular nerve (V[3). V/3 gives off a mening-
eal branch (nervus spinosus) just distal from its
exit from the foramen ovale that reenters the
cranial cavity through the foramen spinosum to
supply the dura mater, part of the sphenoid
sinus, and the mastoid air cells. In its further
course, V/3 gives off the auriculotemporal nerve
(supplies the temporomandibular joint, skin of
the temple in front of the ear, external auditory
canal, eardrum, parotid gland, and anterior sur-
face of the auricle), the lingual nerve (tonsils,
mucous membranes of the floor of the mouth,
gums of the lower front teeth, and mucosa of the
anterior two-thirds of the tongue), the inferior
alveolar nerve (teeth of the lower jaw and lateral
gums), the mental nerve (lower lip, skin of the
chin, and gums of front teeth), and the buccal
nerve (buccal mucosa).

The motor root of CN V contains motor fibers
from the trigeminal motor nucleus in the pons

and joins the mandibular nerve to innervate the
muscles of mastication (temporalis, masseter,
and medial and lateral pterygoid muscles),
hyoid muscles (anterior belly of the digastric
muscle, mylohyoid muscle), muscles of the soft
palate (tensor veli palatini muscle), and tensor
tympani muscle.

Central Connections of the Trigeminal
Ganglion

Sensory fibers mediating epicritic sensation ter-
minate in the principal sensory nucleus of the
trigeminal nerve, which is located in the pons.
Fibers terminating in this nucleus also form the
afferent arm of the corneal reflex, whose effer-
ent arm is the facial nerve. Fibers mediating pro-
topathic sensation terminate in the spinal nu-
cleus of the trigeminal nerve, a column of cells
that extends down the medulla to the upper cer-
vical spinal cord. The spinal nucleus is somato-
topically organized: its uppermost portion is re-
sponsible for perioral sensation, while lower
portions serve progressively more peripheral
areas of the face in an “onion-skin” arrange-
ment. The caudal portion of the spinal nucleus
of the trigeminal nerve also receives fibers from
cranial nerves VII, IX, and X carrying nociceptive
impulses from the ear, posterior third of the
tongue, pharynx, and larynx.

Mesencephalic nucleus of trigeminal nerve. This
midbrain nucleus, too, contains pseudounipolar
neurons, whose long dendrites pass through the
trigeminal ganglion without forming a synapse
and carry afferent impulses from masticatory
muscle spindles and pressure receptors (for reg-
ulation of the force of chewing).
Trigeminocortical tracts. Output fibers of the
spinal nucleus of the trigeminal nerve decussate
in the brain stem and ascend, by way of the
trigeminal  lemniscus  (adjacent to the
spinothalamic tract) and the medial lemniscus,
to the ventral posteromedial (VPM) and poste-
rior nuclei of the thalamus, where the third neu-
ron of the sensory pathway is located. These
thalamic nuclei project via the internal capsule
to the postcentral gyrus. The supranuclear in-
nervation of the motor nucleus of the trigeminal
nerve is from the caudal portions of the precen-
tral gyrus (bilaterally), by way of the corticonu-
clear tract.

Rohkamm, Color Atlas of Neurology © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Trigeminal Nerve

Thalamus

Cortical projections
(postcentral gyrus)

Trigeminal
lemniscus

Corticonuclear tract

Lesser occipital Motor nucleus of V

n. (from C2)

Mesencephalic nucleus of V

V3 o
Principal sensory nucleus of V

Trigeminal
ganglion

Greater
occipital n.
(from C3)

v[2

Mylohyoid m., Spinal nucleus of V
digastric m. i,
Peripheral innervation pattern Central innervation pattern

Rohkamm, Color Atlas of Neurology © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.

Cranial Nerves

95



Cranial Nerves

96

Facial Nerve

Nerve Pathways

Central motor pathway. The corticonuclear tract
originates in the precentral cortex (area 8),
passes in front of the pyramidal tract in the genu
of the internal capsule, then travels in the me-
dial portion of the ipsilateral cerebral peduncle
to reach the facial nucleus in the lower pons. The
supranuclear fibers serving the upper facial
muscles (frontalis and corrugator supercilii
muscles, upper part of orbicularis oculi muscle,
superior auricular muscle) decussate in-
completely in the pons, so that these muscles
have bilateral supranuclear innervation; fibers
serving the remaining muscles decussate
completely, so that they have contralateral in-
nervation only. The precentral cortex is re-
sponsible for the voluntary component of facial
expression, while nonpyramidal motor connec-
tions subserve the automatic and emotive com-
ponents of facial expression. These anatomical
facts explain the dissociated functional deficits
that set supranuclear facial palsies apart from
nuclear or subnuclear palsies, and enable their
further differentiation into cortical and subcor-
tical types (see below).

Peripheral motor pathway. The facial nucleus
and its efferent fibers are somatotopically or-
ganized. The emerging fibers first run dorsome-
dially, then turn anterolaterally to pass around
the abducens nucleus (inner genu of facial
nerve), and exit the brain stem as the facial
nerve in the cerebellopontine angle, near CN VI
and VIII. The facial nerve enters the internal
acoustic meatus together with the nervus inter-
medius and CN VIII, then leaves the meatus to
enter the facial canal; it passes between the
cochlea and labyrinth, then turns back again
(outer genu of facial nerve). After leaving the
skull at the stylomastoid foramen, it continues
inside the parotid gland and gives off motor
branches to all muscles of facial expression as
well as the platysma, ear muscles, stapedius, di-
gastric (posterior belly), and stylohyoid muscles.
Sensory and parasympathetic fibers (nervus in-
termedius). Sensory fibers from the geniculate
ganglion travel to the superior salivatory nu-
cleus, nucleus of the tractus solitarius (p.78),
and spinal nucleus of the trigeminal nerve
(p. 94). Taste fibers from the anterior two-thirds
of the tongue (lingual nerve) and the soft palate

(greater petrosal nerve) join the chorda tym-
pani. Preganglionic parasympathetic fibers
travel in the greater petrosal nerve to the ptery-
gopalatine ganglion, from which postganglonic
fibers pass to the lacrimal, nasal, and palatine
glands; other preganglionic fibers travel in the
chorda tympani to the submandibular ganglion,
from which postganglionic fibers pass to the
sublingual and submandibular glands. Connec-
tions via the contralateral medial lemniscus to
the thalamus and postcentral gyrus, and to the
hypothalamus, subserve reflex salivation in re-
sponse to the smell and taste of food. The facial
nerve carries sensory fibers from the external
auditory canal, eardrum, external ear, and mas-
toid region (posterior auricular nerve), as well as
proprioceptive fibers from the muscles it inner-
vates.

Functional Systems

The voluntary component of facial expression is
mediated by the precentral cortex, in which the
face is somatotopically represented. Only the
upper facial muscles have bilateral supranuclear
innervation; thus, a central supranuclear facial
palsy does not affect eye closure or the ability to
knit one’s brow. Yet facial palsy that spares the
upper face is not necessarily of supranuclear
origin: because the facial nucleus and nerve are
also somatotopically organized, incomplete le-
sions of these structures may also produce a
similar appearance. An important and some-
times helpful distinguishing feature is that a su-
pranuclear palsy may affect facial expression in
the lower face in a dissociated fashion. Supranu-
clear facial palsy due to a cortical lesion impairs
voluntary facial expression, but tends to spare
emotional expression (laughing, crying); that
due to a subcortical lesion (e. g., in Parkinson dis-
ease or hereditary dystonia) does just the op-
posite.

The following reflexes are of clinical significance
(A = afferent arm, E = efferent arm): orbicularis
oculi reflex (blink reflex; A: V/1; E: VII); corneal
reflex (A: V[1; E: VII); sucking reflex (A: V[2, V|3,
XI; E: V, VII, IX, X, XII), palmomental reflex (A:
thenar skin/muscles; E: VII), acoustic blink reflex
(A: VIII; E: VI), visual blink reflex (A: 1I; E: VII),
orbicularis oris reflex (snout reflex; A: V/2; E:
ViI).
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Facial Nerve Lesions

Examination. Motor function is assessed at rest
(asymmetry of face/skin folds, atrophy, spon-
taneous movements, blink rate) and during vol-
untary movement (forehead, eyelids and brows,
cheeks, mouth region, platysma). Trigeminal
nerve dysfunction (V/1) causes unilateral or bi-
lateral absence of the blink reflex; facial palsy
may impair or abolish the blink response, but
lagophthalmos persists, because the extraocular
muscles are unimpaired. Similar logic applies to

Facial Nerve Lesions

other facial nerve reflexes (p. 96). If the patient
complains of loss of taste, it is tested accordingly
(p.78). Lacrimation can be tested with the
Schirmer test, which, however, is positive only if
tear flow is minimal or absent. The salivation
test is used to measure the flow of saliva from
the submandibular and sublingual glands. The
stapedius reflex is tested by measuring the con-
traction of the stapedius muscle in response to
an acoustic stimulus.

Cortex or internal capsule

Contralateral central facial palsy (+ pyramidal tract lesion, p. 46). Emotional

component of facial expression is unimpaired

Brainstem, facial nucleus

Cerebellopontine angle
ipsilateral.

Base of skull, internal acoustic
meatus

Geniculate ganglion

Pontine syndrome (p. 70, 72, 359), myokymia
Ipsilateral peripheral facial palsy (+V/1-2, VI, VIII; p. 74). Hemifacial spasm

Peripheral facial palsy (+ other cranial nerve palsies; p. 74)

Peripheral facial palsy, dysgeusia, hyposalivation, diminished lacrimation, ear

ache, hyperacusis (due to absence of stapedius reflex)

Facial canal distal to genicu-

late ganglion hyperacusis

Proximal to stylomastoid fora-
men

Stylomastoid foramen

Parotid gland, facial region

Peripheral facial palsy, dysgeusia, hyposalivation (but normal lacrimation),
Peripheral facial palsy, dysgeusia, hyposalivation, intact stapedius reflex

Purely motor peripheral facial palsy

More or less complete, purely motor facial palsy; palsy due to lesions of in-

dividual branches of the facial nerve

For signs and symptoms of facial nerve lesions, see Table 7 on p.362.
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Hearing

Perception of Sound

Sound waves enter the ear through the external
acoustic meatus and travel through the ear canal
to the tympanic membrane (eardrum), setting it
into vibration. Vibrations in the 20-16 000 Hz
range (most sensitive range, 2000-5000 Hz) are
transmitted to the auditory ossicles (malleus,
incus, stapes). The base of the stapes vibrates
against the oval window, creating waves in the
perilymph in the vestibular canal (scala vesti-
buli) of the cochlea; these waves are then trans-
mitted through the connecting passage at the
cochlear apex (helicotrema) to the perilymph of
the tympanic canal (scala tympani). (Oscilla-
tions of the round window compensate for
volume changes caused by oscillations of the
oval window. Sound waves can also reach the
cochlea by direct conduction through the skull
bone.) Migrating waves are set in motion along
the basilar membrane of the cochlear duct; they
travel from the stapes to the helicotrema at
decreasing speed, partly because the basilar
membrane is less tense as it nears the cochlear
apex. These waves have their amplitude maxima
at different sites along the basilar membrane,
depending on frequency (tonotopicity): there re-
sults a frequency-specific excitation of the re-
ceptor cells for hearing—the hair cells of the
organ of Corti, which is adjacent to the basilar
membrane as it winds through the cochlea.

Cochlear Nerve

The tonotopicity of the basilar membrane
causes each hair cell to be tuned to a specific
sound frequency (spectral analysis). Each hair
cell is connected to an afferent fiber of the
cochlear nerve inside the organ of Corti. The
cochlear nerve is formed by the central
processes of the bipolar neurons of the cochlear
ganglion (the first neurons of the auditory path-
way); it exits from the petrous bone at the inter-
nal acoustic meatus, travels a short distance in
the subarachnoid space, and enters the brain
stem in the cerebellopontine angle. Central
auditory processing involves interpretation of
the pattern and temporal sequence of the action
potentials carried in the cochlear nerve.

Auditory Pathway

As it ascends from the cochlea to the auditory
cortex, the auditory pathway gives off collateral
projections to the cerebellum, the oculomotor
and facial nuclei, cervical motor neurons, and
the reticular activating system, which form the
afferent arm of the acoustically mediated re-
flexes.

Axons of the cochlear nerve originating in the
cochlear apex and base terminate in the anterior
and posterior cochlear nuclei, respectively.
These nuclei contain the second neurons of the
auditory pathway. Fibers from the posterior
cochlear nucleus decussate in the floor of the
fourth ventricle, then ascend to enter the lateral
lemniscus and synapse in the inferior colliculus
(third neuron). The inferior colliculus projects to
the medial geniculate body (fourth neuron),
which, in turn, projects via the acoustic radia-
tion to the auditory cortex. The acoustic radia-
tion passes below the thalamus and runs in the
posterior limb of the internal capsule. Fibers
from the anterior cochlear nucleus also decus-
sate, mainly in the trapezoid body, and synapse
onto the next (third) neuron in the olivary nu-
cleus or the nucleus of the lateral lemniscus.
This branch of the auditory pathway then con-
tinues through the lateral lemniscus to the infe-
rior colliculus and onward through the acoustic
radiation to the auditory cortex.

The primary auditory cortex (area 41: Heschl's
gyrus, transverse temporal gyri) is located in the
temporal operculum (i.e., the portion of the
temporal lobe overlying the insula and sepa-
rated from it by the sylvian cistern). Areas 42
and 22 make up the secondary auditory cortex, in
which auditory signals are further processed,
recognized, and compared with auditory
memories. The auditory cortex of each side of
the brain receives information from both ears
(contralateral more than ipsilateral); unilateral
lesions of the central auditory pathway or audi-
tory cortex do not cause clinically relevant hear-
ing loss.
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Disturbances of Deglutition

Impairment of swallowing (deglutition) is called
dysphagia; pain on swallowing is called ody-
nophagia. Dysphagia or vomiting due to neuro-
logical disease often causes aspiration (entrance
of solid or liquid food into the airway below the
vocal cords). Globus hystericus is a foreign-body
sensation in the swallowing pathway independ-
ent of the act of swallowing. Despite its name, it
is not always psychogenic; organic causes in-
clude Zenker diverticulum and gastroe-
sophageal reflux.

Deglutition

Mechanism. The food is ground by the teeth and
moistened with saliva to form chyme, which is
molded by the tongue into an easily swallowed
bolus (oral preparatory phase). The tongue
pushes the bolus into the oropharynx (oral
phase) to initiate the reflex act of swallowing
(pharyngeal phase). The lips and jaw close, the
soft palate rises to seal off the nasopharynx, and
the bolus bends the epiglottis backward. The
bolus is pushed further back by the tongue, res-
piration briefly ceases, and the raised larynx oc-
cludes the airway. The upper esophageal
sphincter slackens (cricopharyngeus, inferior
pharyngeal constrictor, smooth muscle of upper
portion of esophagus). Pressure from the tongue
and pharyngeal peristalsis push the bolus past
the epiglottis and into the esophagus
(esophageal phase). The larynx is lowered, res-
piration is reinstated, and esophageal peristalsis
propels the bolus into the stomach.

Nerve pathways. Fibers of CN V/2, VII, IX, and X
to the nucleus ambiguus and the nucleus of the
tractus solitarius (p.78) make up the afferent
arm of the swallowing reflex. The motor swal-
lowing center (one on each side) lies adjacent to
these nuclei and is associated with the upper
medullary reticular formation; it coordinates
the actions of the numerous muscles involved in
swallowing. Efferent signals reach these
muscles through CN V/3, VII, IX, X, and XIIL
Crossed and uncrossed supranuclear innerva-
tion is derived from the cerebral cortex (precen-
tral and postcentral gyri, frontoparietal oper-
culum, premotor cortex, and anterior insular re-
gion). Spinal motor neurons also participate
(C1-C4).

Neurological Disturbances of Deglutition
(See Table 8 on p.362)

The disturbance usually manifests itself at the
beginning of the act of swallowing (e. g., a feel-
ing of food stuck in the throat, the escape of
liquid or solid food through the nose, choking,
coughing). Associated inflammation of the
swallowing pathway may cause odynophagia.
Chronic dysphagia causes inadequate nutrition
and weight loss. Neurogenic dysphagia usually
impairs the swallowing of liquids more than
solids; soft, chilled foods (like pudding or
yogurt) are often easier to swallow. Sensory dis-
turbances in the larynx and trachea, a
diminished cough reflex, and muscle weakness
may cause aspiration, sometimes unremarked
by the patient (silent aspiration). The diagnostic
evaluation of dysphagia may require special
tests such as radiocinematography, video endo-
scopy, manometry, and pH measurement.
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Sensation

There are two functionally and anatomically dis-
tinct types of somatic sensation and pain. The
spatially and temporally precise perception of
light tactile, noxious, and temperature stimuli is
called epicritic sensation, and the more diffuse
perception of stronger tactile, noxious, and
temperature stimuli is called protopathic sensa-
tion. Sensation in the deep tissues (muscles,
viscera) is predominantly protopathic.

Receptors

Sensory stimuli affect the nervous system by
physically interacting with receptors. Exterocep-
tors respond to external stimuli (mechanical,
thermal, optic, acoustic, olfactory, gustatory);
interoceptors respond to internal stimuli
(stretch, pressure, chemical irritation of internal
organs). A stimulus activates a receptor only if it
is sufficiently intense (above threshold). Recep-
tors are classified according to their activating
stimuli: mechanoreceptors (pressure, touch;
proprioceptive sensations such as joint postion,
muscle contraction, muscle stretch; hearing,
sense of balance), thermoreceptors (heat, cold),
chemoreceptors (pain, smell, itch, taste), and
photoreceptors (light). Cutaneous receptors in-
clude both “free” nerve endings and specially
adapted receptors (e. g., corpuscles of Meissner
and Vater-Pacini). The former type mainly sub-
serve pain and temperature sense, the latter tac-
tile sensation (touch, pressure, vibration). In
hair-covered skin there are tactile receptors
around the hair roots.

Nerve Pathways

From the receptor, information is transmitted to
the afferent fibers of the pseudounipolar spinal
ganglion cells, whose efferent fibers reach the
spinal cord by way of the dorsal root. A synapse
onto a second neuron in the sensory pathway is
made either immediately, in the posterior horn
of the spinal cord (protopathic system), or more
rostrally, in the brain stem (epicritic/lemniscal
system). The highest level of the somatosensory
pathway is the contralateral primary soma-
tosensory cortex. The somatotopic organization
of the somatosensory pathway is preserved at
all levels.

Posterior column (epicritic/lemniscal system).

Fibers mediating sensation in the legs are in the
fasciculus gracilis (medial), while those for the
arms are in the fasciculus cuneatus (lateral).
These fibers synapse onto the second sensory
neuron in the corresponding somatosensory nu-
clei of the lower medulla (nucleus gracilis, nu-
cleus cuneatus), which emit fibers that decus-
sate and ascend in the contralateral medial lem-
niscus to the thalamus (ventral posterolateral
nucleus, VPL). VPL projects to the postcentral
gyrus by way of the internal capsule.
Anterolateral column (protopathic system).
Fibers of the protopathic pathway for somatic
sensation (strong pressure, coarse touch) enter
the spinal cord through the dorsal root and then
ascend two or more segments before making a
synapse in the ipsilateral posterior horn. Fibers
originating in the posterior horn decussate in
the anterior commissure of the spinal cord and
enter the anterior spinothalamic tract, which is
somatotopically arranged: fibers for the legs are
anterolateral, fibers for the arms are posterome-
dial. The anterior spinothalamic tract traverses
the brain stem adjacent to the medial lemniscus
and terminates in VPL, which, in turn, projects
to the postcentral gyrus. The protopathic path-
way for pain (as well as tickle, itch, and tempera-
ture sensation) is organized in similar fashion:
Central fibers of the first sensory neuron ascend
1 or 2 segments before making a synapse in the
substantia gelatinosa of the posterior horn.
Fibers from the posterior horn decussate and
enter the lateral spinothalamic tract, which, like
the anterior spinothalamic tract, projects to
VPL; VPL projects in turn to the postcentral
gyrus.

Spinocerebellar tracts (spinocerebellar system).
These tracts mediate proprioception. Fibers
originating from muscles spindles and tendon
organs make synapses onto the neurons of
Clarke’s column within the posterior horn at
levels T1-L2, whose axons form the posterior
spinocerebellar tract (ipsilateral) and the ante-
rior spinocerebellar tract (both ipsilateral and
contralateral). These tracts terminate in the
spinocerebellum (p. 54).
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Sensory Disturbances

Examination. Somatic sensation is tested with
the patient’s eyes closed. The examiner tests
each primary modality of superficial sensation
(touch, pain, temperature), the patient’s ability
to distinguish different qualities of each modal-
ity (sharp/blunt, hot/cold, different intensities,
two-point discrimination), and more complex
sensory modalities (stereognosis, graphesthe-
sia). Next, sensation to pressure and vibration
stimuli are tested, as is acrognosis (posture
sense), to evaluate proprioception. Sensory dis-
turbances commonly cause disturbances of pos-
ture (tests: Romberg test, standing on one leg)
or gait (p. 60).

Localization of Sensory Disturbances

Interpretation of findings. There is a wide range
of normal findings. Apparent abnormalities
should be interpreted in conjunction with find-
ings of other types, such as abnormal reflexes or
paresis. Sensory dysfunction may involve not
only a diminution or absence of sensation (hy-
pesthesia, anesthesia), but also sensations of ab-
normal type (paresthesia, such as prickling or
formication) or spontaneous pain (dysesthesia,
often of burning type). Patients often use the
colloquial term “numbness” to mean hypesthe-
sia, anesthesia, or paresthesia; the physician
should ask specific questions to determine what
is meant.

Localized sensory disturbance (not in a
dermatomal or peripheral nerve distribu-
tion)?

Often pain and paresthesia at first, then
sensory deficit, in a distribution depend-
ing on the site of the lesion

nerve

Distal symmetrical sensory disturbances
nerves

Cutaneous nerves/
receptors

Distal peripheral

Distal peripheral

Skin lesions, scars, lepromatous leprosy
(dissociated sensory deficit? distally in the
limbs, tip of nose, external ear)

Mononeuropathy (compression, tumor),
mononeuritis multiplex (involvement of
multiple peripheral nerves by vasculitis,
diabetes mellitus, etc.)

Polyneuropathy (diabetes mellitus, alco-
hol, drug/toxic, Guillain-Barré syndrome)

Diabetes mellitus

Bilateral symmetrical or asymmetrical
thigh pain

Multiple sensory and motor deficits in a
single limb

Unilateral or bilateral, monoradicular or
polyradicular deficits

Spinal ataxia, incomplete or complete
cord transection syndrome (p. 48)

Loss of position and vibration sense in the
upper limbs and trunk, Lhermitte’s sign

Contralateral dissociated or crossed
sensory deficit (p. 70 ff)

Contralateral paresthesia and sensory
deficits, pain, loss of vibration sense

Paresthesia, contralateral sensory deficits
(astereognosis, loss of position sense and
two-point discrimination, inability to lo-
calize a stimulus, agraphesthesia)

Peripheral nerves,
lumbar plexus
Plexus

Nerve root

Spinal cord

Craniocervical junc-
tion
Brainstem

Thalamus

Postcentral cortex

Trauma, compression, infection, ischemia,
tumor, metabolic disturbance

Herniated disk, herpes zoster, Guillain—
Barré syndrome, tumor, carcinomatous
meningitis, paraneoplastic syndrome

Vascular, tumor, inflammatory/multiple
sclerosis, hereditary, metabolic disease,
trauma, malformation

Tumor, basilar impression

Vascular, tumor, multiple sclerosis
Vascular (p. 170), tumor, multiple sclero-
sis

Vascular, tumor, trauma

1 The listing of possible causes is necessarily incomplete. 2 May be factitious or psychogenic.
3 Impairment or loss of pain and temperature sensation with preserved touch sensation.
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Pain

Pain is an unpleasant sensory and emotional ex-
perience associated with actual or potential tissue
damage, or described in terms of such damage
(International Association for the Study of Pain).

Pathogenesis

Pain results from the interaction of a noxious
(i.e., pain-producing) stimulus with a receptor,
and the subsequent transmission and pro-
cessing of pain-related signals in the PNS and
CNS; the entire process is called nociception.
Pain evokes a behavioral response involving
nocifensor activity as well as motor and auto-
nomic reflexes.

Pain reception. Nociceptors for mechanical,
thermal, and chemical stimuli are found in all
body organs except the brain and spinal cord. By
releasing neuropeptides, the nociceptors can
produce a neurogenic sterile inflammatory re-
sponse that enhances nociception (peripheral
sensitization).

Pain transmission. Nociceptive impulses travel
in peripheral nerves to the posterior horn of the
spinal cord. Here, the incoming information is
processed by both pain-specific and nonspecific
(wide dynamic range) neurons. Central sensiti-
zation processes arising at this level may lower
the nociceptor threshold and promote the
development of chronic pain (such as phantom
limb pain after amputation). Ascending im-
pulses reach the brain through the
spinothalamic and spinoreticular tracts as well
as other pathways to a number of different brain
regions involved in nociception.

Pain processing. The reticular formation regu-
lates arousal reactions, autonomic reflexes, and
emotional responses to pain. The thalamus re-
lays and differentiates nociceptive stimuli. The
hypothalamus mediates autonomic and neu-
roendocrine responses. The limbic system
(p. 144) mediates emotional and motivation-re-
lated aspects of nociception. The somatosensory
cortex is mainly responsible for pain differentia-
tion and localization. Descending pathways that
originate in these CNS areas also modulate noci-
ception.

Neurotransmitters and neuropeptides are in-
volved in nociception on different levels.
Various neurotransmitters and neuropeptide
systems play a role in the mechanism of action

of one or more currently used analgesic agents
(effective drugs in parantheses): glutamate
(memantine);  substance P (capsaicin);
histamine (antihistamines); serotonin/nor-
epinephrine (antidepressants); GABA (baclofen,
diazepam); prostaglandins (nonsteroidal anti-
inflammatory drugs); enkephalin, endorphin,
dynorphin (opiates, opioids).

Types of Pain (See Table 9, p.363)

Nociceptive pain, the “normal” type of pain, is
that which arises from actual or potential tissue
damage and results from the activation of noci-
ceptors and subsequent processing in an intact
nervous system. Somatic pain is the variety of
nociceptive pain mediated by somatosensory
afferent fibers; it is usually easily localizable and
of sharp, aching, or throbbing quality. Post-
operative, traumatic, and local inflammatory
pain are often of this variety. Visceral pain is
harder to localize (e. g., headache in meningitis,
biliary colic, gastritis, mesenteric infarction) and
may be dull, cramplike, piercing, or waxing and
waning. It is mediated peripherally by C fibers
and centrally by spinal cord pathways terminat-
ing mainly in the limbic system. This may ex-
plain the unpleasant and emotionally distress-
ing nature of visceral pain. Visceral pain may be
felt in its site of origin or may be referred to
another site (e.g., from the diaphragm to the
shoulder).

Neuropathic pain is that which is caused by
damage to nerve tissue. It is always referred to
the sensory distribution of the affected neural
structure: e.g., calf pain in S1 radiculopathy,
frontal headache in tentorial meningioma, uni-
lateral bandlike abdominal pain in schwannoma
of a thoracic spinal nerve root. (Note that neu-
ropathic pain is not necessarily due to neu-
ropathy. The less misleading synonym “neuro-
genic pain” is not as widely used.)
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Pain

Head’s Zones

Visceral pain is not felt in the internal organ
where it originates, but is rather referred to a
cutaneous zone (of Head) specific to that organ.
This phenomenon is explained by the arrival of
sensory impulses from both the internal organ
and its related zone of Head at the posterior
horn at the same level of the spinal cord; the
brain thus (mis)interprets the visceral pain as
originating in the related cutaneous zone. The
pain may be described as burning, pulling, pres-
sure, or soreness, and there may be cutaneous
hyperesthesia to light touch. Certain etiologies
(e. g., angina pectoris, cholecystitis, gastric ulcer,
intestinal disease) can produce ipsilateral my-
driasis. In addition to the zones of Head, referred
pain may also be felt in muscles and connective
tissue (pressure points, as in Blumberg’s sign or
McBurney's point). Physicians should beware of
mistaking referred for local pain.

Spinal Autonomic Reflexes

The afferent arm of these reflexes originates in
the internal organs and terminates on the sym-
pathetic preganglionic neurons in the interme-
diolateral and intermediomedial cell columns of
the spinal cord at levels T1 through L2 (p. 140).
Typical examples are the viscerovisceral reflex
(causing meteorism in colic and anuria in myo-
cardial infarction), the viscerocutaneous reflex (a
visceral stimulus leads to sweating and hyper-
emia in the corresponding zone of Head), the
cutivisceral reflex (reduction of colic, myogelosis,
etc., by warm compresses or massage), the
visceromotor reflex (defensive muscle contrac-
tion in response to visceral stimulus), and the
vasodilatory axon reflex (dermographism). Any
abnormality of these reflexes may be an impor-
tant sign of impaired autonomic function (car-
diovascular, gastrointestinal, thermoregulatory,
or urogenital), particularly in patients with spi-
nal cord disorders.

Complex Regional Pain Syndrome (CRPS)

The International Association for the Study of
Pain (IASP) recommends the term CRPS for a set
of painful disorders of apparently related
pathophysiology, which are further classified

into CRPS type I (reflex sympathetic dystrophy;
without peripheral nerve injury) and CRPS type
Il (causalgia; with peripheral nerve injury).
CRPS usually results from a traumatic or other
injury to a limb, often in conjunction with pro-
longed disuse. The pain is persistent and diffuse,
and of burning, stabbing, or throbbing quality,
often in association with allodynia (pain evoked
by a normally nonpainful stimulus) and hyper-
pathia (abnormally intense pain evoked by a
normally painful stimulus). It is generally not in
a radicular or peripheral nerve distribution. It
may be accompanied by motor disturbances
(paresis, disuse of limb), autonomic distur-
bances (sweat secretion or circulatory distur-
bances), trophic changes (edema, muscle atro-
phy, joint swelling, bone destruction), and reac-
tive mental changes (depression, anxiety). The
diagnosis of CRPS is based on criteria defined by
the IASP and requires the exclusion of other dis-
ease processes such as fracture, vasculitis,
thrombosis, radicular lesion, rheumatoid ar-
thritis, etc. Its pathogenetic mechanism is un-
known.
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Normal Sleep

Circadian Rhythm

The human sleep-wake cycle has a period of ap-
proximately 24 hours, as the term circadian
(Latin circa + dies) implies. If all external time in-
dicators are removed, the circadian rhythm per-
sists but the times of waking and going to sleep
become later each day. The circadian rhythm is
thought to be regulated by the suprachiasmatic
nucleus of the hypothalamus (p.142). Retino-
hypothalamic connections tie the circadian
rhythm to environmental light conditions. There
is also a retinal projection to the pineal gland;
the melatonin produced there has a rhythm-
shifting effect.

Not only sleeping and waking but also many
other bodily functions, including cardiovascular
and respiratory function, hormone secretion,
mitosis rate, intracranial pressure, and atten-
tiveness, follow a circadian pattern (chronobi-
ology). Circadian variation in performance is im-
portant in the workplace and elsewhere. Some
diseases are associated with certain times of the
day (chronopathology)—certain types of epilep-
tic seizures, asthma, cluster headache, gastro-
esophageal reflux disease, myocardial infarc-
tion, vertricular tachycardia.

Sleep

Sleep is divided into REM sleep, in which rapid
eye movements occur, and non-REM (NREM)
sleep. Polygraphic recordings (EEG, EOG, EMG)
can distinguish these two types of sleep and are
used to subdivide NREM sleep into four stages,
the last two of which constitute deep sleep (see
Table 10, p.363).

Normal sleep occurs in cycles lasting 90-120
minutes, of which there are thus four or five
during a normal night’s sleep of ca. 8 hours’ du-
ration. Sleep cycles are regulated by activating
and deactivating systems (cholinergic REM-on
neurons, noradrenergic REM-off neurons) lo-
cated mainly in the brain stem. The exact physi-
ological significance of sleep is not known. Sleep
appears to play a role in regenerative metabolic
processes, cognitive functions, and memory.

Sleep Profile

The sleep-wake rhythm changes with age.
Neonates sleep 16-18 hours a day at irregular
intervals. By age 1 year, the sleep pattern stabi-
lizes to roughly 12 hours of sleep alternating
with 12 hours of waking. Adults sleep for 4-10
hours nightly, with the median value ca. 8 hours.
As adults age, they tend to take longer and more
frequent naps, sleep less deeply, and lie in bed
longer in the morning. The sleep architecture
changes with age: neonates have 50% REM
sleep, but adults only 18%. After age 50, stages 3
and 4 account for only about 5% of sleep. Per-
sons differ in their sleep-wake patterns (somno-
types): there are morning types (“larks”) and
night types (“night owls”); bedtimes vary by
two or more hours among these individuals.

Rohkamm, Color Atlas of Neurology © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Normal Sleep

End of sleep

Onset of sleep

Circadian rhythm
Sleep stages Sleep cycle
Y. wsltmfeeidas | S0V o-Waves
Awake N 1s Awake
= LY
B T i ]

Rem 0 T Y\ 1 3 9-Waves
14 "l f ll .|l ‘.‘. NREM sleep
2~ "I "l I 1 l j |} AN W d-Waves
4 W i n fi famt

0 1 2 3 4 5 6 7
Time (h)
Sleep profile (4 sleep cycles) EEG of sleep stages
Amount of sleep/day (h)
24 1
16
I~

-

=, Awake

S
% REMsleep e

Changes in sleep structure with age

Age (years)

Shifting i
external time indicators

n absence of

113

Rohkamm, Color Atlas of Neurology © 2004 Thieme

All rights reserved. Usage subject to terms and conditions of license.

Sleep



Sleep

114

Sleep Disorders

More than 100 sleep disorders have been de-
scribed to date. Sleep disorders may involve in-
sufficient, interrupted, or absent sleep (in-
somnia), or an excessive need for sleep, includ-
ing during the day (hypersomnia). They may in-
volve respiratory disturbances during sleep
(snoring, sleep apnea, asthma), involuntary
movement disorders, parasomnias, pharmaco-
logically active substances (medications, illegal
drugs, alcohol, coffee, smoking), or systemic dis-
ease.

The prerequisite to treatment is an adequate di-
agnostic assessment, which begins with the de-
termination whether the sleep disorder is pri-
mary or secondary (i.e., the result of another
disease or condition).

Primary Sleep Disorders (Dyssomnias)

Intrinsic sleep disorders. Psychogenic insomnia is
characterized by increased mental tension (ina-
bility to relax, anxiety, brooding) and excessive
concern about sleep itself (constant complain-
ing about an inability to fall asleep or stay
asleep, or about waking up too early). Sleep
often improves in a new environment (e.g., on
vacation).

Pseudoinsomnia is a subjective feeling of dis-
turbed sleep in the absence of objective evi-
dence (i.e., normal polysomnography).

Restless legs syndrome (RLS) is characterized by
ascending abnormal sensations in the legs when
they are at rest (e. g., when the patient watches
television, or before falling asleep) accompanied
by an urge to move the legs. It is sometimes pre-
sent as a genetic disorder with autosomal domi-
nant inheritance. Periodic leg movements during
sleep are repeated, abrupt twitching move-
ments of the legs that may persist for minutes to
hours. These two movement disorders may ap-
pear together or in isolation; both may be either
primary or secondary (due to, e.g., uremia,
tricyclic antidepressant use, or iron deficiency).
Narcolepsy is characterized by daytime som-
nolence and frequent, sudden, uncontrollable
episodes of sleep (imperative sleep), which tend
to occur in restful situations (e. g., reading, hear-
ing a lecture, watching TV, long automobile
rides). It may be associated with cataplexy (sud-
den, episodic loss of muscle tone without un-
consciousness), sleep paralysis (inability to

move or speak when awaking from sleep), and
hypnagogic hallucinations (visual or acoustic
hallucinations while falling asleep). Polysomno-
graphy reveals a short sleep latency and an early
onset of REM sleep. The presence of HLA an-
tigens (DR2, DQw1, DQB1*0602) is nonspecific,
as is the absence of hypocretin-1 (orexin A) in
the cerebrospinal fluid.

Obstructive sleep apnea is characterized by day-
time somnolence with frequent dozing, noc-
turnal respiratory pauses, and loud snoring. Im-
paired concentration, decreased performance,
and headaches are also common.

Extrinsic sleep disorders. Sleep may be dis-
turbed by external factors such as noise, light,
mental stress, and medication use.

Disturbance of the circadian rhythm. Sleep may
be disturbed by shift work at night or by inter-
continental travel (jet lag).

Parasomnias. These disorders include confusion
on awakening (sleep drunkenness), sleepwalk-
ing (somnambulism), nightmares, sleep myo-
clonus, bedwetting (enuresis), and nocturnal
grinding of the teeth (bruxism).

Secondary Sleep Disorders

Psychogenic sleep disorders. Depression (of
various types) can impair sleep, though para-
doxically sleep deprivation can ameliorate de-
pression. Depressed persons typically complain
of early morning awakening, nocturnal restless-
ness, and difficulty in starting the day. Sleep dis-
turbances are also common in patients suffering
from psychosis, mania, anxiety disorders, alco-
holism, and drug abuse.

Neurogenic sleep disorders. Sleep can be im-
paired by dementia, Parkinson disease, dys-
tonia, respiratory disturbances secondary to
neuromuscular disease (muscular dystrophy,
amyotrophic lateral sclerosis), epilepsy (noc-
turnal attacks), and headache syndromes
(cluster headaches, migraine). Fatal familial in-
somnia is a genetic disorder of autosomal domi-
nant inheritance (p.252).

Sleep disorders due to systemic disease. Sleep
can be impaired by pulmonary diseases
(asthma, COPD), angina pectoris, nocturia, fibro-
myalgia, and chronic fatigue syndrome.
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Acute Disturbances of Consciousness

Consciousness is an active process with multiple
individual components, including wakefulness,
arousal, perception of oneself and the environ-
ment, attention, memory, motivation, speech,
mood, abstract/logical thinking, and goal-
directed action. Psychologists and philosophers
have long sought to understand the nature of
consciousness.

Clinical assessment of consciousness tests the
patients’ perception of themselves and their en-
vironment, behavior, and responses to external
stimuli. Findings are expressed in terms of three
categories: level of consciousness (state/clarity of
consciousness, quantitative level of conscious-
ness, vigilance, alertness, arousability); content
of consciousness (quality of consciousness,
awareness); and wakefulness. Changes in any of
these categories tend to affect the others as well.
Morphologically, the level of consciousness is
associated with the reticular activating system
(RAS). This network is found along the entire
length of the brain stem reticular formation
(p. 26), from the medulla to the intralaminar nu-
clei of the thalamus. The RAS has extensive bi-
lateral projections to the cerebral cortex; the
cortex also projects back to the RAS. Neurotrans-
mission in these systems is predominantly with
acetylcholine, monoamines (norepinephrine,
dopamine, serotonin), GABA (inhibitory), and
glutamate (excitatory).

In the normal state of consciousness, the in-
dividual is fully conscious, oriented, and awake.
All of these categories undergo circadian varia-
tion (depending on the time of day, a person
may be fully awake or drowsy, more or less con-
centrated, with organized or disorganized
thinking), but normal consciousness with full
wakefulness can always be restored by a
vigorous stimulus.

Acute Disturbances of Consciousness

Confusion affects the content of consciousness—
attention, concentration, thought, memory,
spatiotemporal orientation, and perception
(lack of recognition). It may also be associated
with changes in the level of consciousness (fluc-
tuation between agitation and somnolence) and
in wakefulness (impaired sleep-wake cycle
with nocturnal agitation and daytime som-
nolence). Delirium is characterized by visual hal-

lucinations, restlessness, suggestibility, and au-
tonomic disturbances (tachycardia, blood pres-
sure fluctuations, hyperhidrosis).

Somnolence is a mild reduction of the level of
consciousness  (drowsiness, reduced spon-
taneous movement, psychomotor sluggishness,
and delayed response to verbal stimuli) while
the patient remains arousable: he or she is easily
awakened by a stimulus, but falls back asleep
once it is removed. The patient responds to nox-
ious stimuli with direct and goal-directed
defensive behavior. Orientation and attention
are mildly impaired but improve on stimulation.
Stupor is a significant reduction of the level of
consciousness. These patients require vigorous
and repeated stimulation before they open their
eyes and look at the examiner. They answer
questions slowly and inadequately, or not at all.
They may lie motionless or display restless or
stereotyped movements. Confusion reflects
concomitant impairment of the content of con-
sciousness.

Disorders of arousal. Wakefulness normally fol-
lows a circadian rhythm (p. 112). Sleep apnea
syndrome, narcolepsy, and parasomnia are dis-
orders of arousal (dyssomnias, p.114). Hyper-
somnia is caused by bilateral paramedian
thalamic infarcts, tumors in the third ventricu-
lar region, and lesions of the midbrain tegmen-
tum (p.70 ff). The level and content of con-
sciousness may also be affected. In patients with
bilateral paramedian thalamic infarction, for ex-
ample, there may be a sudden onset of confu-
sion, followed by somnolence and coma. After
recovery from the acute phase, these patients
are apathetic and their memory is impaired
(“thalamic dementia”).
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Coma

Coma (from the Greek for “deep sleep”) is a state
of unconsciousness in which the individual lies
motionless, with eyes closed, and cannot be
aroused even by vigorous stimulation. Coma re-
flects a loss of the structural or functional inte-
grity of the RAS (p. 116) or the areas to which it
projects. Coma may be produced by an exten-
sive brain stem lesion or by extensive bi-
hemispheric cerebral lesions, as well as by me-
tabolic, hypoxic/ischemic, toxic, or endocrine
disturbances. In the syndrome of transtentorial
herniation (see p.162), a large unihemispheric
lesion can cause coma by compressing the mid-
brain and the diencephalic RAS. Even without
herniation, however, large unihemispheric le-
sions can transiently impair consciousness.

Coma Staging

The degree of impairment of consciousness is
correlated with the extent of the causative le-
sion. The severity and prognosis of coma are
judged from the patient’s response to stimuli.
There is no universally accepted grading system
for coma. Proper documentation involves an
exact description of the stimuli given and the re-
sponses elicited, rather than isolated items of
information such as “somnolent” or “GCS 10.”
Coma scales (e. g., the Glasgow Coma Scale) are
useful for the standardization of data for statisti-
cal purposes but do not replace a detailed docu-
mentation of the state of consciousness.
Spontaneous movement. Assessment of motor
function yields clues to the site of the lesion
(p. 44 ff) and the etiology of coma. The examiner
should note the pattern of breathing, any utter-
ances, yawning, swallowing, coughing, and
movements of the limbs (twitching of the face
or hands may indicate epileptic activity; there
may be myoclonus or flexion/extension move-
ments).

Stimuli. Lesions of the mid brain or lower dien-
cephalon produce the decerebration syndrome
(arm/leg extension with adduction and internal
rotation of the arms, pronation and flexion of
the hands), while extensive bilateral lesions at
higher levels produce the decortication syn-
drome (arm/hand flexion, arm supination, leg
extension) (p.47). These pathological flexion
and extension movements occur spontaneously
or in response to external stimuli (verbal stimu-

lation, tickling around the nose, pressure on the
knuckles or other bones) whether the cause of
coma is structural or metabolic. Withdrawal of
the limb from the stimulus usually means that
the pyramidal pathway for the affected limb is
intact. Stereotyped flexion or extension move-
ments are usually seen in patients with severe
damage to the pyramidal tract.

Brain stem reflexes (p. 26). Structural lesions of
the brain stem usually impair the function of the
internal and external eye muscles (p.70 ff),
while supratentorial lesions generally do not,
unless they secondarily affect the brain stem.
Coma in a patient with intact brain stem reflexes
is likely to be due to severe bihemispheric dys-
function (if no further objective deficit is found,
coma may be psychogenic or factitious; see
p. 120). Physicians should be aware that coma
due to intoxication or drug overdose (p. 92) may
be difficult to distinguish from that due to struc-
tural damage by clinical examination alone. Pre-
servation of the vestibulo-ocular reflex (VOR)
and of the doll’s eyes reflex is compatible with
either a bihemispheric lesion or a toxic or me-
tabolic disorder. The VOR induces conjugate eye
movement only if its brain stem pathway is in-
tact (from the cervical spinal cord to the oculo-
motor nucleus). Nonetheless, the VOR may be
absent in some cases of toxic coma (due to, e. g.,
alcohol, barbiturates, phenytoin, pancuronium,
or tricyclic antidepressants).

Abnormalities of the respiratory pattern (p. 151)
are of limited localizing value. Cheyne-Stokes
respiration is characterized by regular waxing
and waning of the tidal volume, punctuated by
apneic pauses. It has a number of causes, includ-
ing bihemispheric lesions and metabolic dis-
orders. Slow, shallow respiration usually reflects
a metabolic or toxic disorder. Rapid, deep respi-
ration (Kussmaul'’s respiration) usually reflects a
pontine or mid brain lesion, or metabolic acido-
sis. Medullary lesions and extensive supraten-
torial damage produce ataxic, cluster, or gasping
respiration.
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Comalike Syndromes, Death

Comalike Syndromes

Locked-in syndrome (p.359) is a “de-efferented
state” in which the patient is fully conscious but
can make no spontaneous movements except lid
and vertical eye movements. There may be re-
flex extension of the arms and legs in response
to mild stimuli such as repositioning in bed or
tracheal suction. Physicians and nurses must re-
member that these patients can perceive them-
selves and their surroundings fully even though
they may be unable to communicate. Possible
causes include basilar artery occlusion, head
trauma, pontine hemorrhage, central pontine
myelinolysis, and brain stem encephalitis; a
similar clinical picture may be produced by my-
asthenia gravis, Guillain-Barré syndrome, or pe-
riodic paralysis (see pp. 326, 338).

Persistent vegetative state (apallic syndrome) is
caused by extensive injury to the cerebral cor-
tex, subcortical white matter, or thalamus. The
patients are awake but unconscious (loss of cor-
tical function). Periods in which the eyes are
open and move spontaneously, in conjugate
fashion, seemingly with fixation, alternate with
a state resembling sleep (eyes closed, regular
breathing). The patient may blink in response to
visual stimuli (rapid hand movements, light),
perhaps creating the impression of conscious
perception, but does not obey verbal com-
mands. The limbs may be held in a decorticate
or decerebrate posture (p.46). There may be
nondirected movements of the arms, legs, head,
and jaw, as well as utterances, sucking move-
ments, and lip-licking. The patient may also
yawn spontaneously or in response to perioral
stimuli. Autonomic disturbances include pro-
fuse sweating, tachycardia, urinary and fecal in-
continence, and hyperventilation. Optokinetic
nystagmus is absent, but the vestibulo-ocular
reflex can often be elicited. Spontaneous respi-
ration is preserved. Swallowing is usually
possible, but food is kept in the mouth so long
than no effective oral nutrition is possible. The
persistent vegetative state confers a high mor-
tality. When it lasts for more than a year, im-
provement is unlikely.

Akinetic mutism. In this syndrome, the patient is
awake but the drive to voluntary movement is
severely impaired and the patient does not speak
(mutism). External stimuli evoke no more than
brief ocular fixation without head movement.

Possible causes include bifrontal lesions, hydro-
cephalus, and lesions of the cingulate gyrus or in
the third ventricular region. One should keep in
mind that other diseases, among them Guillain—
Barré syndrome, amyotrophic lateral sclerosis,
periodic paralysis, and myasthenia gravis, can
present with akinetic mutism or with a similar
but less severe syndrome called abulia (reduced
drive, sluggish voluntary movements, reduced
verbal response).

Psychogenic disturbances of consciousness are
relatively rare and difficult to diagnose. The lack
of arousability can be either an expression of a
psychiatric disease (conversion or acute stress re-
action, severe depression, catatonic stupor) or a
deliberate fabrication. Clues are sometimes
found in the case history or on neurological ex-
amination (e. g., presence of aversive reflexes, ac-
tive eye closing, preserved optokinetic and vesti-
bulo-ocular nystagmus, catalepsy, stereotyped
posture).

Death

Death is medically and legally defined as the
total and irreversible cessation of all brain func-
tion (hence the synonymous term, “brain
death”). Spontaneous respiration (a function of
the brain stem) is absent, though the heart may
continue beating and other organs may still
function if supportive measures are maintained
(ventilation, pressor medications). All organ
systems cease to function when these are dis-
continued.

The clinical determination of death is based on
the following criteria: coma; lack of spon-
taneous respiration (apnea test); lack of re-
sponse to noxious stimuli (with the possible ex-
ception of spinal reflexes); absence of brain
stem reflexes (pupillary, corneal, cough, gag,
and oculovestibular reflexes). The diagnosis of
death requires the exclusion of possibly similar-
appearing states such as toxic, metabolic, and
endocrine disorders, pharmacological relaxa-
tion and sedation, and hypothermia. Major
structural damage of the brain is present in all
cases (though not necessarily demonstrable on
all imaging studies). Ancillary diagnostic testing
(EEG, Doppler sonography, evoked potentials,
perfusion scintigraphy, cerebral angiography,
MRI) may support the diagnosis but is generally
not legally required (Table 11, p. 364).
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Behavioral Changes

Personality is the set of physical and psychologi-
cal traits that distinguish one individual from
another. It evolves over time under the influence
of changes in brain function, as well as other in-
ternal and external factors. These include neuro-
biological factors (heredity, structure and func-
tion of the nervous system), physiological fac-
tors (endocrine, metabolic), socialization (for-
mation of language, thought, emotion, and ac-
tion according to societal norms and value sys-
tems), individualization (consciousness of one’s
own individuality), sexuality, temperament, in-
telligence, life experiences, education, economic
status, and individual will. Changes in personal-
ity cause gradual or abrupt changes in behavior.
Some neurological diseases produce behavioral
changes; the clinical picture depends mainly on
the location of the disturbance.

Frontal Lobe Lesions

The frontal lobe includes the motor cortex
(areas 4, 6, 8, 44), the prefrontal cortex (areas
9-12 and 45-47), and the cingulate gyrus
(p. 144). It is responsible for the planning, moni-
toring, and performance of motor, cognitive,
and emotional functions (executive functions).
Frontal lobe syndromes may be due to either
cortical or subcortical damage and thus cannot
be reliably localized without neuroimaging. The
typical syndromes listed here are useful for
classification but do not imply a specific diag-
nosis or exact localization of the underlying le-
sion.

Lateralized syndromes. Left frontal lobe lesions,
depending on their location and extent, can pro-
duce right hemiparesis or hemiplegia, transcor-
tical motor aphasia and diminished verbal out-
put (p. 126), buccofacial apraxia (p. 128), and/or
depression or anxiety. Right frontal lobe lesions
can produce left hemiparesis or hemiplegia, left
hemineglect (p.132), mania, and/or increased
psychomotor activity.

Nonlateralized syndromes. Fronto-orbital lesions
produce increased drive, memory impairment
with confabulation, and disorientation. Disinhi-
bition and impaired insight into one’s own be-
havior may produce abnormal facetiousness
(German Witzelsucht), abnormal social behavior
(loss of distance, sexual impulsiveness), in-
difference, or carelessness.

Lesions of the cingulate gyrus and premotor cor-
tex produce syndromes ranging from abulia
(loss of drive) to akinetic mutism (p.120) and
generally characterized by apathy, loss of inter-
est, inertia, loss of initiative, decreased sexual
activity, loss of emotion, and loss of planning
ability. Urinary and fecal incontinence occur be-
cause of the loss of (cortical) perception of the
urge to urinate and defecate. Altered voiding
frequency or sudden voiding is the result.
These patients are usually impaired in their
capacity for divided attention (the processing of
new information and adaptation to altered re-
quirements, i.e., flexibility) and for directed at-
tention (selective attention to a particular thing
or task). Their attention span is short, they are
easily distracted, they have difficulty in the ex-
ecution of motor sequences, and they tend to
perseverate (to persist in a particular activity or
thought). Increased distractibility and pro-
longed reaction times impair performance in
the workplace and in everyday activities such as
driving.

Lesions of pathways. Lesions in pathways con-
necting the frontal lobe to other cortical and
subcortical areas (p.24) can produce frontal
lobe-type syndromes, as can other diseases in-
cluding multisystem atrophy, Parkinson disease,
Alzheimer disease, normal-pressure hydro-
cephalus, and progressive supranuclear palsy.
Lesions of the corpus callosum. See p. 24.
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Language

Language is a means of transmitting and pro-
cessing information, organizing sensory percep-
tions, and expressing thoughts, feelings, and in-
tentions. The content of language encompasses
the past, present, and future. The development
of language does not necessarily require speech
and audition: deaf-mutes learn to communicate
with sign language. Language is most easily ac-
quired in childhood. Linguistic messages are
transmitted and received through speaking and
hearing, writing and reading, or (in the case of
sign language) the production and interpreta-
tion of gestures. The cerebral language areas are
located in the left hemisphere in over 90% of
right-handers and in 60% of left-handers; the
remaining individuals have bihemispheric or (in
1-2%) exclusively right-hemispheric domi-
nance for language. The left (dominant) hemi-
sphere is responsible for the cognitive pro-
cessing of language, while the right (nondomi-
nant) hemisphere produces and recognizes the
emotional components of language (prosody =
emphasis, rhythm, melody). Language is sub-
served by subcortical nuclei as well (left
thalamus, left caudate nucleus, associated fiber
pathways). Language function depends on the
well-coordinated activity of an extensive neural
network in the left hemisphere. It is simplistic to
suppose that language is understood and pro-
duced by means of a unidirectional flow of in-
formation through a chain of independently
operating brain areas linked together in series.
Rather, it has been shown that any particular
linguistic function (such as reading, hearing, or
speaking) relies on the simultaneous activation
of multiple, disparate cortical areas. Yet the
simplified model of language outlined below
(proposed by Wernicke and further elaborated
by Geschwind) usually suffices for the purposes
of clinical diagnosis.

Hearing and speaking. Acoustic signals are
transduced in the inner ear into neural impulses
in the cochlear nerve, which ascend through the
auditory pathway and its relay stations to the
primary and secondary auditory cortex (p. 100).
From here, the information is sent to Wernicke’s
area (the “posterior language area”), consisting
of Wernicke’s area proper, in the superior tem-
poral gyrus (Brodmann area 22), as well as the
angular and supramarginal gyri (areas 39, 40).
The angular gyrus processes auditory, visual,

and tactile information, while Wernicke’s area
proper is the center for the understanding of
language. It is from here that the arcuate
fasciculus arises, the fiber tract that conveys lin-
guistic information onward to Broca’s area
(areas 44 and 45; the “anterior language area”).
Grammatical structures and articulation pro-
grams are represented in Broca’s area, which
sends its output to the motor cortex (speech,
p.130). Spoken language is regulated by an
auditory feedback circuit in which the utterer
hears his or her own words and the cortical lan-
guage areas modulate the speech output ac-
cordingly.

Reading and writing. The visual pathway con-
veys visual information to the primary and sec-
ondary visual cortex (p. 80), which, in turn, pro-
ject to the angular gyrus and Wernicke’s area, in
which visually acquired words are understood,
perhaps after a prior “conversion” to phonetic
form. Wernicke’s area then projects via the ar-
cuate fasciculus to Broca’s area, as discussed
above; Broca’s area sends its output to the motor
cortex (for speech or, perhaps, to the motor
hand area for writing). This pathway enables the
recognition and comprehension of written lan-
guage, as well as reading out loud.
Examination. The clinical examination of lan-
guage includes spontaneous speech, naming of
objects, speech comprehension, speech repeti-
tion, reading, and writing. The detailed assess-
ment of aphasia requires the use of test instru-
ments such as the Aachen aphasia test, perhaps
in collaboration with neuropsychologists and
speech therapists. Disturbances of speech may
be classified as fluent or nonfluent. Examples of
the former are paragrammatism (faulty sen-
tence structure), meaningless phrases, circum-
locution, semantic paraphasia (contextual sub-
stitution, e. g., “leg” for “arm”), phonemic para-
phasia (substitution of one letter for another,
e.g., “tan” for “can”), neologisms (nonexistent
words), and fluent gibberish (jargon). Examples
of the latter are agrammatism (word chains
without grammatical structure), echolalia (re-
petition of heard words), and automatism (re-
peating the same word many times). Prosody
and dysarthria (if present; p. 130) are evaluated
during spontaneous speech. Anomia is the ina-
bility to name objects. Patients with aphemia
can read, write, and understand spoken lan-
guage but cannot speak.
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Aphasia

Aphasia is an acquired disturbance of language.
Lesions at various sites produce different types
of aphasia; focal lesions do not cause total loss of
all language functions simultaneously. The side
of cerebral dominance for language can be de-
termined by the Wada test (intracarotid
amobarbital procedure, IAP), in which amobar-
bital is injected first into one internal carotid
artery and then into the other, under angio-
graphic control, to selectively anesthetize each
hemisphere (this is done, for example, before
cortical resections for epilepsy). Crossed
aphasia, i.e., aphasia due to a right hemispheric
lesion in a right-handed patient, is rare. Aphasia
usually improves markedly within a few weeks
of onset and may continue to improve gradually
over the first year, even if the symptoms tem-
porarily appear to have stabilized. Improvement
beyond one year is rare and usually minor.
Aphasia in bilingual and multilingual persons
(usually) affects all of the languages spoken. The
severity of involvement of each language de-
pends on the age at which it was acquired, pre-
morbid language ability, and whether the lan-
guages were learned simultaneously or sequen-
tiallly. Aphasia is most commonly due to stroke
or head trauma and may be accompanied by
apraxia.

Global aphasia involves all aspects of language
and severely impairs spoken communication.
The patient cannot speak spontaneously or can
only do so with great effort, producing no more
than fragments of words. Speech comprehension
is usually absent; at best, patients may recognize
a few words, including their own name. Per-
severation (persistent repetition of a single
word/subject) and neologisms are prominent,
and the ability to repeat heard words is markedly
impaired. Patients have great difficulty naming
objects, reading, writing, and copying letters or
words. Their ability to name objects, read, and
write, except for the ability to copy letters of the
alphabet or isolated words, is greatly impaired.
Language automatism (repetition of gibberish) is
a characteristic feature. Site of lesion: Entire dis-
tribution of the middle cerebral artery, including
both Broca’s and Wernicke’s areas.

Broca’s aphasia (also called anterior, motor, or
expressive aphasia) is characterized by the ab-
sence or severe impairment of spontaneous
speech, while comprehension is only mildly im-

paired. The patient can speak only with great ef-
fort, producing only faltering, nonfluent, garbled
words. Phonemic paraphasic errors are made,
and sentences are of simple construction, often
with isolated words that are not grammatically
linked (agrammatism, “telegraphic” speech).
Naming, repetition, reading out loud, and writing
are also impaired. Site of lesion: Broca area; may
be due to infarction in the distribution of the pre-
rolandic artery (artery of the precentral sulcus).
Wernicke’s aphasia (also called posterior,
sensory, or receptive aphasia) is characterized
by severe impairment of comprehension. Spon-
taneous speech remains fluent and normally
paced, but paragrammatism, paraphasia, and
neologisms make the patient’s speech partially
or totally incomprehensible (word salad, jargon
aphasia). Naming, repetition of heard words,
reading, and writing are also markedly im-
paired. Site of lesion: Wernicke’s area (area 22).
May be due to infarction in the distribution of
the posterior temporal artery.

Transcortical aphasia. Heard words can be re-
peated, but other linguistic functions are im-
paired: spontaneous speech in transcortical
motor aphasia (syndrome similar to Broca's
aphasia), language comprehension in transcor-
tical sensory aphasia (syndrome similar to Wer-
nicke’s aphasia). Site of lesion: Motor type, left
frontal lobe bordering on Broca’s area; sensory
type, left temporo-occipital junction dorsal to
Wernicke's area. Watershed infarction is the
most common cause (p. 172).

Amnestic (anomic) aphasia. This type of aphasia
is characterized by impaired naming and word-
finding. Spontaneous speech is fluent but per-
meated with word-finding difficulty and para-
phrasing. The ability to repeat, comprehend, and
write words is essentially normal. Site of lesion:
Temporoparietal cortex or subcortical white
matter.

Conduction aphasia. Repetition is severely im-
paired; fluent, spontaneous speech is inter-
rupted by pauses to search for words and by
phonemic paraphasia. Language comprehen-
sion is only mildly impaired. Site of lesion: Ar-
cuate fasciculus or insular region.

Subcortical aphasia. Types of aphasia similar to
those described may be produced by subcortical
lesions at various sites (thalamus, internal cap-
sule, anterior striatum).
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Agraphia, Alexia, Acalculia, Apraxia

Agraphia. Agraphia is the acquired inability to
write. Agraphia may be isolated (due to a lesion
located in area 6, the superior parietal lobule, or
elsewhere) or accompanied by other distur-
bances: aphasic agraphia is fluent or nonfluent,
depending on the accompanying aphasia;
apraxic agraphia is due to a lesion of the domi-
nant parietal lobe; spatial agraphia, in which the
patient has difficulty writing on a line and only
writes on the right side of the paper, is due to a
lesion of the nondominant parietal lobe; alexia
with agraphia may be seen in the absence of
aphasia. Micrographia (abnormally small hand-
writing) is found in Parkinson disease (p.206)
and is not pathogenetically related to agraphia.
Various forms of agraphia are common in
Alzheimer disease. Examination: The patient is
asked to write sentences, long words, or series
of numbers to dictation, to spell words, and to
copy written words.

Alexia. Alexia is the acquired inability to read. In
isolated alexia (alexia without agraphia), the
patient cannot recognize entire words or read
them quickly, but can decipher them letter by
letter, and can understand verbally spelled
words. The ability to write is unaffected. The re-
sponsible lesion is typically in the left temporo-
occipital region with involvement of the visual
pathway and of callosal fibers. Anterior alexia
(difficulty and errors in reading aloud; impaired
ability to write, spell, and copy words) is usually
associated with Broca’s aphasia. Central alexia
(combination of alexia and agraphia) is usually
accompanied by right-left disorientation, finger
agnosia, agraphia, and acalculia (Gerstmann
syndrome; lesions of the angular and supra-
marginal gyri), or by Wernicke’s aphasia. Other
features include the inability to understand
written language or to spell, write, or copy
words. Examination: The patient is asked to read
aloud and to read individual words, letters, and
numbers; the understanding of spelled words
and instructions is tested.

Acalculia. Acalculia is an acquired inability to
use numbers or perform simple arithmetical
calculations. Patients have difficulty counting
change, using a thermometer, or filling out a
check. Lesions of various types may cause acal-
culia. Examination: The patient is asked to per-
form simple arithmetical calculations and to
read numbers.

Apraxia. There are several kinds of apraxia; in
general, the term refers to the inability to carry
out learned motor tasks or purposeful move-
ments. Apraxia is often accompanied by
aphasia.

Ideomotor apraxia involves the faulty execution
(parapraxia) of acquired voluntary and complex
movement sequences; it can be demonstrated
most clearly by asking the patient to perform
pantomimic gestures. It can involve the face
(buccofacial apraxia) or the limbs (limb apraxia).
It is due to a lesion in the association fiber path-
ways connecting the language, visual, and
motor areas to each other and to the two hemi-
spheres (disconnection syndrome). Examination
(pantomimic gestures on command): face (open
eyes, stick out tongue, lick lips, blow out a
match, pucker, suck on a straw); arms (turn a
screw, cut paper, throw ball, comb hair, brush
teeth, snap fingers); legs (kick ball, stamp out
cigarette, climb stairs). The patient may perform
the movement in incorrect sequence, or may
carry out a movement of the wrong type (e.g.,
puffing instead of sucking).

Ideational apraxia is impairment of the ability to
carry out complex, learned, goal-directed activi-
ties in proper logical sequence. A temporal or
parietal lesion may be responsible. Examination:
The patient is asked to carry out pantomimic
gestures such as opening a letter, making a
sandwich, or preparing a cup of tea.
Apraxia-like syndromes. The following distur-
bances are termed “apraxia” even though actual
parapraxia is absent: Lid-opening apraxia (p. 64)
is difficulty opening the eyes on command. Gait
apraxia is characterized by difficulty initiating
gait and by short steps (p. 160). Dressing apraxia
is often seen in patients with nondominant
parietal lobe lesions. They cannot dress them-
selves and do not know how to position a shirt,
shoes, trousers, or other items of clothing to put
them on correctly. An underlying impairment of
spatial orientation is responsible.
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Speech Disorders

Speech

The neural basis of speech. Speech-related
movement programs generated in the premotor
cortex (area 6) are modulated by information
from the cerebellum and basal ganglia and are
relayed to the motor cortex (inferior portion of
the precentral gyrus, area 4) for implementa-
tion. The motor cortex projects by way of the
corticopontine and corticobulbar tracts to the
motor cranial nerve nuclei in the brain stem. CN
V (mandibular nerve) controls the muscles that
open and close the jaw (masseter, temporalis,
medial and lateral pterygoid muscles). CN VII
controls facial expression and labial articula-
tion; CN X and, to a lesser extent, IX control
motility of the soft palate, pharynx, and larynx;
CN XII controls tongue movement. Speech-re-
lated impulses to the respiratory muscles travel
(among other pathways) from the motor cortex
to the spinal anterior horn cells. Connections to
the basal ganglia and cerebellum are important
for the coordination of speech. Sensory impulses
from the skin, mucous membranes, and muscles
return to the brain through CN V (maxillary and
mandibular nerves), IX, and X. These impulses
are processed by a neural network (reticular for-
mation, thalamus, precentral cortex) mediating
feedback control of speech. The central innerva-
tion of the speech pathway is predominantly bi-
lateral; thus, dysarthria due to unilateral lesions
is usually transient.

Voice production (phonation). Voice produc-
tion by the larynx (phonation) through the vi-
brating vocal folds (cords) yields sound at a
fundamental frequency with a varying admix-
ture of higher-frequency components, which
lend the voice its timbre (musical quality);
timbre depends on the resonant cavities above
the vocal folds (pharynx, oral cavity, nasal cav-
ity). The volume of the voice is regulated by
stretching and relaxation of the vocal folds and
by adjustment of air pressure in the larynx.
The air flow necessary for phonation is pro-
duced in the respiratory tract (diaphragm,
lungs, chest, and trachea). The individual struc-
tural characteristics of the larynx, particularly
the length of the vocal folds, determine the
pitch of a person’s voice. A whisper is produced
when the vocal folds are closely apposed and
do not vibrate.

Creation of the sounds of speech (articulation).
The sounds of speech are created by changing
the configuration of the physiological resonance
spaces and articulation zones. The resonance
spaces can be altered by movement of the velum
(which separates the oral and pharyngeal cavi-
ties) and tongue (which divides the oral cavity).
Each vowel (a, e, i, 0, u) is associated with a
specific partitioning of the oral cavity by the
tongue. The palate, teeth, and lips are the articu-
lation zones with which consonants are pro-
duced (g, s, b, etc.).

Dysarthria, Dysphonia

Dysarthria (impaired articulation) and dys-
phonia (impaired phonation and resonance) re-
sult from a disturbance of the neural control
mechanism for speech (sensory portion, motor
portion, or both). Diagnostic assessment re-
quires both analysis of the patient’s vocal output
(breathing, phonation, resonance, articulation;
speed, coordination, and prosody of speech) and
the determination of any associated neurologi-
cal findings (e.g. dysphagia, hyperkinesia,
cranial nerve deficits). For responsible lesions
and syndromes, see Table 12 (p. 365).
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Disturbances of Orientation

Agnosia is defined as a disturbance of recogni-
tion in which perception, attention, and general
intelligence are (largely) unimpaired.

Disturbances of Body Image Perception

Autotopagnosia (body-image agnosia) is the ina-
bility to correctly orient or perceive different
body parts; patients cannot obey commands to
point to parts of their own or the examiner's
body (e. g., foot, hand, nose). The responsible le-
sion is usually, though not always, in the tem-
poroparietal region (angular and supramarginal
gyri). An aphasic patient may appear to have au-
totopagnosia because he cannot understand
verbal instructions, but aphasia may also coexist
with true autotopagnosia. Finger agnosia is the
inability to identify, name, or point to fingers.
These patients cannot mimic the examiner’s fin-
ger movements or copy finger movements of
their own contralateral hidden hand with the af-
fected hand. Right-left disorientation is the ina-
bility to distinguish the right and left sides of
one’s own or another’s body; these patients can-
not obey a command to raise their left hand or
touch it to their right ear. This type of disorien-
tation can cause dressing apraxia (p.128) and
similar problems.

Anosognosia is the unawareness or denial of a
neurological deficit, such as hemiplegia.
Patients may claim that they only want to give
the paralyzed side a rest, or attempt to demon-
strate that their condition has improved
without realizing that they are moving the limb
on the unaffected side. Most such patients have
extensive lesions of the nondominant hemi-
sphere. Anosognosia may also accompany visual
field defects due to unilateral or bilateral lesions
of the visual cortex (homonymous hemianopsia,
cortical blindness). The most striking example
of this is Anton syndrome, in which cortically
blind patients act as if they could see, and will
even “describe” details of their surroundings
(incorrectly) without hesitation.

Disturbances of Spatial Orientation

A number of different types of agnosia impair
the awareness of one’s position relative to the
surroundings, i.e., spatial orientation. Parieto-
occipital lesions are commonly responsible.

Constructional apraxia is characterized by the
inability to represent spatial relationships in
drawings, or with building blocks. Affected
patients cannot copy a picture of a bicycle or
clock. Everyday activities are impaired by the in-
ability to draw diagrams, read (analog) clocks,
assemble pieces of equipment or tools, or write
words in the correct order (spatial agraphia).
Hemineglect is the inability to consciously per-
ceive, react to, or classify stimuli on one side in
the absence of a sensorimotor deficit or exceed-
ing what one would expect from the severity of
the sensorimotor deficit present. Hemineglect
may involve unawareness of one side of the
body (one-sided tooth brushing, shaving, etc.) or
of one side of an object (food may be eaten from
only one side of the plate, eyeglasses may be
looked for on only one side of the room). When
addressed, the patient always turns to the
healthy side. Neurological examination reveals
that double simultaneous stimulation (touch,
finger movement) of homologous body parts
(same site, e. g., face or arm) is not felt on the af-
fected side (extinction phenomenon). In addition,
perception of stimuli on the affected side is
quantitatively lower than on the healthy side,
there is limb akinesia despite normal strength
on the side of the lesion, and spatial orientation
is impaired (e. g., the patient copies only half of a
clock-face).
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Disturbances of Memory

Memory

Memory involves the acquisition, storage, recall,
and reproduction of information. Memory de-
pends on intact functioning of the limbic system
(p.144) and areas of the brain that are con-
nected to it.

Declarative or explicit memory (i.e., memory for
facts and events) can be consciously accessed
and depends on intact functioning of the medio-
basal portion of the temporal lobe. The duration
of information storage may be relatively short
(short-term, immediate, and working memory)
or long (long-term memory). Verbal (telephone
number) or visuospatial information (how to
find a street) can be directly recalled from short-
term memory. The entorhinal cortex plays a key
role in these memory functions: all information
from cortical regions (frontal, temporal,
parietal) travels first to the entorhinal cortex
and then, by way of the parahippocampal and
perirhinal cortex, to the hippocampus. There is
also a reciprocal projection from the hippocam-
pus back to the entorhinal cortex. Long-term
memory stores events of personal history that
occurred at particular times (episodic memory
for a conversation, one’s wedding day, last year’s
holiday; orbitofrontal cortex) as well as concep-
tual, non-time-related knowledge (semantic
memory for the capital of Spain, the number of
centimeters in a meter, the meaning of the word
“stethoscope”; subserved by different cortical
regions).

Nondeclarative (procedural, implicit) memory, on
the other hand, cannot be consciously accessed.
Learned motor programs (riding a bicycle,
swimming, playing the piano), problem-solving
(rules), recognition of information acquired ear-
lier (priming), and conditioned learning (avoid-
ing a hot burner on the stove, sitting still in
school) belong to this category. Nondeclarative
memory is mediated by the basal ganglia (motor
function), neocortex (priming), cerebellum
(conditioning), striatum (agility), amygdala
(emotional responses), and reflex pathways.
Examination. Only disturbances of declarative
memory (amnesia) can be studied by clinical ex-
amination. Short-term memory: the acquisition
of new information is tested by having the
patient repeat a series of numbers or groups of
words and asking for this information again

5-10 minutes later. The patient’s orientation
(name, place of residence/address, time/date)
and long-term memory (place of birth, educa-
tion, place of employment, family, general
knowledge) are also tested by directed
questioning.

Memory Disorders (Amnesia)

Forgetfulness. Verbal memory does not decline
until approximately age 60, and even then only
gradually, if at all. Aging is, however, often ac-
companied by an evident decline in information
processing ability and attention span (benign
senescent forgetfulness). These changes occur
normally, yet to a degree that varies highly
among individuals, and they are often barely
measurable. They are far less severe than full-
blown dementia, but they may be difficult to
distinguish from incipient dementia.

Amnesia. Anterograde amnesia is the inability to
acquire (declarative) information, for later re-
call, from a particular moment onward; retro-
grade amnesia is the inability to remember (de-
clarative) information acquired before a particu-
lar moment (p.269). Amnestic patients com-
monly confabulate (i.e., fill in gaps in memory
with fabricated, often implausible information);
they may be disoriented and lack awareness of
their own memory disorder. For individual
symptoms and their causes, see Table 13
(p.365).
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Dementia

Dementia is a newly occurring, persistent, and
progressive loss of cognitive function. Both
short-term and long-term memory are im-
paired, in conjunction with at least one of the
following disorders: aphasia, apraxia, agnosia,
or impairment of abstract thinking, decision-
making ability, visuospatial performance,
planned action, or personality. Professional, so-
cial and interpersonal relationships deteriorate,
and the sufferer finds it increasingly difficult to
cope with everyday life without help. The diag-
nosis of dementia requires the exclusion of dis-
turbances of consciousness (e. g., delirium) and
of psychiatric disease (e.g., depression, schizo-
phrenia). The differential diagnosis also in-
cludes benign senescent forgetfulness (“normal
aging,” in which daily functioning is unim-
paired) and amnestic disorders. Approximately
90% of all cases of dementia are caused by
Alzheimer disease (p.297) or cerebrovascular
disorders; diverse etiologies account for the
rest. The physician confronted with a case of in-
cipient dementia must distinguish primary
dementia from that secondary to another dis-
ease (Table 14, p.366). The objective is early
determination of the etiology of dementia,
especially when these are treatable or rever-
sible.

Examination. The patient or another informant
should be asked for an account of the duration,
type, and extent of problems that arise in every-

1ESR  Erythrocyte sedimentation rate

2BUN Blood urea nitrogen

3TPHA Treponema pallidum hemagglutination test
4TSH  Thyroid-stimulating hormone

SHIV  Human immunodeficiency virus

6CT Computerized tomography

7MRI  Magnetic resonance imaging

8SPECT Single photon emission computerized tomography

9PET  Positron emission tomography

day life. The clinical examination is used to
ascertain the type and severity of cognitive defi-
cits and any potential underlying disease. Stand-
ardized examining instruments are useful for
precise documentation and differentiation of
the cognitive deficits. Rapid tests for dementia,
such as the Mini-Mental Status Examination,
mini-syndrome test, and clock/numbers test,
are useful for screening. Function-specific neu-
rophysiological tests permit diagnostic assess-
ment of individual aspects of cognition includ-
ing orientation, attention, concentration,
memory, speech, and visual constructive per-
formance. Laboratory tests (ESR!, differential
blood count, electrolytes, liver function tests,
BUNZ, creatinine, glucose, vitamin By, folic acid,
TPHAS3, TSH4, and HIV5), EEG, and diagnostic im-
aging techniques (CTS, MRI7, SPECT8, and PET?)
provide further useful information for classifica-
tion and determination of the cause of demen-
tia. None of these diagnostic techniques alone
can pinpoint the etiology of dementia; definitive
diagnosis practically always requires multiple
tests and examinations. Diagnostic imaging is of
particular importance in patients with the sub-
acute onset of cognitive impairment or amnesia
(<1 month), fluctuation or acute worsening of
symptoms, papilledema, visual field defects,
headaches, a recent head injury, known malig-
nancies, epilepsy, a history of stroke, urinary in-
continence, or an abnormal gait.

Additional diagnostic tests to be performed as needed: Coagulation profile, serum protein electrophoresis, serum am-
monia, parathyroid hormone, cortisol, rheumatoid factor, antinuclear antibodies, blood alcohol, serum/urine drug
levels, copper/ceruloplasmin, lactate/pyruvate, hexosaminidase, CSF tests, molecular genetic analysis.
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Pseudo-neurological Disorders

Patients with symptoms and signs that are un-
usual, difficult to classify, or resistant to treat-
ment are often referred to a neurologist for a de-
termination whether the patient’s problem is
“organic” or “psychogenic.” Many such patients
make a diagnostic and therapeutic odyssey from
one medical or paramedical office to another,
and have a long list of positive findings to show
for it. In other patients, symptoms and signs
may arise acutely or subacutely, perhaps in re-
peated episodes, creating the impression of a se-
rious illness. The physician’s primary objectives
must be (1) to identify the possible physical or
psychosocial causes of the problem, and at the
same time (2) to avoid unnecessary or danger-
ous diagnostic tests. A correct diagnosis requires
time, solid knowledge of the relevant anatomy
and physiology, and the ability to recognize the
psychosocial dynamics that may have given rise
to the patient’s complaints.

If detailed neurological examination reveals no
abnormality and the symptoms cannot be at-
tributed to any neurological disease, the physi-
cian should consider potential psychosocial
causes. These may be unconscious (e. g., an inner
conflict of which the patient is unaware) or con-
scious (e.g., a deliberate attempt to acquire the
financial benefits and increased attention as-
sociated with illness). The underlying cause may
be an unresolved social conflict (familial, pro-
fessional, financial) or some other mental dis-
order (depression, anxiety, obsessive-compul-
sive disorder, personality disorder). Organic
dysfunction and objective signs of illness are
disproportionately mild in relation to the
patient’s complaints, unrelated to them, or en-
tirely absent.

Conversion disorders (previously termed “con-
version hysteria”) often present with a single
(pseudoneurological) symptom, such as psycho-
genic amnesia, stupor, mutism, seizures, paraly-
sis, blindness, or sensory loss. It has been
theorized that such symptoms serve to resolve
unconscious inner conflicts. The diagnosis may
be particularly difficult to make in patients who
simultaneously suffer from organic neurological
or psychiatric disease (e. g., hyperventilation in
epilepsy, headaches in depression, paralysis in
multiple sclerosis).

Somatoform disorders, according to current
psychiatric terminology, are mental disorders

characterized by “repeated presentation of
physical symptoms, together with persistent re-
quests for medical investigations, in spite of re-
peated negative findings and reassurances by
doctors that the symptoms have no physical
basis” (ICD-10, WHO, 1992). In somatization dis-
order, the patient asks for treatment of multiple,
recurrent, and frequently changing symptoms,
which often affect multiple organ systems (e. g.
headaches + bladder dysfunction + leg pains +
breathing disorder). In hypochondriacal disorder
(previously termed “hypochondriasis”), the
patient is less concerned about the symptoms
themselves, and more preoccupied with the
supposed presence of a serious disease. The
fears persist despite repeated, thorough exami-
nation, normal test results, and medical reas-
surance. Any mild abnormalities that may hap-
pen to be found, e. g. of heartbeat, respiration, or
intestinal function, or skin changes, only
amplify the patient’s anxiety. Persistent soma-
toform pain disorder involves complaints of
“persistent, severe, and distressing pain, which
cannot be explained fully by a physiological
process or a physical disorder” (ICD-10), though
an organic cause of pain is often present as well.
The physical impairment that the patient at-
tributes to pain may actually be due to a lack of
fulfillment in familial, professional, or social re-
lationships. For these patients, dealing with the
pain may become the major “purpose in life.”
Malingering is not a mental disorder, but rather
the deliberate, premeditated feigning of illness
to achieve a goal (e. g., feigning of headaches to
obtain opiates).

Simulated or intentionally induced (factitious)
symptoms may serve no clear purpose (neither
the resolution of an unconscious conflict, nor
any obvious kind of gain); they may be present
in the simulator (Miinchhausen syndrome) or in
a child or other person under their care (Miinch-
hausen-by-proxy). The peregrinating patient
(hospital hopper) demands diagnostic tests from
one physician after another, but negative test re-
sults can never put the patient’s fears to rest.
Patients with Ganser syndrome give approxi-
mate or fatuous answers to simple questions,
possibly creating the impression of dementia.
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Organization

The autonomic nervous system (ANS) is so
called because its functions are normally not
subject to direct voluntary control. It regulates
hormonal and immunological processes as well
as the functioning of major organ systems (car-
diovascular, respiratory, gastrointestinal, uri-
nary, and reproductive systems).

ANS, Central Portion

Central components of the ANS are found in the
cerebral cortex (insular, entorhinal, orbitofron-
tal, and frontotemporal areas), the hy-
pothalamus, the limbic system, the mid brain
(periaqueductal gray substance), the medulla
(nucleus of the solitary tract, ventrolateral and
ventromedial areas of the medulla), and the spi-
nal cord (various tracts and nuclei, discussed in
further detail below).

Afferent connections. Afferent impulses enter
the ANS from spinal tracts (anterolateral
fasciculus = spinothalamic + spinocerebellar +
spinoreticular tracts), brain stem tracts (arising
in the reticular formation), and corticothalamic
tracts, and from the circumventricular organs.
The latter are small clusters of specialized neu-
rons, lying on the surface of the ventricular sys-
tem, that sense changes in the chemical com-
position of the blood and the cerebrospinal fluid
(i.e., on both sides of the blood-CSF barrier).
These organs include the organum vasculosum
of the lamina terminalis (in the roof of the third
ventricle behind the optic chiasm = cytokines/
fever), the subfornical organ (under the fornices
between the foramina of Monro = angiotensin
I/blood pressure and fluid balance), and the
area postrema (rostral to the obex on each side
of the fourth ventricle = cholecystokinin/
gastrointestinal function, food intake).

Efferent connections. Projections from the hy-
pothalamus and brain stem, particularly from
the brain stem reticular formation, travel to the
lateral horn of the thoracolumbar spinal cord,
where they form synapses onto the sympathetic
neurons of the spinal cord. The latter, in turn,
project preganglionic fibers to the sympathetic
ganglia (p.147). The parasympathetic neurons
receive input from higher centers in similar
fashion and project in turn to parasympathetic
ganglia that are generally located near the end
organs they serve. The hypothalamus regulates
hormonal function through its regulator hor-
mones as well as efferent neural impulses.

Neurotransmitters. The main excitatory neu-
rotransmitter is glutamate, and the main inhibi-
tory neurotransmitter is y-aminobutyric acid
(GABA). Modulating neurotransmitters include
acetylcholine, amines, neuropeptides, purines,
and nitric oxide (NO).

ANS, Peripheral Portion (p. 146)

The sympathetic and parasympathetic com-
ponents are both structurally and functionally
segregated.

Spinal nuclei. Sympathetic spinal neurons lie in
the lateral horn (intermediolateral and interme-
diomedial cell columns) of the thoracolumbar
spinal cord (T1-L2) and are collectively termed
the thoracolumbar system. Parasympathetic spi-
nal neurons lie in the brain stem (with projec-
tions along CN 111, VII, IX, X) and the sacral spinal
cord (S2-S4), and are collectively termed the
craniosacral system. The intestine has its own
autonomic ganglia, which are located in the my-
enteric and submucous plexuses (p. 154).
Afferent connections. Afferent impulses to the
ANS enter the spinal cord via the dorsal roots,
and the brain stem via CN III, VII, IX and X.
Efferent connections. The projecting fibers of
the spinal autonomic neurons (preganglionic
fibers) exit the spinal cord in the ventral roots
and travel to the paravertebral and prevertebral
ganglia, where they synapse onto the next neu-
ron of the pathway. The sympathetic pregan-
glionic fibers (unmyelinated; white ramus com-
municans) travel a short distance to the para-
vertebral sympathetic chain, and the postgan-
glionic fibers (unmyelinated; gray ramus com-
municans) travel a relatively long distance to the
effector organs. An exception to this rule is the
adrenal medulla: playing, as it were, the role of a
sympathetic chain ganglion, it receives long pre-
ganglionic fibers and then, instead of giving off
postganglionic fibers, secretes epinephrine into
the bloodstream. The parasympathetic pregan-
glionic fibers are long; they project to ganglia
near the effector organs, which, in turn, give off
short postganglionic processes.
Neurotransmitters. Acetylcholine is the neu-
rotransmitter in the sympathetic and parasym-
pathetic ganglia. The neurotransmitters of the
postganglionic fibers are norepineprhrine (sym-
pathetic) and acetylcholine (parasympathetic).
Neuromodulators include neuropeptides (sub-
stance P, somatostatin, vasoactive intestinal
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Hypothalamus

The hypothalamus lies in the anterior portion of
the diencephalon, below the thalamus and
above the pituitary gland. It forms part of the
wall and floor of the third ventricle. Among its
anatomical components are the preoptic area,
infundibulum, tuber cinereum, and mamillary
bodies. It is responsible for the control and inte-
gration of endocrine function, thermoregulation
(p. 152), food intake (p. 154), thirst, cardiovascu-
lar function (p. 148), respiration (p. 150), sexual
function (p. 156), behavior and memory (p. 122
ff), and the sleep-wake rhythm (p. 112). Under
the influence of changes in the external and in-
ternal environment, and the emotional state of
the individual, the hypothalamus controls the
activity of the ANS through its neural and
humoral outflow.

Neuroendocrine Control
(Table 15, p.367)

The neuroendocrine control circuits of the hy-
pothalamic-pituitary axis regulate the plasma
concentration of numerous hormones.
Adenohypophysis (anterior lobe of pituitary
gland). Various regulatory hormones (releasing
and inhibiting hormones) are secreted by hy-
pothalamic neurons into a local vascular net-
work, through which they reach the adenohy-
pophysis to regulate the secretion of pituitary
hormones into the systemic circulation. Among
the pituitary hormones, the glandotropic hor-
mones (TSH, ACTH, FSH, LH) induce the release
of further hormones (effector hormones) from
the endocrine glands, which, in turn, affect the
function of the end organs, while the aglan-
dotropic pituitary hormones (growth hormone,
prolactin) themselves exert a direct effect on the
end organs. Finally, the plasma concentration of
the corresponding effector hormones and
aglandotropic pituitary hormones affects the
hypothalamic secretion of regulatory hormones
in a negative feedback circuit (closed regulatory
loop).

Neurohypophysis (posterior lobe of pituitary
gland). A subset of hypothalamic neurons pro-
jects axons to the neurohypophysis. The bulb-
like endings of these axons store oxytocin and
antidiuretic hormone and secrete them
directly into the bloodstream (neurosecretion).
These hormones act directly on their effector

organs. The ensuing effects are sensed by the
hypothalamus, thus closing the regulatory
loop.
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Limbic System and Peripheral ANS

Limbic System

The limbic system consists of a number of sepa-
rate structures with complex interconnections.
Its function is only partly understood, but it is
clear that it plays an important role in memory,
emotion, and behavior.

W Structure

The limbic system consists of inner and outer
portions, both of which resemble a ring (Latin
limbus). The outer portion extends from rostral
structures (the septal and preoptic areas) in a
craniocaudal arch (cingulate gyrus) to the tem-
poral lobe, all the way to the temporal pole (hip-
pocampus, entorhinal cortex). The inner portion
extends from the hypothalamus and mamillary
body via the fornix to the dentate gyrus, hippo-
campus, and amygdala.

m Nerve pathways

The neuroanatomical loop, hippocampus = for-
nix = mammillary body = mammillothalamic
tract = anterior thalamic nucleus = cingulate
gyrus = cingulum = hippocampus, is called the
Papez circuit. Numerous fiber tracts, many of
them bilateral, connect the limbic system to the
thalamus, cortex, olfactory bulb (p.76), and
brain stem. The medial forebrain bundle links the
septal and preoptic areas with the hy-
pothalamus and midbrain. Fibers from the
amygdala pass in the stria terminalis, which oc-
cupies the groove between the caudate nucleus
and the thalamus, to the septal area and hy-
pothalamus. Short fibers from the amygdala also
project to the hippocampus. The anterior com-
missure connects the two amygdalae, and the
commissure of the fornix connects the two hip-
pocampi.

m Functions of the limbic system
(Table 16, p.368)

The limbic system controls emotional processes,
such as those involved in anger, motivation, joy,
sexuality, sleep, hunger, thirst, fear, aggression,
and happiness. These processes are closely
linked with cognition and memory (p. 134). The
amygdala plays a key role in these events
(emotional memory), integrating new, incoming
information with the stored contents of
memory. This integration determines the neural

output of the limbic system, which affects the
individual's physical state and behavioral re-
sponses.

ANS, Peripheral Portion (p. 146 ff)

The peripheral portion of the ANS (p. 140) sub-
serves a number of autonomic reflexes (p. 110).
Nociceptive, mechanical, and chemical stimuli
interact with their respective receptors to in-
duce the generation of afferent impulses, which
then travel to the spinal autonomic neurons,
whose efferent output, as described in previous
sections, controls the function of the heart,
smooth muscles, and glands. The activity of the
spinal sympathetic neurons is subject to su-
praspinal regulation by the autonomic centers
of the brain. Most organs of the body receive
both sympathetic and parasympathetic innerva-
tion. This double innervation enables synergis-
tic coordination of multiple organ systems (e. g.,
acceleration of breathing and blood flow during
physical exercise).
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ANS, Peripheral Portion
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1 The action of the respective organ is listed in this column. 2 These are mainly membrane receptors for epine-
phrine and norepinephrine (adrenoceptors). Norepinephrine mainly acts on « and 3, receptors; epinephrine acts
on all types of adrenoceptors. Sympathomimetic = increases sympathetic nervous activity (adrenoceptor agonist);
sympatholytic = reduces sympathetic nervous activity (adrenoceptor antagonist, receptor blocker); parasym-
pathomimetic = muscarinic receptor agonist; indirect parasympathomimetic = blocks acetylcholinesterase; para-
sympatholytic (anticholinergic) = muscarinic receptor antagonist; antiparasympathotonic = botulinum toxin. 3 Pre-
ganglionic sympathetic fibers; transmitter acetylcholine. 4Palms of hands (adrenergic sweating).
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Heart and Circulation

Sympathetic efferent impulses cause arterial
and venous vasoconstriction, acceleration of the
heart rate, activation of the renin-angiotensin-
aldosterone system, and secretion of epine-
phrine/norepinephrine from the adrenal
medulla. Blood pressure and blood volume rise,
and blood is redistributed away from the vascu-
lar beds of skin (pallor), intestinal organs, and
kidneys in favor of the heart and brain. Con-
versely, parasympathetic efferent impulses
cause vasodilation and a decrease in heart rate.
The normal arterial blood pressure is no higher
than 140 mmHg systolic and 90 mmHg diastolic.
Afferent connections. Baroreceptors (pressure
sensors) are located between the media and
adventitia of the arterial wall in the carotid sinus
(innervated by CN IX), the aortic arch (X), and the
brachiocephalic trunk (X). The impulses they
generate are conveyed to the nucleus of the soli-
tary tract (NST) in the dorsolateral medulla; the
polysynaptic relay proceeds via interneurons to
the anterolateral portion of the caudal medulla
(CM), which in turn projects to inhibitory neu-
rons in the anterolateral portion of the rostral
medulla (RM). Other fibers from the NST project
to the nucleus ambiguus (NA). Other barorecep-
tors, found in the atria and venae cavae near
their entrance to the heart, sense the volume
status of the vascular system and generate im-
pulses that travel by way of CN X to the NST and
hypothalamus. Cerebral ischemia (3 CO, in extra-
cellular fluid and CSF; p. 162) leads to increased
sympathetic activity. Mechanical, nociceptive,
metabolic, and respiratory influences also affect
the medullary and hypothalamic centers that
regulate the circulatory system.

Efferent connections. Sympathetic impulses
travel from the (inhibitory) RM to the interome-
diolateral cell column of the spinal cord, which
projects to the adrenal medulla and, through a
relay in the sympathetic ganglia, to the heart,
blood vessels, and kidney. The parasympathetic
outflow of the NST is relayed in the nucleus am-
biguus, by way of CN X, to the heart and blood
vessels.

Central nervous regulation. The sympathetic
and parasympathetic innervation of the circula-
tory system act synergistically. Both are ulti-
mately controlled by the hypothalamus, which
projects not only to the intermediolateral cell
column (sympathetic), but also to the NST and
nucleus ambiguus (parasympathetic). Afferent

impulses from the skeletal muscles, barorecep-
tors, and vestibular organs reach the fastigial
nucleus of the cerebellum, which has an exci-
tatory projection to the NST and an inhibitory
projection to the RM. Cortical projections to
circulatory control centers enable the car-
diovascular system to function as needed in the
course of voluntary, planned movements.

Syndromes (Table 17, p.369)

Neurogenic arrhythmias may be of su-
praventricular or ventricular origin and are
commonly associated with subarachnoid and
intracerebral  hemorrhage, head trauma,
ischemic stroke, multiple sclerosis, epileptic
seizures, brain tumors, carotid sinus syndrome
(cardioinhibitory ~ type),  glossopharyngeal
neuralgia and hereditary QT syndrome. They
also sometimes occur in the immediate post-
operative period after major neurosurgical pro-
cedures.

Neurogenic ECG abnormalities (ST depression or
elevation, T-wave inversion) can occur in the
setting of cerebral hemorrhage or infarction but
are often difficult to distinguish from changes
due to myocardial ischemia.

Hemodynamic abnormalities. Hypertension:
Cerebral hemorrhage, Cushing reflex (accom-
panied by bradycardia) in response to elevated
ICP, porphyria, Wernicke encephalopathy (ac-
companied by arrhythmia), and posterior fossa
tumors. Hypotension: Head injuries, spinal le-
sions (syringomyelia, trauma, myelitis, funicular
myelosis), multisystem atrophy, progressive su-
pranuclear palsy, Parkinson disease, peripheral
neuropathies (e.g. in diabetes mellitus, amy-
loidosis, Guillain-Barré syndrome, or renal
failure). Neurocardiogenic syncope (vasovagal
syncope) is due to pooling of venous blood in
the arms and legs. Underfilling of the left ven-
tricle activates baroreceptors, which, in turn,
project via CN X to the NST. The ensuing increase
of parasympathetic outflow, if large enough, sets
off a “neurocardiogenic cascade” that leads to
presyncope and syncope (p.200). The charac-
teristic features include decreased sympathetic
activity, increased epinephrine secretion from
the adrenal medulla, and decreased norepine-
phrine secretion, resulting in vasodilatation. Hy-
perexcitability of the vagus nerve (bradycardia)
is also seen.
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Respiration

Respiration ensures an adequate oxygen supply
for the body’s tissues and maintains acid-base
hemostasis.

Respiratory movements. Inspiration can be
achieved by contraction of the diaphragm (dia-
phragmatic respiration) or of the intercostal
muscles (costal respiration). The auxiliary respi-
ratory muscles of the shoulder girdle further en-
large the chest cavity, if required, for deep
breathing. Expiration is largely passive. The
muscles of the abdominal wall and the latis-
simus dorsi muscle serve as auxiliary expiratory
muscles. Other muscles (genioglossus, pharyn-
geal constrictor, and laryngeal muscles) keep
the upper airway open during respiration.
Afferent connections. Chemoreceptors respond-
ing to arterial pH and O, and CO, concentration
are found in the carotid glomus (innervated by
CNIX), aortic arch (X), and para-aortic bodies (X).
Impulses arising in these chemoreceptors, and in
mechanoreceptors in the respiratory muscles
(sensory afferent connections = phrenic nerve,
intercostal nerves 2-12, CN IX) and in the lungs
(bronchodilatation = pulmonary plexus, sympa-
thetic nerve T1-T4), travel to the dorsal respira-
tory group of nuclei (DRG) anterior to the nucleus
of the solitary tract, from which they are relayed,
via interneurons, to the ventral respiratory group
(VRG) in the medulla. The DRG also receives af-
ferent input from the cardiovascular system,
which is thus able to influence respiratory func-
tion. Changes in the pH and CO, concentration of
the extracellular fluid (ECF) and cerebrospinal
fluid (CSF) are also directly sensed by medullary
chemoreceptors. Respiration is further in-
fluenced by a wide variety of other phenomena,
e.g., cold, heat, hormones, reflexes (sneezing,
coughing, yawning, swallowing), sleep, mental
state (anxiety, fear), speaking, singing, laughing,
muscle activity (physical work, sports), sexual
activity, and body temperature.

Efferent connections. The laryngopharyngeal
muscles and bronchoconstrictors are innervated
by CN X. The phrenic nerve (diaphragm, C3-C5)
and motor branches of the spinal nerves (inter-
costal nerves 2-9/T2-T11 = intercostal muscles;
intercostal nerves 6-12/T6-T12 = abdominal
wall muscles) supply the auxiliary respiratory
muscles.

Respiratory rhythm. Rhythmic breathing is
achieved by oscillating, alternately inhibitory

and excitatory neural control circuits within the
VRG. As inspiration progresses, the inspiratory
neuron groups of the VRG are progressively in-
hibited (Hering-Breuer reflex), while the ex-
piratory neuron groups are excited. The respira-
tory rhythm is influenced by afferent input from
chemoreceptors reflecting changes in the com-
position of the blood (decreases in pH and O,
concentration, rise in CO, concentration =
deeper respiration, 0 respiratory rate) or of the
ECF and CSF (decrease in pH, rise in CO, concen-
tration = deeper respiration, Jrespiratory rate).
The VRG is influenced by pontine nuclei.

Syndromes (Table 18, p.370)

Pathological breathing patterns may be due to
metabolic, toxic, or mechanical factors (obstruc-
tive sleep apnea) or to a lesion of the nervous
system (p.118). Morning headaches, fatigue,
daytime somnolence, and impaired concentra-
tion may reflect a (nocturnal) breathing dis-
order. Neurogenic or myogenic breathing dis-
orders often come to medical attention because
of coughing attacks or food “going down the
wrong pipe.” Neurological diseases are often
complicated by respiratory dysfunction. The
respiratory parameters (respiratory drive,
coughing force, blood gases, vital capacity)
should be carefully monitored over time so that
intubation and/or tracheostomy for artificial
ventilation can be performed as necessary.
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Thermoregulation

The temperature of the body is a function of heat
absorption, heat production, and heat elimina-
tion. Core body temperature normally fluctuates
from approximately 36°C in the morning to
37.5°Cin the late afternoon. It can be influenced
by the menstrual cycle, pregnancy, and other
hormonal factors, as well as by eating behavior
and digestion, and it varies with age.

Neural control. The thermoregulatory center
lies in the preoptic and anterior region of the hy-
pothalamus (p. 142). Heat is eliminated through
the skin (heat radiation, convection, sweating =
cooling by evaporation), respiration (evapora-
tion), and blood circulation (heat transport from
the interior to the surface, cutaneous blood
flow). Heat is produced by metabolic processes
(under the influence of thyroid hormones) and
by muscle contraction (shivering, voluntary
movement). Thermoreceptors in the skin, spinal
cord, medulla, and midbrain generate afferent
impulses that travel to the hypothalamic control
center; the cutaneous receptors project to the
hypothalamus by way of the spinothalamic
tract. Thermoreceptors are also present in the
hypothalamus itself. The hypothalamus makes
extensive connections with other regions of the
brain. Its major efferent pathways relating to
thermoregulation (vasomotor and sudoriparous
pathways) pass by way of the ipsilateral lateral
funiculus of the spinal cord to the spinal sympa-
thetic nuclei (thoracolumbar system). These
then give rise to fibers that travel by way of the
ventral roots to the sympathetic chain ganglia;
postganglionic fibers travel with the peripheral
nerves to the skin. Sudoriparous fibers are found
only in the ventral roots of T2/3 to L2/3, yet they
innervate the skin of the entire body; thus, their
distribution is not the same as the dermatomal
distribution of sensation. Sudoriparous fibers to
the head travel along the internal and external
carotid arteries and then join branches of the
trigeminal nerve to arrive at the skin. The neu-
rotransmitter for the sympathetic innervation of
the sweat glands is acetylcholine.

Disturbances of body temperature. Central hy-
perthermia is an elevation of body temperature
due to impaired thermoregulation by the cen-
tral nervous system. Its mechanism may involve
either excessive heat production, excessive heat
absorption (e.g., in a hot environment), or in-
adequate heat elimination. Fever may be defined
as an oral temperature greater than 37.2 °C in
the morning or 37.7 °C in the afternoon (rectal

temperature 0.6 °C higher). Its cause is generally
not an impairment of thermoregulation, but
rather a change in the set point for temperature
established by the hypothalamic thermoregula-
tory center. Such a change can be brought about
by circulating pyrogenic cytokines (e.g., inter-
leukin-1, tumor necrosis factor, interferon-co.)
that exert an effect on hypothalamic function by
interacting with the circumventricular organs
(p. 140). Hypothermia is defined as a core
temperature below 35 °C.

Syndromes

Disturbances of thermoregulatory sweating. Ex-
amination: Useful tests include palpation of the
skin to appreciate its moisture and temperature,
the quantitative sudomotor axon reflex test
(QSART), the sympathetic skin response (SSR),
iodine-starch test (Minor test), and the ninhy-
drin test.

Generalized anhidrosis (which confers a risk of
hyperthermia) may be idiopathic or may be due
to lesions in the hypothalamus or in the spinal
cord above T3/4 . Monoradicular lesions or cer-
vical or lumbosacral polyradicular lesions do not
impair sweating. Lesions of the sympathetic
trunk cause segmental anhidrosis. Plexus lesions
and isolated or combined neuropathies produce
anhidrosis in the area of a sensory deficit. Le-
sions from the level of the stellate ganglion up-
ward cause anhidrosis as a component of
Horner syndrome. Sweating of the palms and
soles is not influenced by thermoregulatory
mechanisms but rather by the emotional state
(fear, nervousness).

Central hyperthermia may be due to hy-
pothalamic lesions (infarction, hemorrhage,
tumor, encephalitis, neurosarcoidosis, trauma),
intoxications (anticholinergic agents, salicy-
lates, amphetamines, cocaine), acute spinal cord
transection above T3/4, delirium, catatonia,
malignant neuroleptic syndrome, malignant hy-
perthermia, dehydration, heat stroke, and
generalized tetanus.

Fever. The symptoms include malaise, shivering,
feeling cold, chills, nausea, vomiting, and som-
nolence. The heart rate and blood pressure rise,
thermoregulatory sweating diminishes, and the
peripheral blood volume is redistributed to the
core of the body. Simple febrile convulsions in
childrenunder 5years of age generally do notlead
to epilepsy or other neurological complications.
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Gastrointestinal Function

The uptake, transport, storage, and digestion of
food, the absorption of nutrients, and the elimi-
nation of waste matter are under the influence
of both the extrinsic autonomic nervous system
and the intrinsic autonomic nervous system of
the intestine.

The extrinsic system modulates the function of
the intrinsic enteric system in coordination with
the function of other organs of the body. Brain
stem nuclei subserve the gastrointestinal and
enterocolic reflexes, while cortical, limbic (hy-
pothalamus, amygdala) and cerebellar centers
(fastigial nucleus) mediate the perception of
satiety, the enteral response to hunger and
odors, and emotional influences on alimentary
function. The parasympathetic innervation (neu-
rotransmitter: acetylcholine) of the esophagus,
stomach, small intestine, and proximal portion
of the large intestine is through the vagus nerve,
while that of the distal portion of the large in-
testine and anal sphincter is derived from seg-
ments S2-S4. Parasympathetic activity stimu-
lates intestinal motility (peristalsis) and glandu-
lar secretion. Sympathetic innervation (transmit-
ter: norepinephrine) is from the superior cervi-
cal ganglion to the upper esophagus, from the
celiac ganglion to the lower esophagus and
stomach, and from the superior and inferior
mesenteric ganglia to the colon. Sympathetic
activity inhibits peristalsis, lowers intestinal
blood flow, and constricts the sphincters of the
gastrointestinal tract (lower esophageal sphinc-
ter, pylorus, inner anal sphincter).

The intrinsic system (enteric system) consists of
the myenteric and submucous ganglionic plex-
uses (p. 141), which are independent neural net-
works of sensory and motor neurons and inter-
neurons. The enteric autonomic nervous system
receives chemical, nociceptive, and mechanical
stimuli, processes this neural input, and pro-
duces efferent impulses affecting gastrointesti-
nal glandular secretion and smooth-muscle
contraction.

Syndromes (Table 19, p.370)

Neurological diseases most commonly affect
gastrointestinal function by impairing motility,
less commonly by impairing resorptive and
secretory processes. The differential diagnosis
must include gastrointestinal dysfunction of

nonneurological (often obstructive) origin.
Specialized diagnostic testing is usually indi-
cated.
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Bladder Function, Sexual Function

Bladder Function

The urinary bladder stores (continence) and
voids (micturition) the urine produced by the
kidneys. Parasympathetic fibers arising in seg-
ments S2-S4 (sacral micturition center, detrusor
nucleus) and traveling through the pelvic plexus
activate the detrusor muscle of the bladder.
Sympathetic fibers arising from segments T10-
L2 and traveling through the hypogastric plexus
inhibit the detrusor (B-adrenergic receptors)
and stimulate the vesical neck (trigone, internal
sphincter; «-adrenergic receptors). Somatic
motor impulses arising from segments S2-S4
(Onuf’s nucleus) travel through the pudendal
nerve to the external sphincter and the pelvic
floor muscles. Somatosensory fibers from the
bladder travel along the hypogastric and pelvic
nerves to spinal levels T10-L2 and S2-S4, con-
veying information about the state of bladder
stretch (overdistention is painful). The central
nervous system (frontal lobes, basal ganglia)
subserves the voluntary inhibition of detrusor
contraction. The pontine micturition center,
which triggers the act of micturition, is under
the influence of afferent impulses relating to the
state of bladder stretch; its output passes to so-
matic motor neurons in the spinal cord that syn-
ergistically innervate the detrusor and external
sphincter muscles.

Continence. An intact bladder closure mecha-
nism is essential for normal filling (up to
500 ml). Closure involves contraction of the
vesical neck and external sphincter urethrae and
pelvic floor muscles, and relaxation of the detru-
sor muscle (dome of the bladder).

Micturition. Once a urine volume of 150-250 ml
has accumulated, stretch receptors generate im-
pulses that pass to the pontine micturition
center and also produce the sensation of bladder
distention. Micturition begins when the dome
of the bladder is stimulated to contract while
the vesical neck and pelvic floor muscles relax.
Contraction of the muscles of the abdominal
wall increases the intravesical pressure and
facilitates micturition.

Neurogenic bladder dysfunction (Table 20,
p.371). Additional diagnostic tests are per-
formed in collaboration with a urologist or
gynecologist as deemed necessary on the basis
of the case history and neurological findings.

Useful diagnostic aids include laboratory testing
(urinalysis and renal function), ultrasound ex-
amination (kidney, bladder, pelvis), urodynamic
testing, micturition cystourethrography, and
neurophysiological studies (evoked potentials,
urethroanal/bulbocavernosus reflex).

Sexual Function

The genital organs receive sympathetic (T11-
L2), parasympathetic (S2-S4), somatic motor
(Onuf’s nucleus), and somatosensory innerva-
tion (S2-S4) and are under supraspinal control,
mostly through hypothalamic projections to the
spinal cord. Hormonal factors also play an im-
portant role (p. 142). Neurological disease often
causes sexual dysfunction (erectile dysfunction,
ejaculatory dysfunction) in combination with
bladder dysfunction. Isolated sexual dysfunc-
tion is more often due to psychological factors
(depression, anxiety), diabetes mellitus, en-
docrine disorders, and atherosclerosis.
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Intracranial Pressure

The intracranial pressure (ICP) corresponds to
the pressure that the contents of the skull exert
on the dura mater.

Intracranial Hypertension

The normal intracranial pressure (ICP) is 60-120
mmH,0, which corresponds to 5-15 mmHg. An
ICP greater than 30 mmHg impairs cerebral
blood flow; an ICP greater than 50 mmHg for
more than 30 minutes is fatal; an ICP greater than
80 mmHg for any length of time can cause brain
damage. Intracranial hypertension may be either
acute (developing in hours to days) or chronic
(lasting for weeks or months). Its manifestations
are progressively more severe as the ICP rises, but
are not specific; thus, the diagnosis cannot be
made from the signs of intracranial hypertension
alone but requires either the demonstration of a
causative lesion (e.g., subdural hematoma, en-
cephalitis, brain tumor, hydrocephalus) or direct
measurement of the intracranial pressure. Treat-
ment is indicated when the ICP persistently
exceeds 20 mmHg, when plateau waves are
found, or when the pulse amplitude rises. In-
dividual cases may manifest a variety of different
signs of intracranial hypertension, either in slow
or rapid alternation, or all at the same time. Com-
pression of the brain stem by a space-occupying
lesion (p.118) has similar clinical manifesta-
tions; the diagnostic differentiation of brain stem
compression from intracranial hypertension is
critical. Lumbar puncture is contraindicated in
cases of suspected or documented intracranial
hypertension, as the resulting increase in the al-
ready high craniospinal pressure gradient may
lead to brain herniation.

m Clinical Features (Table 21, p.371)

Headache due to intracranial hypertension
ranges in intensity from mild to unbearable.
Patients typically report a pressing, bifrontal
headache that is most severe upon awakening in
the morning or after naps in the daytime. It is ex-
acerbated by lying flat, coughing, abdominal
straining, or bending over,and ameliorated by sit-
ting or standing. It may wake the patient from
sleep. Often, both mild daytime headaches and
more severe nighttime headaches are present.

Nausea due to intracranial hypertension is often
independent of movement of the head or of

other abdominal complaints, and its intensity is
not correlated with that of headache. It may be
mild or severe.

Projectile vomiting may occur without warning
or after a brief sensation of nausea upon sitting
up or moving the head. Initially, vomiting
mainly occurs suddenly, in the morning (on an
empty stomach).

Eye movements and vision. Compression of CN I1I
or VI causes paresis of extraocular muscles or
pupillary dilatation (p. 92). Papilledema often af-
fects the eye on the side of the causative lesion
first, and then gradually the other eye as well. The
older the patient, the less likely that papilledema
will occur as a sign of intracranial hypertension;
its absence thus cannot be taken as ruling out in-
tracranial hypertension. Early papilledema is
characterized by hyperemia, blurred papillary
margins, dilated veins, loss of venous pulsations
(may be absent normally), and small hemor-
rhages around the papilla. Full-blown papil-
ledema is characterized by disk elevation, en-
gorged veins, tortuous vessels around the papilla,
and streaky hemorrhages. If intracranial hyper-
tension persists, chronic papilledema will develop
in weeks or months, characterized by grayish-
white optic nerve atrophy and small vessel cali-
ber. Acute papilledema generally does not affect
the visual fields or visual acuity (unlike papillitis,
which should be considered in the differential di-
agnosis); but physical exertion or head move-
ment may cause transient amblyopic attacks last-
ing several seconds (foggy or blurred vision, or
blindness). Chronic papilledema, on the other
hand, can cause animpairment visual acuity, con-
centric visual field defects, and even blindness.
Gait disturbances. An unsteady, slow, hesitant,
gait with small steps and swaying from sided to
side is sometimes seen.

Behavioral changes. Impairment of memory, at-
tention, concentration, and planning ability, con-
fusion, slowed reactions, and changes in personal
habits are often observed by relatives and friends.
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Herniation syndromes (p.162). Transtentorial
herniation causes anipsilateral oculomotor nerve
palsy (ptosis, mydriasis, and secondary ophthal-
moplegia), contralateral hemiplegia, and decere-
bration syndrome (p. 46). Downward herniation
of the contents of the posterior fossa into the fora-
men magnum causes neck pain and stiffness, a
head tilt, and shoulder paresthesiae. If medullary
compression is also present, respiratory and
circulatory disorders, cerebellar fits,and obstruc-
tive hydrocephalus may develop. Upward hernia-
tion of the contents of the posterior fossa across
the tentorial notch causes a decerebration syn-
drome in which the ipsilateral pupil is initially
constricted and later dilated.

Pseudotumor cerebri causes headache (holo-
cephalic, bilateral frontal/occipital), visual dis-
turbances of varying severity (enlarged blind
spot, blurred vision, loss of vision, or diplopia due
to abducens palsy), and bilateral papilledema. CT
and MRI scans reveal the absence of an in-
tracranial mass (normal ventricular size, thicken-
ing of optic nerve, “empty sella” = intrasellar ex-
pansion of the suprasellar cisterns, with or
without sellar dilatation). CSF tests are normal
except for an elevated opening pressure (>250
mmH,0). The etiology of pseudotumor cerebri is
multifactorial; it occurs most commonly in obese
young women. Its differential diagnosis includes
intracranial venous or venous sinus thrombosis,
drug toxicity (high doses of vitamin A, tetracy-
cline, NSAIDs), elevated CSF protein level (spinal
tumor, Guillain-Barré syndrome), or endocrine
changes (pregnancy, Addison disease, Cushing
syndrome, hypothyroidism).

Intracranial Hypotension

Spontaneous drainage of cerebrospinal fluid by
means of lumbar puncture is no longer possible
when the CSF pressure is below 20 mmH,0
(patient is lying flat); when it is below
0 mmH,0, air is sucked through the LP needle
into the subarachnoid space and travels upward
to the head, where air bubbles can be seen on a
CT scan. For causes of low intracranial pressure
see Table 22 (p.372).

H Symptoms

Severe headache (nuchal, occipital, or frontal) is
provoked by sitting, standing, or walking, and

subsides when the patient lies flat. It is exacer-
bated by abdominal straining, coughing, and the
Valsalva maneuver. Other symptoms include
nausea, vomiting, and dizziness. Unilateral or
bilateral abducens palsy, tinnitus, ear pressure,
or neck stiffness may also occur. Subdural fluid
collections (hematoma due to rupture of the
bridging veins, hygroma arising from local CSF
collection due to rupture of the arachnoid mem-
brane) are rare. Intracranial hypotension may be
caused by a CSF leak; patients may report oc-
casional loss of watery fluid from the nose or ear
(traces visible on pillows).

Normal-pressure hydrocephalus (NPH) is a
chronic form of communicating hydrocephalus
that reflects an impairment of CSF circulation
and resorption, sometimes in the aftermath of
subarachnoid hemorrhage, head trauma, or
chronic meningitis, but often without discerni-
ble cause. Symptoms develop over several
weeks or months. Gait disturbances (gait
apraxia, hydrocephalic astasia-abasia) begin as
unsteadiness, difficulty climbing stairs, leg
fatigue, a small-stepped gait, and frequent
stumbling and falling, and then typically pro-
gress to an inability to stand, sit, or turn over in
bed. The associated behavioral changes (p. 132 ff)
are variable and may include impaired spatial
orientation, reduced psychomotor drive
(abulia), mild memory disturbances, or even
dementia. Bladder dysfunction such as urge in-
continence and polyuria develop as the condi-
tion progresses. Patients ultimately lose the per-
ception of bladder distension and thus void un-
controllably.

Pathogenesis

ICP depends on the volume of nervous tissue,
CSF, and blood inside the nondistensible cavity
formed by the skull and vertebral canal. An in-
crease in the volume of one of these three com-
ponents must be offset by a compensatory
mechanism (Monro-Kellie doctrine) such as an
adjustment of the CSF or (venous) blood
volume, expansion or the lumbosacral dural
sheath, or deformation of the brain. When the
capacity of such mechanisms is exhausted, the
ICP decompensates. Compliance is defined as the
first derivative of volume as a function of ICP, i.e.,
the ratio of a small, incremental change in
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volume to the change in ICP that it produces.
Compliance is thus an index of the ability to
compensate for changes in volume. Decreased
compliance leads to ICP decompensation.
Elastance is the reciprocal of compliance, hence
indicating the inability to compensate for
changes in volume.

CSF volume. Hydrocephalus is defined as abnor-
mal dilatation of the ventricular system. It oc-
curs because of disturbances of CSF circulation
and/or resorption. Hydrocephalus due to a
blockage of the CSF pathway at some point
within the ventricular system is called noncom-
municating or obstructive hydrocephalus. Hydro-
cephalus due to impaired CSF resorption at the
arachnoid villi is called communicating or malre-
sorptive hydrocephalus. Acute hydrocephalus is
characterized by ventricular dilatation with
acute intracranial hypertension. Hydrocephalus
with normal ICP and without progression of
ventricular dilatation is called arrested, com-
pensated or chronic hydrocephalus. So-called
normal-pressure hydrocephalus occupies an in-
termediate position between these two condi-
tions. External hydrocephalus is a dilatation of
the subarachnoid space with no more than mild
enlargement of the ventricles.

Cerebral Blood Flow

Cerebral blood flow (CBF) is a function of the
cerebral perfusion pressure (CPP), which nor-
mally ranges from 70 to 100 mmHg, and the cere-
bral vascular resistance (CVR): CBF = CPP/CVR.
CBF is maintained at a constant value of approxi-
mately 50 ml/100 g/min as long as the mean
arterial pressure (MAP)! remains in the relatively
wide range from 50 to 150 mmHg (cerebral auto-
regulation). When the patient is lying flat, CPP =
MAP - ICP. A rapid rise in the systemic arterial
pressure is followed by a slow, delayed rise in ICP;
chronic arterial hypertension usually does not af-
fect the ICP. On the other hand, any elevation of
the venous pressure (normal central venous pres-
sure: 40-120 mmH,0) due to Valsalva maneu-
vers, hypervolemia, right heart failure, changes
inbody position, or obstruction of jugular venous
drainage elevates the ICP by a comparable
amount. Acidosis (defined as pH < 7.40), which
may be due to hypoxia, ischemia, or hypoventila-
tion, causes cerebral vasodilatation and in-

creased cerebral blood volume, thereby elevat-
ing the ICP. Chronic obstructive pulmonary dis-
ease can elevate the ICP by this mechanism. On
the other hand, alkalosis (e. g., due to hyperventi-
lation) reduces the cerebral blood volume and
thus also the ICP. CBF and ICP are elevated in fever
and low in hyperthermia.

Intracranial Space-occupying Lesions

Extra-axial or intra-axial compression of brain
tissue elevates the ICP, calling compensatory
mechanisms into play; once these have been ex-
hausted, mass displacement of brain tissue oc-
curs, possibly resulting in herniation. The dis-
tribution of pressure within the cranial cavity is
a function of the structure of the brain and the
partitioning of the cavity by dural folds (p.6).
Different herniation syndromes occur depend-
ing on the site and extent of the causative le-
sion: subfalcine herniation involves movement
of the cingulate gyrus under the falx cerebri;
transtentorial herniation involves movement of
the medial portion of the temporal lobe across
the tentorial notch; upward posterior fossa
herniation involves movement of the brain stem
and cerebellum across the tentorial notch; and
downward posterior fossa herniation involves
movement of the cerebellar tonsils across the
foramen magnum.

In cerebral edema, accumulation of water and
electrolytes in brain tissue causes an increase in
brain volume. Vasogenic cerebral edema is due to
increased capillary permeability and mainly af-
fects white matter; it is caused by brain tumor,
abscess, infarction, trauma, hemorrhage, and
bacterial meningitis. Cytotoxic cerebral edema
affects both white and gray matter and is due to
fluid accumulation in all cells of the brain (neu-
rons, glia, endothelium) because of hypoxia/
ischemia or acute hypotonic hyperhydration
(water intoxication, dysequilibrium syndrome,
inadequate ADH syndrome). Hydrocephalic (in-
terstitial) brain edema is found in the walls of
the cerebral ventricles and results from move-
ment of fluid from the ventricles into the adja-
cent tissue in the setting of acute hydro-
cephalus.

1The MAP can be estimated with the following formulas:
MAP = [(systolic BP) + (2 x diastolic BP)] x 1/3 or, equiv-
alently, MAP = diastolic BP + [(BP amplitude) x 1/3]
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Stroke

Astroke is an acute focal or global impairment of
brain function resulting from a pathological
process (e.g. thrombus, embolus, vessel rup-
ture) of the blood vessels. Its causes, in order of
decreasing frequency, are ischemia (80%), spon-
taneous intracerebral or intraventricular hemor-
rhage (15%), and subarachnoid hemorrhage (5%).
The signs and symptoms of stroke are usually
not specific enough to enable identification of
its etiology without further diagnostic studies.
CT, MR, cerebrovascular ultrasonography, ECG,
and laboratory testing are usually needed.

Symptoms and Signs

The clinical manifestations of stroke persist, by
definition, for more than 24 hours, and are often
permanent, though partial recovery is common.
The duration of symptoms and signs seems not
to be correlated with the etiology of stroke.

Type of Deficit Clinical Manifestations

Weakness
(pp. 46 ff, 70)
(rarely) dystonia

Sensory loss
(pp- 70 ff, 106)

Ischemia. A transient ischemic attack (TIA)
differs from a stroke (by definition) in that its
symptoms and signs resolve completely within
24 hours. The vast majority of TIAs resolve
within one hour, and only 5% last longer than 12
hours. Patients with crescendo TIAs (a rapid suc-
cession of TIAs) have a high risk of developing a
(completed) stroke, which can cause neurologi-
cal deficits that are either minor (minor stroke)
or major (disabling stroke, major stroke). A stut-
tering, fluctuating, or progressive course of
stroke development (stroke in evolution) is un-
common.

Hemorrhage. Nontraumatic intracerebral he-
morrhages usually cause acute neurological
deficits that persist thereafter. If deficits worsen
after the initial hemorrhage, the cause is either
recurrent hemorrhage or a complication of the
initial hemorrhage (cerebral edema, electrolyte
imbalance, or heart disorder).

Acute hemi-, mono-, or quadriparesis/quadriplegia (ca. 80-90 %); loss of coordination
and balance; hyperkinesia (during or after stroke), e. g. hemichorea, hemiballism, or

Injury of postcentral cortex or subcortical area = distal sensory (often also motor) defi-
cit in contralateral limbs. Paresthesiae and loss of stereognosis, graphesthesia,

topesthesia, and acrognosis are prominent

Oculomotor and
visual disturbances
(pp- 70, 82 ff)

Headache (p. 182)

Conjugate horizontal eye movements, disjugate gaze, nystagmus, diplopia. Visual field
defects (p. 82), transient monocular blindness (= amaurosis fugax)

May be caused by subarachnoid hemorrhage, temporal arteritis, venous sinus thrombo-

sis, arterial dissection, cerebellar hemorrhage, massive intracerebral hemorrhage (rare)

Impairment of con-
sciousness (pp. 116,

Behavioral changes
(p. 122 ff)

TIA and stroke generally do not impair consciousness (exception: brainstem stroke,
massive supratentorial stroke with bilateral cortical dysfunction)

Aphasia, confusion (must be distinguished from aphasia), impairment of memory, neg-
lect, impaired affect control (compulsive crying and/or laughing), apraxia. Mental

changes, especially depression and anxiety disorders, are common after stroke

Dysarthria and
dysphagia (pp. 102,
130)

coughing, laughing)
Dizziness (p. 58)

Epileptic seizures

(p. 192 ff) or after a stroke

Severe dysarthria is often accompanied by coughing, difficulty chewing, and dysphasia.
Pseudobulbar palsy = loss of voluntary motor control (e. g., swallowing, speaking,
tongue movement) with preservation of involuntary movements (e. g., yawning,
Cerebellum, brainstem (vertigo, nausea, nystagmus)

Simple partial, complex partial, or generalized tonic-clonic seizures may occur during

Respiratory disorders Hiccups (singultus) often occur in stroke, particularly in lateral medullary infarction.

(p-150)

Central hyperventilation is associated with a poor prognosis. Bihemispheric lesions may

cause Cheyne-Stokes respiration (p. 118)

Minor complications of stroke: Mild unilateral arm paresis, moderate sensory loss, mild dysarthria; these patients
can care for themselves. Major complications: Aphasia, spastic hemiplegia, and hemianopsia; these patients

generally need nursing care.
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Stroke: Ischemia

Stroke Syndromes: Carotid Artery
Territory

m Brachiocephalic Trunk

Brachiocephalic trunk occlusion by emboli from
the aortic arch has the same clinical manifesta-
tions as internal carotid artery (ICA) occlusion.
Patients with adequate collateral flow remain
asymptomatic.

m Common Carotid Artery (CCA)

CCA occlusion is very rare and, even when it oc-
curs, is usually asymptomatic, because of an ade-
quate collateral supply. When symptoms do
occur, they are the same as those of ICA occlusion.

| Internal Carotid Artery (ICA)

Territorial infarcts affect the middle cerebral
artery (MCA) more often than the anterior cere-
bral artery (ACA). If the ICA is occluded and col-
lateral flow via the circle of Willis is inadequate,
extensive infarction occurs in the anterior two-
thirds of the hemisphere, including the basal
ganglia. Symptoms include partial or total blind-
ness in the ipsilateral eye, impairment of con-
sciousness (p.116), contralateral hemiplegia
and hemisensory deficit, homonymous hemi-
anopsia, conjugate gaze deviation to the side of
the lesion, and partial Horner syndrome. ICA in-
farcts in the dominant hemisphere produce
global aphasia. The occipital lobe can also be af-
fected if the posterior cerebral artery (PCA)
arises directly from the ICA (so-called fetal
origin of the PCA). Border zone infarcts occur in
distal vascular territories with inadequate col-
lateral flow. They affect the “watershed” areas
between the zones of distribution of the major
cerebral arteries in the high parietal and frontal
regions, as well as subcortical areas at the inter-
face of the lenticulostriate and leptomeningeal
arterial zones.

Ophthalmic artery. Occlusion leads to sudden
blindness (“black curtain” phenomenon or cen-
tripetal shrinking of the visual field), which is
often only temporary (amaurosis fugax = tran-
sient monocular blindness). Thorough diagnostic
evaluation is needed, as the same clinical syn-
drome can be produced by other ophthalmo-
logical diseases (Table 22a, p.372).

Anterior choroidal artery (AChA). Infarction in
the AChA territory, depending on its precise lo-

cation and extent, can produce contralateral
motor, sensory, or mixed deficits, hemiataxia,
homonymous quadrantanopsia (both upper and
lower), memory impairment, aphasia, and
hemineglect.

Anterior cerebral artery (ACA). Contralateral
hemiparesis is usually more distal than proxi-
mal, and more prominent in the lower than in
the upper limb (sometimes only in the lower
limb). Infarction in the territory of the central
branches of the ACA (A1 segment, recurrent
artery of Heubner) produces brachiofacial hemi-
paresis, sometimes accompanied by dystonia.
Bilateral ACA infarction (when the arteries of
both sides share a common origin) and infarc-
tions of the cortical branches of the ACA produce
abulia (p. 120), Broca aphasia (dominant hemi-
sphere), perseveration, grasp reflex, palmomen-
tal reflex, paratonic rigidity (gegenhalten), and
urinary incontinence. Lesions in the superior
and medial frontal gyri or the anterior portion of
the cingulate gyrus cause bladder dysfunction.
Disconnection syndromes due to lesions of the
corpus callosum are characterized by ideomotor
apraxia, dysgraphia, and tactile anomia of the
left arm.

Middle cerebral artery (MCA). Main trunk (M1)
occlusion produces contralateral hemiparesis or
hemiplegia with a corresponding hemisensory
deficit, homonymous hemianopsia, and global
aphasia (dominant side) or contralateral
hemineglect with limb apraxia (nondominant
side). Occlusion of the posterior main branch
produces homonymous hemianopsia or quad-
rantanopsia as well as Wernicke or global
aphasia (dominant side) or apraxia and dyscal-
culia (nondominant side); central main branch
occlusion produces contralateral brachiofacial
weakness and sensory loss; anterior branch oc-
clusion on the dominant side additionally pro-
duces Broca aphasia. Occlusion of peripheral
branches produces monoparesis of the face,
hand, or arm. Occlusions of the lenticulostriate
arteries, depending on their precise location,
produce (purely motor) hemiparesis/hemiple-
gia, or hemiparesis with ataxia (lacunar infarct,
p.172).
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Stroke: Ischemia

Stroke Syndromes: Vertebrobasilar
Territory

m Subclavian Artery

High-grade subclavian stenosis or occlusion
proximal to the origin of the vertebral artery
may cause a reversal of blood flow in the verte-
bral artery, which worsens with exertion of the
ipsilateral arm (subclavian steal). Rapid arm
fatigue and pain often result; less common are
vertigo and other brain stem signs. The arterial
blood pressure is measurably different in the
two arms.

m Vertebral Artery (VA)

VA occlusion produces variable combinations of
symptoms and signs, including homonymous
hemianopsia, dysarthria, dysphagia, unilateral
or bilateral limb paralysis with or without
sensory deficit, ataxia, drop attacks (due to
medullary ischemia), and impairment of con-
sciousness. Unilateral VA occlusion (e. g., due to
dissection) can lead to infarction in the territory
of the posterior inferior cerebellar artery.

m Cerebellar Arteries

Large cerebellar infarcts can cause brain stem
compression and hydrocephalus.

Posterior inferior cerebellar artery (PICA). Dor-
solateral medullary infarction produces (usually
incomplete) Wallenberg syndrome (p.361).
Often, only branches to the cerebellum are af-
fected (= vertigo, headache, ataxia, nystagmus,
lateropulsion).

Anterior inferior cerebral artery (AICA). AICA oc-
clusion is rare. It produces ipsilateral hearing
loss, Horner syndrome, limb ataxia, and disso-
ciated facial sensory loss, as well as contralateral
dissociated sensory loss on the trunk and limbs
(mainly the upper limbs) and nystagmus.
Superior cerebellar artery (SCA). SCA occlusion
can produce ipsilateral Horner syndrome, limb
ataxia, dysdiadochokinesia, and CN VI and VII
palsy, as well as contralateral hypesthesia and
hypalgesia.

m Basilar Artery (BA)

Basilar artery occlusion. Thrombotic occlusion
of the BA may be heralded several days in ad-
vance by nonspecific symptoms (unsteadiness,
dysarthria, headache, mental changes). BA oc-

clusion causes impairment of consciousness
(ranging from somnolence to coma), mental
syndromes (hallucinations, confabulation, psy-
choses), quadriparesis, and oculomotor dis-
orders (diplopia, vertical or horizontal gaze
palsy). Apical BA occlusion (p.359) is caused by
cardiac or arterial emboli. Pontine infarction
sparing the posterior portion of the pons (teg-
mentum) produces quadriplegia and mutism
with preservation of sensory function and verti-
cal eye movements (locked-in syndrome, pp. 120,
359).

Paramedian infarction in the BA territory usu-
ally affects the pons (pp. 72, 359 ff).
Dorsolateral infarction affects the cerebellum,
with a corresponding clinical picture. Occlusion
of the labyrinthine artery (a branch of the AICA)
produces rotatory vertigo, nausea, vomiting and
nystagmus.

m Posterior Cerebral Artery (PCA)

PCA occlusion is rare and produces symptoms
and signs similar to those of MCA infarction.
Unilateral occlusion of a cortical branch pro-
duces homonymous hemianopsia with sparing
of the macula (supplied by the MCA), while bi-
lateral occlusion produces cortical blindness
and, occasionally, Anton syndrome (p. 132). Cen-
tral branch occlusion leads to thalamic infarc-
tion (p.106; Dejerine-Roussy syndrome), re-
sulting in transient contralateral hemiparesis,
spontaneous pain (“thalamic pain”), sensory
deficits, ataxia, abasia, choreoathetosis,
“thalamic hand” (flexion of the metacar-
pophalangeal joints with hyperextension of the
interphalangeal joints), and homonymous
hemianopsia. If branches to the midbrain are af-
fected, an ipsilateral CN III palsy results, accom-
panied by variable contralateral deficits includ-
ing hemiparesis/hemiplegia, (rubral) tremor,
ataxia, and nystagmus. Isolated hemihypesthe-
sia is associated with thalamic lacunar infarc-
tion.
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Stroke: Pathogenesis of Infarction

m Risk Factors

The risk of stroke increases with age and is
higher in men than in women at any age. Major
risk factors include arterial hypertension
(>140 mmHg systolic, >90 mmHg diastolic),
diabetes mellitus, heart disease, cigarette smok-
ing, hyperlipoproteinemia (total cholesterol
>5.0mmol/l, LDL >3 mmol/l, HDL <0.9-1.2
mmol/l), elevated plasma fibrinogen, and obes-
ity. Symptomatic or asymptomatic carotid
artery stenosis, elevated plasma homocysteine
levels, erythrocytosis, anti-phospholipid antibo-
dies, alcohol abuse (=60 g of alcohol = 75 cl of
wine per day in men, =40g in women). Drug
abuse (amphetamines, heroin, cocaine), a
sedentary lifestyle, and low socioeconomic sta-
tus (unemployment, poverty) also increase the
risk of stroke.

m Causes

Embolism (ca. 70%) is the most common cause
of stroke. Emboli arise from local atheromatous
lesions (atheromatous thromboembolism) on
the walls of large arteries (macroangiopathy) of
the brain or heart (cardiac embolism in atrial fi-
brillation, valvular heart disease, ventricular
thrombus, and myxoma).

Thrombosis (ca. 25%). Occlusion of a small end-
artery (microangiopathy, small vessel disease)
causes lacunar infarction. The cause is hyaline
(lipohyalinosis) or proximal sclerosis of penetrat-
ing arteries (lenticulostriate, thalamoperforating
or pontine arteries, central branches). Causal fac-
tors include hypertension, diabetes, and blood-
brain barrier disruption leading to deposition of
plasma proteins in the arterial wall. Microan-
giopathy-related hemodynamic changes some-
times cause hemodynamic infarction.

Rare causes (ca. 5%) include hematological dis-
eases (e.g., coagulopathy, abnormal blood vis-
cosity, anemia, leukemia) and arterial processes
(dissection, vasculitis, migraine, fibromuscular
dysplasia, moyamoya, vasospasm, amyloid an-
giopathy, and CADASIL = cerebral autosomal
dominant arteriopathy with subcortical infarcts
and leukoencephalopathy).

m Infarct Types

Lacunar infarcts (“small deep infarcts”). Lacunes
are small (< 1.5 cm in diameter), round or oval

infarcts in the subcortical periventricular region
or brain stem. Classic lacunar syndromes in-
clude purely motor hemiparesis (internal cap-
sule, corona radiata, pons), contralateral purely
sensory deficit (thalamus, internal capsule),
ataxic hemiparesis (internal capsule, corona
radiata, pons), and dysarthria with clumsiness
of one hand (= clumsy hand-dysarthria syn-
drome; internal capsule, pons). The presence of
multiple supratentorial and infratentorial
lacunes is termed the lacunar state (“état
lacunaire”) and is clinically characterized by
pseudobulbar palsy (p.367), small-step gait
(“marche a petit pas”), urinary incontinence,
and affective disorders (compulsive crying). For
leukoaraiosis, see p.298.

Territorial infarcts are those limited to the dis-
tribution of the ACA, MCA, or PCA. With the ex-
ception of striatocapsular infarcts (internal cap-
sule, basal ganglia), these infarcts are predomi-
nantly cortical. Embolic territorial infarcts often
undergo secondary hemorrhage (“hemorrhagic
conversion”).

End zone infarcts. Low-flow infarction in the
subcortical white matter is due to extracranial
high-grade vessel stenosis and/or inadequate
collateral flow.

Border zone infarcts (p.168) also result from
hemodynamic disturbances due to microan-
giopathy. They are found at the interface (“wa-
tershed”) between adjacent vascular territories,
and can be either anterior (MCA-ACA = con-
tralateral hemiparesis and hemisensory deficit,
mainly in the lower limb and sparing the face,
with or without aphasia) or posterior (MCA-
PCA = contralateral hemianopsia and cortical
sensory deficit, with or without aphasia).
Global cerebral hypoxiajischemia. The causes
include cardiac arrest with delayed resuscita-
tion, hemorrhagic shock, suffocation, and car-
bon monoxide poisoning. Global cerebral hy-
poxia/ischemia causes bilateral necrosis of brain
tissue, particularly in the basal ganglia and
white matter.
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Stroke Pathophysiology

Hemodynamic insufficiency. Cerebrovascular
autoregulation is normally able to maintain a
relatively constant cerebral blood flow (CBF) of
50-60 ml/100 g brain tissue/min as long as the
mean arterial pressure (MAP) remains within
the range of 50-150 mmHg (p.162). The re-
gional cerebral blood flow (rCBF) is finely ad-
justed according to local metabolic require-
ments (coupling of CBF and metabolism). If the
MARP falls below 50 mmHg, and in certain patho-
logical states (e.g. ischemia), autoregulation
fails and CBF declines. Vascular stenosis or oc-
clusion induces compensatory vasodilatation
downstream, which increases the cerebral blood
volume and CBF (vascular reserve); the extent of
local brain injury depends on the availability of
collateral flow, the duration of hemodynamic
insufficiency, and the vulnerability of the partic-
ular brain region affected. Major neurological
deficits arise only when CBF falls below the
critical ischemia threshold (ca. 20 ml/100 g/min).
Hypoperfusion. If adequate CBF is not reestab-
lished, clinically evident neurological dysfunc-
tion ensues (breakdown of cerebral metabolism
= EEG and evoked potential change). Prolonged,
severe depression of CBF below the infarction
threshold of ca. 8-10 ml/100 g/min causes pro-
gressive and irreversible abolition of all cellular
metabolic processes, accompanied by structural
breakdown (necrosis). Infarction occurs where
hypoperfusion is most severe; the area of tissue
surrounding the zone of infarction in which the
CBF lies between the thresholds for ischemia and
infarction is called the ischemic penumbra. Brain
tissue in the zone of infarction is irretrievably
lost, while that in the ischemic penumbra is at
risk, but potentially recoverable. The longer the
ischemia lasts, the more likely infarction will
occur; thus, time is brain. The zones of infarction
and ischemia are well demonstrated by recently
developed MRI techniques (DWI, PWI).12

Stroke Treatment

Primary prevention involves the therapeutic
modification or elimination of risk factors.

Patients with asymptomatic stenosis are given
antiplatelet therapy (APT) consisting of aspirin,
aspirin-dipyridamole combination, or clopido-
grel. Endarterectomy may be indicated in
asymptomatic high-grade stenosis (>80%4 or
>90%3). Anticoagulants may be indicated in
patients with atrial fibrillation without rheu-
matic valvular heart disease, depending on their
individual risk profile (TIAs, age, comorbidities).
Acute treatment is based on the existence of a
3-6-hour interval between the onset of
ischemia and the occurrence of maximum irre-
versible tissue damage (treatment window).
General treatment measures include the as-
surance of adequate cardiorespiratory status
(normal blood oxygenation is essential for the
survival of the ischemic penumbra); because au-
toregulation of CBF in the penumbra is im-
paired, the systolic BP should be maintained
above 160 mmHg. The serum glucose level
should not be allowed to exceed 200 mg/100 ml.
Balanced fluid replacement should be provided,
and fever, if it occurs, should be treated. Physici-
ans should be vigilant in the recognition and
treatment of complications such as aspiration
(secondary to dysphagia), deep venous throm-
bosis (secondary to immobility of a plegic limb),
cardiac arrhythmia, pneumonia, urinary tract
infection, and pressure sores. Rehabilitation
measures include physical, occupational, and
speech therapy, as well as psychological coun-
seling of the patient and family.

Special treatment measures: APT (after exclusion
of hemorrhage); thrombolysis, treatment of
cerebral edema, surgical decompression in
space-occupying cerebellar or MCA infarcts, and
anticonvulsants, as needed.

Secondary prevention. APT (TIA, mild stroke,
atherothrombotic stroke); oral anticoagulation
(cardiac embolism, arterial dissection); en-
darterectomy (in symptomatic carotid stenosis
>70%4, or >80%3, or after mild strokes). The
potential utility and indications of carotid an-
gioplasty and stenting in the treatment of
carotid stenosis are currently under intensive
study.

1Diffusion-weighted imaging (DWI) demonstrates the zone of infarction; the early CT signs of infarction (blurring of in-
sular cortex, hypodensity of basal ganglia, cortical swelling) are less reliable.
2Perfusion-weighted imaging (PWI) demonstrates the ischemic penumbra and zone of oligemia (tissue at risk).

3Data from the European Carotid Surgery Trial (ECST).

4Data from the North American Symptomatic Carotid Endarterectomy Trial (NASCET).
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Clinical Features

Spontaneous (i.e., nontraumatic) intracranial
hemorrhage may be epidural, subdural (p. 267),
subarachnoid, intraparenchymal, or in-
traventricular. Its site and extent are readily
seen on CT (somewhat less well on MRI) and de-
termine its clinical manifestations.

m Subarachnoid Hemorrhage (SAH)

Symptoms and signs. The typical presentation
of aneurysmal rupture (by far the most common
cause of SAH) is with a very severe headache of
abrupt onset (“the worst headache of my life”),
often initially accompanied by nausea, vomit-
ing, diaphoresis, and impairment of conscious-
ness. The neck is stiff, and neck flexion is painful.
There may also be focal neurological signs, pho-
tophobia, and/or backache. Subarachnoid blood
can be seen on CT within 24 hours of the hemor-
rhage in roughly 90% of cases. If SAH is sus-
pected but the CT is negative, a diagnostic lum-
bar puncture must be performed.
Complications. The initial hemorrhage may ex-
tend beyond the subarachnoid space into the
brain parenchyma, the subarachnoid space, and/
or the ventricular system. A ruptured saccular
aneurysm may rebleed at any time until it is
definitively treated; the rebleed risk is highest on
the day of onset (day 0), and 40 % in the ensuing 4
weeks. The greater the amount of blood in the
subarachnoid cisterns, the more likely that va-
sospasm and delayed cerebral ischemia will occur;
the risk is highest between days 4 and 12. Clotted
blood blocking the ventricular system or the
arachnoid villi can lead to hydrocephalus, of ob-
structive or malresorptive type, respectively
(p-162). Other complications include cerebral
edema, hyponatremia, neurogenic pulmonary
edema, seizures, and cardiac arrhythmias.

m Intracerebral Hemorrhage

Intraparenchymal hemorrhages of arterial
origin are to be distinguished from secondary
hemorrhages into arterial or venous infarcts.
General features. Sudden onset of headache, im-
pairment of consciousness, nausea, vomiting,
and focal neurological signs, with acute progres-
sion over minutes or hours.

Hemorrhage into the basal ganglia. Putaminal
hemorrhage produces contralateral hemipare-

sis/hemiplegia and hemisensory deficit, conju-
gate horizontal gaze deviation, homonymous
hemianopsia, and aphasia (dominant side) or
hemineglect (nondominant side). Thalamic
hemorrhage produces similar manifestations
and also vertical gaze palsy, miotic, unreactive
pupils, and (sometimes) convergence paresis.
The very rare caudate hemorrhages are charac-
terized by confusion, disorientation, and con-
tralateral hemiparesis. Hemorrhage into the
basal ganglia and internal capsule leads to coma,
contralateral hemiplegia, homonymous hemi-
anopsia, and aphasia (dominant side).

Lobar hemorrhage usually originates at the
gray-white matter junction and extends inward
into the white matter, producing variable clini-
cal manifestations. Frontal lobe: Frontal head-
ache, abulia, contralateral hemiparesis (arm
more than leg). Temporal lobe: Pain around the
ear, aphasia (dominant side), confusion, upper
quadrantanopsia. Parietal lobe: Temporal head-
ache, contralateral sensory deficit, aphasia,
lower quadrantanopsia. Occipital lobe: Ipsi-
lateral periorbital pain, hemianopsia.
Cerebellar hemorrhages are usually restricted to
one hemisphere. They produce nausea, vomit-
ing, severe occipital headache, dizziness, and
ataxia.

Brain stem hemorrhage. Pontine hemorrhage is
the most common type, producing coma, quad-
riplegia/decerebration, bilateral miosis (pin-
point pupils), “ocular bobbing,” and horizontal
gaze palsy. Locked-in syndrome may ensue.
General complications. Intraventricular exten-
sion of hemorrhage, hydrocephalus, cerebral
edema, intracranial hypertension, seizures, and
hemodynamic changes (often a dangerous
elevation of blood pressure).

® Intraventricular Hemorrhage

Intraventricular hemorrhage only rarely origi-
nates in the ventricle itself (choroid plexus). It is
much more commonly the intraventricular ex-
tension of an aneurysmal SAH or other brain
hemorrhage.

Symptoms and signs. Acute onset of headache,
nausea, vomiting, impairment of consciousness
or coma.

Complications. Extension of hemorrhage, hy-
drocephalus, seizures.
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Stroke: Intracranial Hemorrhage

Pathogenesis

Subarachnoid hemorrhage (SAH). Roughly 85%
of cases of SAH are caused by rupture of a saccu-
lar aneurysm at the base of the skull. Another
10% are caused by nonaneurysmal lesions
(whose nature is not, at present, understood),
with bleeding mainly in the perimesencephalic
cisterns (p. 8). Other, rare, causes include verte-
bral artery dissection, arteriovenous malforma-
tion (AVM), cavernoma, hypertension, anti-
coagulation, and trauma.

Aneurysm. An aneurysm is not a congenital le-
sion, but a progressive, localized dilatation of an
arterial wall. Saccular aneurysms tend to
develop at branching sites of the internal carotid
artery (ICA), the anterior communicating artery,
and the proximal middle cerebral artery (MCA).
Fusiform aneurysms usually appear as an elon-
gated, twisted, and dilated segment (dolichoec-
tasis) of the basilar artery or supraclinoid ICA.
Most are due to atherosclerosis. Spontaneous
hemorrhage is rare; ischemia due to arterio-
arterial embolism is more common. The rare
septic-embolic aneurysms (mycotic aneurysms)
may be secondary to endocarditis, meningoen-
cephalitis, hemodialysis, or intravenous drug
administration. They are located in distal vessel
segments, particularly in the MCA, and may
cause SAH, massive hemorrhage, or infarction
with secondary hemorrhage.

Vascular malformations. Arteriovenous malfor-
mations (AVMs) are congenital lesions con-
sisting of a tangled web of arteries and veins
with pathological arteriovenous shunting. Most
are located near the surface of the cerebral
hemispheres. AVMs tend to enlarge over time
and may become calcified. They may cause sub-
arachnoid or intracerebral hemorrhage at any
age. They become clinically manifest either
through a hemorrhage or through headache,
seizures, or focal neurological signs (aphasia,
hemiparesis, hemianopsia).

Cavernomas are compact, often calcified, aggre-
gations of dilated blood vessels and connective
tissue in the brain and leptomeninges. They
rarely bleed (ca. 0.5%/year). Some cause seizures
and focal deficits; others are discovered on MRI
scans as an incidental finding.

Intracerebral hemorrhage. Hypertension is the
most common cause; other causes include

aneurysm, AVM, cerebral amyloid angiography,
moyamoya, coagulopathy (leukemia, throm-
bocytopenia, therapeutic anticoagulation), cere-
bral vasculitis, cerebral venous thrombosis, drug
abuse (cocaine, heroin), alcohol, metastases,
and brain tumors. Massive hypertensive hemor-
rhage is thought to be caused by pressure-in-
duced rupture of arterioles and micro-
aneurysms. The high pressure and a kind of
chain reaction involving multiple micro-
aneurysms is thought to explain the size of
these hemorrhages (despite the small caliber of
the ruptured vessels). The recurrent, mainly cor-
tical, bleeding associated with cerebral amyloid
angiopathy is due to the fragility of lepto-
meningeal and cortical small vessels in whose
walls amyloid deposits have accumulated.

Dural fistula is an abnormal anastomosis be-
tween dural arteries and a venous sinus. Hemor-
rhage is rare; they may cause pulsating tinnitus,
headache, papilledema, and visual disturbances.

Treatment

Aneurysmal hemorrhage. Cautious transport,
bed rest, analgesia, admission to a neurosurgical
unit, and angiography to establish the diagnosis
and define the anatomy of the aneurysm(s). The
timing of surgical clipping depends on the site
and clinical severity of the hemorrhage, the
aneurysm’s configuration, and the age and
general medical condition of the patient. In-
operable cases can be managed with intravascu-
lar neuroradiological techniques (“emboliza-
tion”; filling with Guglielmi detachable coils
(GDC) is currently favored).

Hemorrhage from an AVM may be treated with
surgery, embolization, and/or stereotactic radio-
surgery, depending on its site and extent. Caver-
nomas that bleed are usually excised.
Intracerebral hemorrhage is often treated con-
servatively, unless it impairs consciousness or
causes a progressive neurological deficit. Major
cerebellar hemorrhage (rule of thumb: >3 cm)
is life-threatening unless treated neurosurgi-
cally.
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