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Preface

During the last decade, there have been tremendous technical developments to study the human 
central nervous system (CNS) and its connectivity. Modern imaging techniques such as posi-
tron emission tomography (PET) and functional MRI (fMRI) have greatly improved our 
knowledge of the circuitry of the human CNS. New developments in MR imaging such as dif-
fusion tensor imaging (DTI) allow the visualization of at least the major fibre connections in 
the human CNS. Much of our knowledge of the organization of the CNS, however, we still owe 
to the classic studies of Vicq d’Azyr, Edinger, Dejerine, Flechsig, Brodmann, the Vogts, 
Foerster and many others, anatomists as well as neurologists, who painstakingly examined 
fresh and later fixed brains and laid down the framework for the main circuits in the human 
brain and spinal cord.

Knowledge of how the various parts of the CNS are interconnected to form functional sys-
tems is a prerequisite for the proper understanding of data from other fields in the neurosci-
ences. Connections define the functions of neurons. Information flows along connections, 
growth factors and also viruses are transported along connections, epileptic discharges are 
spread through connections, and when they are deprived of connections, neurons pine away 
and may die through retrograde degeneration (dying back degeneration) or through antero-
grade transneuronal degeneration. Neuronal death in amyotrophic lateral sclerosis, spinocere-
bellar disorders and various intoxications, the distribution of neurofibrillary tangles in 
Alzheimer disease and atrophy in olivopontocerebellar degeneration progress through neu-
ronal connections. Parkinson disease may begin in the caudal brain stem, years before affect-
ing the substantia nigra, and then it progresses rostrally to reach limbic and cortical areas. The 
basal nucleus of Meynert and the extended amygdala are involved in some of the most devas-
tating neuropsychiatric disorders such as schizophrenia and Alzheimer disease.

This book is on brain circuitry (“systems anatomy”) and its disorders. It tries to bridge the 
gap between neuroanatomy and clinical neurology and emphasizes human and primate data in 
the context of the many disorders of brain circuitry so common in neurological practice. The 
idea for this book arose when I moved from the Department of Anatomy and Embryology to 
the Department of Neurology, both of the Radboud University Nijmegen Medical Centre. This 
resulted in a fruitful collaboration with neurologists and especially the neuropathologists Pieter 
Wesseling and Martin Lammens. George Padberg and Berry Kremer made this project possi-
ble. I am grateful to Anthony Lohman, Rudolf Nieuwenhuys, Jan Voogd and Antoine Keyser 
for their support during my academic career from comparative and developmental neuroanat-
omy to clinical neuroanatomy. This book contains some of the fine, but sparse, anterograde 
degeneration studies on fibre connections in the human brain by Hans Kuypers, Jaap Schoen, 
William Mehler and Peter Nathan.

Throughout the book, “Clinical cases” are included to illustrate where normal brain cir-
cuitry may be interrupted and to what effect. These cases were kindly provided by clinical 
colleagues, neurologists, neuroradiologists and neuropathologists or, when exceptional, taken 
from the literature. Contributions were provided by the co-authors of the various chapters, 
Peter van Domburg and Akira Hori in particular, and by, among others, Anna Cantagallo 
(Ferrara), Anna Lavezzi (Milan), Luigi Mossuto-Agatiello (Rome), Emmanuel Pierrot-
Deseilligny (Paris), Maria Thom and John Rothwell (London), Ferdinand Binkofski (Lübeck), 
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Bernhard Bogerts (Magdeburg), Heiko Braak and Kelly Del Tredici-Braak (Ulm), Adrian 
Danek (Munich), Peter Urban (Hamburg), Arnulf Koeppen (Albany), Tom Scammell (Boston), 
Ralph Adolphs (Iowa City), Suzanne Corkin (Cambridge, MA), Nancy Rempel-Clower 
(Grinnell), Maya Mimuro and Mari Yoshida (Aichi), Hiroyasu Akatsu (Toyohashi), Ryuji 
Sakakibara (Toho), Hiroaki Yaguchi and Ichiro Yabe (Sapporo), Erwin van Ingelghem and 
Michel van Zandijcke (Brugge), Gea Drost, Myrthe Hol, Hennie Schoonderwaldt, Nens van 
Alfen, Frank Erik de Leeuw, Jurgen Schelhaas, Henk ter Laak, Henri Timmers and Gert van 
Dijk (Nijmegen), Jan Geelen (Nijmegen/Enschede), Gerard van Noort (Enschede), Gerald 
Hengstman (Eindhoven), Rob Haaxma (Paterswolde), Nomdo Jansonius and Lars Rödiger 
(Groningen), Berit Verbist and Enrico Marani (Leiden), Jan Voogd (Oegstgeest), Maria van 
Genderen (Zeist), Majid Aramideh (Alkmaar), Henk Berendse and Ysbrand van der Werf 
(Amsterdam), Harriëtte Verzijl and Dirk Pevernagie (Heeze), Jan Zijlmans (Breda) and Olaf 
Schijns (Maastricht).

Macroscopical pictures of the brain were kindly provided by Arie Maat (Nijmegen) and 
most of the MRIs of normal anatomy by Ton van der Vliet (Groningen). Several illustrations 
were obtained from the Jelgersma Collection of the Anatomical Museum of Leiden University 
Medical Centre with the help of Andries van Dam. Uğur Türe (Department of Neurosurgery, 
Yeditepe University Hospital, Istanbul) provided his excellent preparations of long association 
fibre bundles and Uli Bürgel (Department of Neurosurgery, Antonius Hospital, Kleve) pro-
vided several excellent DTIs on these tracts. Other figures were contributed by Martin Cassell 
(Iowa City), Marcella Brunetti (Chieti) and Thomas Theelen (Nijmegen). Financial support 
came from the Department of Neurology of the Radboud University Medical Centre (Head: 
George W.A.M. Padberg), covering part of the costs of the illustrations. Most of the illustra-
tions were made by Ad Gruter (Nieuwegein) and several were contributed by Chris van Huijzen 
(Nijmegen) and the late Marlu de Leeuw (Nijmegen). Michel Verbruggen (Nijmegen) was 
invaluable in the processing of the figures. The book contains three general, introductory chap-
ters on the organization and vascularization of the human brain and spinal cord (Chaps. 1 and 
2) and on techniques for studying brain circuitry (Chap. 3). Brain circuitry and its disorders are 
discussed in the chapters on neurofunctional systems: the somatosensory system (Chap. 4), the 
reticular formation (Chap. 5), the cranial nerves (Chap. 6), the auditory system (Chap. 7), the 
visual system (Chap. 8), motor systems (Chap. 9), the cerebellum (Chap. 10), the basal ganglia 
(Chap. 11), the autonomic nervous system (Chap. 12), the hypothalamus and hypothalamohy-
pophysial systems (Chap. 13), the limbic system (Chap. 14) and the cerebral cortex and com-
plex cerebral functions (Chap. 15). The book is intended primarily for neurologists, 
neuroradiologists and neuropathologists as well as residents in these fields, but may also be 
useful for all those working in human brain mapping.

 Nijmegen, The Netherlands Hans J. ten Donkelaar
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1.1  Introduction

In this introductory chapter, an overview will be presented of 
the macroscopy and microscopy of the central nervous sys-
tem (CNS). More in particular, the various structures of the 
brain and the spinal cord and their main fibre connections 
will be discussed. The vascularization of the brain and the 
spinal cord will be discussed in Chap. 2.

1.2  Macroscopy of the Brain

The lateral aspect of the brain is dominated by the cerebrum 
but also parts of the cerebellum and the brain stem are visi-
ble. On the medial aspect of the hemisected brain, the dien-
cephalon becomes visible. The basal aspect of the brain lies 
on the base of the skull and is formed by the basal parts of the 
cerebrum, the brain stem and the cerebellum. The cerebrum 
consists of two cerebral hemispheres, each of which is com-
posed of frontal, parietal, occipital and temporal lobes. The 
two hemispheres are separated by the interhemispheric fis-
sure. Lateral, medial, dorsal and basal views of the brain will 
be discussed.
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2 1 Overview of the Human Brain and Spinal Cord

1.2.1  Lateral View of the Brain

On the lateral aspect of the cerebrum (Fig. 1.1), the most 
 obvious sulcus is the lateral sulcus (or Sylvian fissure), first 
described by Frans DeleBoë (Sylvius) in 1652. It forms the 
boundary between the frontal and temporal lobes, and reaches 
deep into the brain towards the insula. Caudally, this sulcus 
separates the parietal and temporal lobes. Usually, the left lat-
eral sulcus is longer and has a more horizontal course than the 
right one. Another prominent sulcus on the lateral aspect of the 
cerebral hemisphere is the central or Rolandic sulcus, which 
separates the frontal and parietal lobes. Although this sulcus 
was already illustrated by Govert Bidloo in his 1685 atlas of 
anatomy, it was named after Luigi Rolando who described the 
two parallel vertical convolutions, separated by the central sul-
cus in 1829. The central sulcus is not a straight line but forms 
two arches from the superior margin of the hemisphere down-
wards to the lateral sulcus. The two arches were described by 
Paul Broca as the genu superior and the genu inferior (Broca 
1878a). The upper arch borders a “knob” which protrudes pos-
teriorly. This knob contains the hand area of the somato sensory 
cortex (Yousry et al. 1997). The lobes and sulci of the brain 
were defined by Gratiolet (1854), Ecker (1869) and Retzius 
(1896). For extensive discussions of the cerebral sulci and their 
variations, see Ono et al. (1990), Duvernoy (1992), Tamraz 
and Comair (2000) and Rhoton (2007).

In the frontal lobe, superior, middle and inferior frontal 
gyri, separated by superior and inferior frontal sulci, and the 
precentral gyrus are found (Fig. 1.1). The inferior frontal 
gyrus consists of three parts, orbital, triangular and opercu-
lar. The orbital part is continuous with the basal surface of 

the frontal lobe. The triangular and opercular parts form 
together the motor language area of Broca (Broca 1863; 
Amunts and Zilles 2006; Petrides 2006; see Chap. 15).

The temporal lobe is composed of the superior, middle 
and inferior temporal gyri, separated by the superior and 
inferior temporal sulci (Fig. 1.1). On the upper surface of the 
superior temporal gyrus, the transverse gyri of Heschl can be 
distinguished, usually one on the left and two on the right 
(Heschl 1878; Bailey and von Bonin 1951). These trans-
verse gyri contain the primary auditory cortex (see Chap. 7). 
Behind these gyri, the planum temporale is found, which is 
on the left usually larger than on the right (von Economo and 
Horn 1930; Geschwind and Levitsky 1968; Galaburda et al. 
1978). The posterior part of the superior temporal gyrus 
forms the sensory or receptive language area of Wernicke 
(Wernicke 1874; see Chap. 15). The triangular insula of Reil, 
described by Johann Christian Reil in 1809, lies in the depths 
of the lateral sulcus and is covered by the frontal, frontopari-
etal and temporal opercula. Its concave lower side is known 
as the limen insulae. The insula contains several vertically 
directed gyri, the gyri breves and longi.

On the lateral aspect of the parietal lobe, the postcentral 
gyrus, and the superior and inferior parietal lobules, sepa-
rated by the intraparietal sulcus, are present. The inferior 
parietal lobule consists of the supramarginal and angular 
gyri (Fig. 1.1). The marginal gyrus surrounds the posterior 
ascending ramus of the lateral sulcus and the angular gyrus 
lies around the caudal end of the superior temporal gyrus. 
Since most of the occipital lobe is found on the medial aspect 
of the cerebrum, the occipital gyri and sulci will be discussed 
in Sect. 1.2.2.

Fig. 1.1 Lateral views of the right (a) and left (b) hemispheres, still enveloped by the leptomeninges. Note the difference between the slope of the 
lateral sulcus (indicated by lower arrow). The upper arrow indicates the central sulcus (courtesy Pieter Wesseling and Arie Maat, Nijmegen)
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1.2.2  Medial View of the Brain

The prominent sulcus on the medial aspect of the cerebrum 
is the cingulate sulcus (the sulcus cinguli or “scissure lim-
bique” of Broca 1878b). This sulcus runs parallel to the cor-
pus callosum and ascends above the posterior part (the 
splenium) of the corpus callosum towards the superior mar-
gin of the hemisphere (Fig. 1.2). Immediately rostral to this 
ascending part courses the medial end of the central sulcus. 
The cingulate sulcus divides the medial aspect of the cere-
bral cortex into an outer and an inner zone. The outer zone 
is composed of the superior frontal gyrus and the paracen-
tral lobule, which surrounds the medial end of the central 
sulcus (Fig. 1.2). Caudal to the paracentral lobule lies the 
large precuneus. The inner zone is formed by the cingulate 
gyrus, which is continuous through a narrowing (the isthmus 
gyri cinguli) with the parahippocampal gyrus in the tempo-
ral lobe. The posterior part of the medial cerebral cortex has 
two deep sulci, which converge towards the splenium. The 
parieto-occipital sulcus separates the parietal and occipital 
lobes, and the calcarine sulcus divides the occipital lobe into 
a dorsal part (the cuneus) and a ventral part (the lingual 
gyrus). The primary visual cortex is mainly found above and 
below the calcarine sulcus.

In the midsagittally cut brain, the most prominent struc-
ture is the corpus callosum (Fig. 1.2). Different parts of this 
structure are referred to as the rostrum, the genu, the truncus 
and the splenium. The most rostral part is the rostrum, which 
borders on the lamina terminalis. The truncus is the middle 
part, whereas the splenium forms the thick caudal part. 

Below the corpus callosum, the septum pellucidum and the 
fornix are found. The third ventricle shows three recesses, 
the infundibular recess into the upper part of the hypophysial 
stalk, the optic recess above the optic chiasm, and the pineal 
recess below the pineal gland (the epiphysis cerebri). The 
third ventricle continues caudally via the aqueductus cere-
bri of the mesencephalon into the fourth ventricle. Above 
the cerebral aqueduct, the superior and inferior colliculi are 
found and, dorsal to the fourth ventricle, the cerebellum. 
The fourth ventricle intrudes into the cerebellum as the fasti-
gium. Between the inferior colliculus and the cerebellum, the 
roof of the fourth ventricle is formed by a thin membrane, 
the velum medullare superius on which lies the lingula of the 
cerebellum. The caudal part of the roof of the fourth ventricle 
is formed by the tela choroidea and the plexus choroideus.

1.2.3  Dorsal View of the Brain

In the brain, viewed from above, the frontal, parietal and 
occipital lobes are visible (Fig. 1.3). The cerebral hemispheres 
are separated by the longitudinal interhemispheric fissure. In 
the frontal and occipital regions, the separation is complete 
but centrally the fissure extends only to the broad interhemi-
spheric commissure, the corpus callosum. Almost halfway 
between the frontal and occipital poles of each hemisphere, 

Fig. 1.2 Medial view of the right hemisphere after removal of the lep-
tomeninges. The arrows indicate the central sulcus at the left and the 
parieto-occipital sulcus at the right. Indicated by numbers are: (1) ante-
rior commissure; (2) posterior commissure; (3) mammillary body; 
(4) corpus callosum; (5) colliculus superior; (6) colliculus inferior; (7) 
pons; (8) pyramis (courtesy Pieter Wesseling and Arie Maat, Nijmegen)

Fig. 1.3 Dorsal view of the brain, still enveloped by the leptomenin-
ges. The arrow indicates the central sulcus. Note the arachnoid granula-
tions along the midline (courtesy Pieter Wesseling and Arie Maat, 
Nijmegen)
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the central sulcus courses from the medial margin of the dor-
sal surface of the brain towards the lateral sulcus. Parallel to 
this sulcus are located the precentral gyrus rostrally and the 
postcentral gyrus caudally. These gyri are bordered by  
the precentral and postcentral sulci, respectively. In front of 
the precentral gyrus are, from medial to lateral, the superior 
frontal gyrus, the superior frontal sulcus, the middle frontal 
gyrus, the inferior frontal sulcus and the inferior frontal gyrus. 
Caudal to the postcentral sulcus can be distinguished the 
superior and inferior parietal lobules, the parieto-occipital 
sulcus and the occipital gyri.

1.2.4  Basal View of the Brain and Its 
Relations to the Skull Base

In the basal view of the brain of the cerebrum, only the fron-
tal and temporal lobes are visible (Fig. 1.4). The occipital 
lobes are largely covered by the cerebellum. On the orbital 
surface of the frontal lobe, the olfactory bulb and tract sep-
arate the gyrus rectus from the orbital gyri. The olfactory 
tract divides into the medial and lateral olfactory striae. 
Only the lateral olfactory tract contains secondary olfactory 
fibres (see Chap. 14). Between these striae, the anterior per-
forated substance of Vicq d’Azyr, a region studded with 
small openings through which the anteromedial central arteries, 
the recurrent artery of Heubner and the lenticulostriate arter-
ies pass to the basal ganglia and the internal capsule (see 
Chap. 2). The medial part of the temporal lobe is formed 
by the parahippocampal gyrus, the continuation of the cin-
gulate gyrus. The most rostral part of the parahippocampal 
gyrus protrudes medially as the uncus. Here, the lateral 
olfactory stria terminates in the olfactory or rhinal cortex. 
Below the uncus lies the amygdala. Lateral to the parahip-
pocampal gyrus, the following structures can successively be 
observed: the collateral sulcus, the fusiform gyrus, the occip-
itotemporal sulcus and the inferior temporal gyrus.

Between the temporal lobes are the optic nerves, the optic 
chiasm and the optic tracts. Caudal to the optic chiasm, the 
inferior surface of the diencephalon is visible. It is formed 
by the hypothalamus and shows three protrusions: the median 
tuber cinereum and the paired mammillary bodies (the cor-
pora mammillaria). Directly posterior to the chiasm the 
hypophysial stalk extends caudally. Lateral to each mammil-
lary body, the cerebral peduncle (the pedunculus cerebri) 
connects the cerebral cortex with the brain stem. It contains 
all the long corticofugal fibre systems. Between the cerebral 
peduncles lies the interpeduncular fossa where posterome-
dial and posterolateral central arteries to the thalamus pene-
trate the posterior perforated substance. Behind this fossa 
protrudes the pons Varoli, described by Costanzo Varolio at 
the end of the sixteenth century, with its characteristic trans-
verse striping.

Caudal to the pons is the medulla oblongata. A deep 
median fissure separates the two pyramids. Each pyramis is 
the protrusion of the underlying pyramidal or corticospinal 
tract. The pyramidal tracts partly decussate in the decussatio 
pyramidum. Lateral to the pyramis the inferior olive protrudes 
as the oliva. Dorsolaterally, the choroid plexus of the fourth 
ventricle extends bilaterally via the foramen of Luschka into 
the subarachnoid space as Bochdalek’s bouquet. In the basal 
view both hemispheres of the cerebellum are visible, with 
medially the tonsils. Apart from the trochlear nerve, all cra-
nial nerves leave or enter the brain ventrally (Fig. 1.4). The 
cranial nerves are discussed in Sect. 1.5.1.

The ventral parts of the brain rest on the skull base (the 
basis cranii). The skull base consists of three fossae: ante-
rior, middle and posterior (Fig. 1.5).The anterior cranial 
fossa is formed by the orbital plates of the frontal bone, the 
cribriform plate (the lamina cribrosa) of the ethmoid bone 
and the paired lesser wings of the sphenoid bone. It lodges 
the frontal lobes and the olfactory bulbs and tracts. On both 
sides, the orbital plate of the frontal bone separates the fron-
tal lobe from the contents of the orbit (see Chap. 8). The cri-
briform plates of the ethmoid form the roofs of the nasal 
cavities and contain two rows of openings through which the 
olfactory nerves pass from the olfactory epithelium in the 
dorsal parts of the nasal cavities to the olfactory bulbs (see 
Chap. 14). Two dural sheets are attached to the ethmoid and 

Fig. 1.4 Basal view of the brain, still enveloped by the leptomeninges 
(courtesy Pieter Wesseling and Arie Maat, Nijmegen)
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sphenoid, respectively: the falx cerebri is attached to the 
crista galli of the ethmoid and the tentorium cerebelli to 
the anterior clinoid processes of the lesser sphenoid wings. 
The middle cranial fossa is formed by the corpus and the 
greater wing of the sphenoid, the anterior surface of the 
petrous bone and by parts of the parietal and temporal bones. 
It lodges the temporal lobe. Between both middle cranial 
fossae, the sella turcica is found which contains the hypo-
physis cerebri. Lateral to the sella turcica the carotid 
grooves are found through which the internal carotid arter-
ies, embedded in the cavernous sinus, enter the cranial cav-
ity. The middle cranial fossa contains a series of openings 
through which several cranial nerves leave or enter the cra-
nial cavity. Via the optic canal, the optic nerve and the oph-
thalmic artery, a branch of the internal carotid artery, reach 
the orbit. Between the lesser and greater wings of the sphe-
noid lies the superior orbital fissure through which the ocul-
omotor, trochlear, ophthalmic (V1) and abducens nerves 
enter the orbit. In the medial part of the greater wing, lateral 

to the carotid canal, three  openings are found: the round fora-
men (the foramen rotundum) for the maxillary nerve (V2), 
the oval foramen (the foramen ovale) for the mandibular 
nerve (V3) and a small opening (the foramen spinosum) for 
the middle meningeal vessels. The posterior cranial fossa is 
formed by parts of the body of the sphenoid, the posterior 
surface of the petrous bone, the occipital bone and parts of 
the parietal bones. The petrous bone contains the vestibulo-
cochlear organ (the inner ear) and the tympanic cavity (the 
middle ear). Apart from the large foramen magnum, through 
which the spinal cord, the spinal branches of the accessory 
nerves and the vertebral vessels pass, the posterior fossa con-
tains the following openings: the internal acoustic pore to 
the internal acoustic meatus in the petrous bone for the ves-
tibulocochlear and facial nerves and the labyrinthine vessels, 
the large jugular foramen for the internal jugular vein and 
the IXth, Xth and XIth cranial nerves, and the hypoglossal 
canal for the hypoglossal nerve. For extensive discussions of 
the cranial fossae, see Rhoton (2000, 2002).

Fig. 1.5 The skull base with the three cranial 
fossae: the anterior (a), the middle (B) and 
the posterior (C). At the left, the entrance of 
the internal carotid artery (ICA) via the carotid 
canal and of the middle meningeal artery (mma) 
through the foramen spinosum (6) and the course 
of the sigmoid sinus (sigs) towards the jugular 
foramen (8) are shown. At the right, the cranial 
nerves are shown and the openings through 
which they leave the skull base. The olfactory 
fibres (the first cranial nerve) are connected to the 
olfactory bulb (ob), which in turn is connected to 
the olfactory tract (ot). The olfactory fibres enter 
through the cribiform plate of the ethmoid  
bone (1). The optic nerve enters via the optic 
canal (2). The oculomotor nerve (nIII), the 
trochlear nerve (nIV), the ophthalmic nerve (nV1) 
and the abducens nerve (nVI) leave the cranial 
cavity via the superior orbital fissure (3), the 
maxillary nerve (nV2) via the round foramen (4) 
and the mandibular nerve (nV3) via the oval 
foramen (5). The three branches of the trigeminal 
nerve come together in the trigeminal ganglion 
(tg). The facial (nVII) and vestibulocochlear 
(nVIII) nerves pass through the internal meatic 
opening (7), the glossopharyngeal, vagus and 
accessory (nXI) nerves leave the cranial cavity 
through the jugular foramen (8) and the 
hypoglossal nerve (nXII) via the hypoglossal 
canal (9). In the foramen magnum, the medulla 
oblongata with the vertebral and basilar arteries 
(BA) are shown (after ten Donkelaar et al. 2007a)
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1.2.5  Some Horizontal Sections  
of the Brain

Several cephalic reference lines and planes are used in neu-
roanatomy and neuroimaging. The “Deutsche Horizontale” 
or Frankfurter line connects the lower border of the orbit 
with the upper border of the external auditory meatus and 
is also known as the orbitomeatal plane. In most neuro-
anatomy textbooks and atlases, sectional anatomy of the 
human brain is shown in horizontal sections of the brain 
and in two series of cross-sections of the cerebrum and the 
brain stem. For the cerebrum usually a series of coronal or 
frontal sections oriented perpendicular to the longitudinal 
axis of the cerebrum (Forel’s axis: from the frontal to the 
occipital pole) is presented, whereas for the brain stem  
a transverse series perpendicular to the longitudinal axis 
(Meynert’s axis: along the floor of the fourth ventricle)  
is used. These axes make an angle of approximately  
110–120° with each other. Three horizontal sections 
through the human head along the orbitomeatal plane and 
viewd from below are shown in Figs. 1.6–1.8.

1.2.6  Imaging of the Brain

The most commonly used horizontal reference planes of 
the brain in neuroimaging are the bicommissural (Talairach 
et al. 1952, 1967; Talairach and Tournoux 1988) and 
 intercommissural planes (Schaltenbrand and Bailey 1959; 
Figs. 1.9 and 1.10a). Other reference planes of interest are 
the neuro-ocular (Cabanis et al. 1978; Salvolini et al. 1978) 
and chiasmatico-commissural planes (Tamraz et al. 1990, 
1991). Talairach and co-workers defined the bicommis-
sural reference plane as the plane through the line joining 
the upper border of the anterior commissure and the lower 
 border of the posterior commissure. Two cranial reference 
lines rather closely parallel the bicommissural plane: the 
canthomeatal line, connecting the outer canthus of the eye 
with the centre of the external auditory meatus (Szikla et al. 
1977), and the glabella-inion line (Tokunaga et al. 1977; 
Fig. 1.9a). The intercommissural plane joins the centres of 
the anterior and posterior commissures (Schaltenbrand and 
Bailey 1959; Schaltenbrand and Wahren 1977). The major 
brain sulci seem to maintain relatively constant relationships 

Fig. 1.6 Horizontal section through the head 
along the orbitomeatal plane. The section passes 
through the genu and splenium of the corpus 
callosum, the striatum, the internal capsule, the 
thalamus and the lateral ventricle. The following 
structures are indicated: (1) frontal lobe; 
(2) cingulate gyrus; (3) genu of corpus callosum; 
(4) septum pellucidum; (5) lateral ventricle, 
anterior horn; (6) fornix; (7) roof of the third 
ventricle; (8) choroid plexus of lateral ventricle; 
(9) lateral ventricle, posterior horn; (10) splenium 
of corpus callosum; (11) head of caudate nucleus; 
(12–14) internal capsule, anterior limb, genu and 
posterior limb; (15) thalamus; (16) putamen; (17) 
tail of caudate nucleus; (18) insula of Reil; (19) 
parietal lobe; (20) optic radiation; (21) occipital 
lobe; (22) lateral sulcus; (23) falx cerebri with 
superior sagittal sinus
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with respect to the bicommissural line (Talairach et al. 
1967). The central sulcus is found between the vertical 
lines through the anterior (VCA) and posterior (VCP) com-
missures, perpendicular to the bicommissural line. The 
terms bicommissural and intercommissural planes are often 
used as synonyms.

The neuro-ocular plane is particularly useful for imag-
ing the visual system (Cabanis et al. 1978; Salvolini et al. 
1978). It was defined as the plane passing through the lenses, 
the optic nerves and the optic canals. The chiasmatico-
commissural plane joins the superior border of the optic 
chiasm and the inferior border of the posterior commissure. 
This plane closely parallels the lateral sulcus and is particu-
larly suitable for studying the hippocampus (Fig. 1.10b). 
The plane vertical to the chiasmatico-commissural plane, 
i.e. the commissural-obex reference plane roughly follows 
the direction of the corticospinal tract and the medial longi-
tudinal fascicle (Tamraz et al. 1990, 1991; Tamraz and 
Comair 2000).

1.3  The Meninges, the Intracranial 
Compartments and the Liquor 
Circulation

The skull surrounds the brain completely. The skull and the 
cerebrospinal fluid (the CSF) or liquor cerebrospinalis in the 
subarachnoid space protect the brain. The brain and the spi-
nal cord are invested by the meninges. The dura mater is 
composed of two layers. These are separated at certain sites 
where they form large sinuses through which venous blood 
from the brain flows to the internal jugular veins. The tento-
rium cerebelli and the falx cerebri divide the intracranial 
space into supratentorial and infratentorial compartments.

1.3.1  The Meninges

The brain and the spinal cord are enveloped by three meso-
dermal coverings or meninges (see also Figs. 1.12 and 1.13a): 

Fig. 1.7 Horizontal section through the head 
along the orbitomeatal plane, passing through the 
striatum, the pulvinar and the hippocampal 
formation. The following structures are indicated: 
(1) frontal lobe; (2) anterior commissure; 
(3) column of fornix; (4) third ventricle; 
(5) habenular nuclei; (6) epiphysis cerebri; 
(7) vermis; (8) head of caudate nucleus; 
(9) claustrum with lateral and medial to it the 
extreme and external capsules, respectively; 
(10) putamen; (11, 12) globus pallidus, external 
and internal segments; (13) insula of Reil; 
(14) Heschl’s gyrus (two on the left, one on the 
right); (15) pulvinar; (16) tail of caudate nucleus; 
(17) fornix; (18) hippocampal formation; 
(19) lateral ventricle, inferior horn; (20) optic 
radiation; (21) occipital lobe



8 1 Overview of the Human Brain and Spinal Cord

Fig. 1.8 Horizontal section 
through the head along the 
orbitomeatal plane, passing 
through the eyes, the nose, the 
temporal lobes, the pons and the 
cerebellum. The following 
structures are indicated: 
(1) septum nasi; (2) ethmoid 
cells; (3) sphenoid sinus; 
(4) optic nerve; (5, 6) lateral and 
medial rectus muscles; (7) tem-
poral lobe; (8) hypophysis 
cerebri, flanked by the internal 
carotid arteries in the cavernous 
sinus; (9) trigeminal ganglion; 
(10) tentorium cerebelli; (11) 
pons; (12) superior cerebellar 
peduncle; (13) superior aspect of 
cerebellum; (14) sigmoid sinus; 
(15) internal occipital 
protuberance
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Fig. 1.9 (a) Cephalic reference planes (based on Nieuwenhuys et al. 
1988); (b) horizontal Weigert-stained section through the anterior (CA) 
and posterior (PC) commissures (from Jelgersma 1931); note the dark 
(myelinated) stripe of Gennari-Vicq d’Azyr. VCA and VCP are planes 
through the anterior and posterior commissure, vertical to the 
 bicommissural plane
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Fig. 1.10 Cephalic reference planes, the bicommissural (a, b) versus the chiasma-posterior commissure (c, d) planes (courtesy Wim Obermann, 
Leiden)
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(1) the dura mater or pachymeninx; (2) the arachnoid and 
(3) the pia mater. The arachnoid and pia are collectively 
called the leptomeninx. The meninges of the spinal cord will 
be discussed in Sect. 1.4. In the skull, the dura mater is 
adherent to the periost, most strongly at the sutures between 
the cranial bones and the foramen magnum. The potential 
space between the periost and the dura is the epidural space. 
Two large dural sheets, the falx cerebri between the two 
 cerebral hemispheres and the tentorium cerebelli, divide the 
cranial cavity into three communicating compartments: two 
supratentorial compartments and one infratentorial compart-
ment (Figs. 1.11 and 1.12). Usually, a small midsagittal sep-
tum, the falx cerebelli, partly separates the two cerebellar 
hemispheres. The diaphragma sellae is a horizontal dural 
fold, which roofs the hypophysial fossa in the sella turcica. 
Duplications of the dura at the places where the falx cerebri, 
the tentorium cerebelli and the falx cerebelli are attached 
to the walls of the cranial cavity contain the venous sinuses 
of the brain (Figs. 1.11 and 1.12). The superior sagittal sinus 
runs in the midline between the falx cerebri and the dura 
mater. In the free margin of the falx, the inferior sagittal 
sinus is found. The straight sinus (the sinus rectus) is the 
continuation of the inferior sagittal sinus and is found along 
the attachment of the falx cerebri to the tentorium cerebelli. 
The straight sinus receives the great vein of Galen, which 
drains the venous blood from the central parts of the cere-
brum. The superior sagittal sinus and the straight sinus drain 
to the confluens sinuum (the torcular Herophili) near the 
internal occipital protuberance (Fig. 1.11). From here, venous 
blood on both sides runs via the transverse sinus and the sig-
moid sinus to the jugular foramen, where the sigmoid sinus 
drains into the internal jugular vein. In close relation to the 
internal carotid arteries and the sella turcica, the cavernous 

sinus is found which drains the blood from the orbit, the 
 pituitary and the middle cerebral veins. This basal sinus 
receives the sphenoparietal sinus, which runs beneath the 
minor wing of the sphenoid, and drains to the superior and 
inferior petrosal sinuses. The superior petrosal sinus runs in 
the margin of the tentorium cerebelli along the superior 
 margin of the greater wing of the sphenoid and drains into 
the sigmoid sinus. The inferior petrosal sinus runs along the 
posterior margin of the greater wing of the sphenoid and 
drains into the internal jugular vein.

The thin arachnoid lies close to the dura and is closely 
connected to the pia mater. Between the dura and the arach-
noid lies the potential subdural space. The space between 
the arachnoid and the pia, i.e. the subarachnoid space, 
 contains CSF and the large blood vessels of the CNS. At 
certain places of the basal, dorsal and lateral surfaces of the 
brain, where deep invaginations are present, the suba-
rachnoid space is enlarged to the cisterns. The following 
subarachnoid cisterns can be distinguished: (1) the cerebel-
lomedullary cistern (the cisterna magna) between the cere-
bellum and the medulla oblongata; (2) the pontine cistern 
around the pons; (3) the interpeduncular cistern between 
the cerebellar peduncles; (4) the superior or quadrigeminal 
cistern between the splenium and the superior surfaces of 
the midbrain and the cerebellum; (5) the cisterna ambiens 
on the sides of the midbrain; these two cisterns connect the 
interpeduncular cistern with the superior cistern; (6) the cis-
tern of the lateral fossa over the lateral fissure and (7) the 
chiasmatic cistern below and rostral to the optic chiasm. 
The pia mater is intimately associated with the surface of 
the brain and follows all the sulci and gyri. The meninges 
are supplied by the meningeal arteries, in particular the 
a. meningea media.
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Fig. 1.11 Meninges, dorsal view of the skull 
base with the tentorium cerebelli and the cut falx 
cerebri (after ten Donkelaar et al. 2007a). At the 
left, the venous sinuses and some contributing 
veins are shown, at the right the cranial nerves 
where they leave the skull. The following 
structures are indicated: (1) tentorium cerebelli; 
(2) falx cerebri; (3) inferior sagittal sinus; 
(4) straight sinus; (5) occipital sinus; (6) superior 
sagittal sinus; (7) confluens sinuum; (8) trans-
verse sinus; (9) sigmoid sinus; (10, 11) superior 
and inferior petrosal sinuses; (12) cavernous 
sinus; (13) sphenoparietal sinus; (14) superior 
orbital vein; (15) superficial middle cerebral vein; 
(16) great cerebral vein of Galen; (17) olfactory 
bulb; (18) optic nerve; (19) oculomotor nerve; 
(20) trochlear nerve; (21, 22) trigeminal nerve 
and ganglion; (23–25) ophthalmic (V1), 
maxillary (V2) and mandibular (V3) nerves; 
(26) abducens nerve; (27) facial nerve;  
(28) intermediate nerve; (29) major petrosal 
nerve; (30) vestibulocochlear nerve; 
(31) glossopharyngeal nerve; (32) minor 
petrosal nerve; (33) vagus nerve; (34) acces-
sory nerve; (35) hypoglossal nerve
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Fig. 1.12 Intracranial compartments. The hatched dura 
mater (1), adherent to the periost, has two large dural 
sheets, the falx cerebri (2) and the tentorium cerebelli 
(3), which divide the cranial cavity into three compart-
ments: two supratentorial compartments for the cerebral 
hemispheres and diencephalon and the infratentorial 
compartment for the cerebellum and brain stem. The 
arachnoid (4) and the pia mater (6), surrounding the  
brain, are separated by the subarachnoid space (5).  
The dura contains large venous vessels (in black) such as 
the superior sagittal sinus (7). Between the dura and the  
skull, the meningeal arteries (10) are found. Perforating 
branches (9) of the middle cerebral artery (8) enter the 
brain from its basis and supply the internal capsule (IC), 
the globus pallidus (GP) and the putamen (Put). Other 
abbreviations: Cd caudate nucleus, Th thalamus, ton 
tonsilla of cerebellum (after ten Donkelaar et al. 2007b)
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Fig. 1.13 (a) The components of the meninges of the brain with their 
spaces (after Alcolada et al. 1988) with examples of an epidural (b) 
and a subarachnoid (c) haemorrhage (courtesy Pieter Wesseling, 
Nijmegen)

 Clinical Case 1.1 Epidural, Subdural and Subarachnoid 

Haemorrhages (Antoine Keyser and Pieter Wesseling)

An epidural haematoma may result from the rupture of the 
middle meningeal artery caused by a skull fracture. In a 
head injury, a skull fracture may occur at the moment of 
impact, and this may damage the artery that runs embed-
ded in a bony groove at the inner surface of the skull (see 
Fig. 1.5). The resulting arterial haemorrhage develops in 
the virtual space between the bone and the endosteal layer 
of the dura (see Fig. 1.12). In a relatively light head injury, 
the patient may at first seem neurologically unimpaired, 
but after a so-called silent or lucid interval the growing epi-
dural haematoma may give rise to a rapidly evolving dis-
placement of cerebral structures and to an obtundation of 
consciousness. Heavy headache accompanies this course 
of events. A herniation of the parahippocampal gyrus into 
the tentorial notch is imminent and a dilated pupil at the 
side of the lesion often points to this potentially fatal pro-
cess. This situation requires emergency treatment through 
evacuation of the haematoma by means of exploratory burr 
holes over the site of the lesion.

The virtual space between the dura mater and the arach-
noid (Fig. 1.13a) is the localization of the so-called sub-
dural haematoma. This is a collection of blood oozing 
from venous and capillary structures and its development 
is slow when compared to the rapidly expanding epidural 
haematoma. Two types of subdural haematoma can be 
distinguished:
 1. The “acute” subdural haematoma mostly accompanies a 

brain contusion of varying severity. The clinical picture 
often reflects signs of cerebral injury caused by a contu-
sional swelling of the brain. If large veins are destructed, 
the subdural haematoma will develop into a consider-
able space-occupying lesion and may therefore contrib-
ute to a fatal course. In such a case, surgical evacuation 
may be necessary to allow for more space for the edem-
atous brain.

 2. The “chronic” subdural haematoma develops in the 
same location but its origin is often obscure. Patients 
may report a preceding slight head injury that has 
occurred weeks or even months before. Highly suspi-
cious are patients that use anticoagulant therapy and 
who for some unknown reason deteriorate. More often 
than not headache is lacking and symptoms consist of a 
lowering of consciousness or a depressive emotional 

state. A chronic subdural haematoma often shows a 
multilayered structure and eventually behaves as a 
space-occupying lesion that should be evacuated. It may 
also occur as a complication of leakage of CSF follow-
ing persisting post-spinal puncture because of traction 
on the anchoring veins.
A subarachnoid haemorrhage is caused by the sudden 

rupture of an arterial aneurysm (Fig. 1.13b, c). Such aneu-
rysms preferentially develop in the arterial circle of Willis 
and its branches at the base of the brain (see Chap. 2). They 
result from a weakening of the blood vessel wall either from 
a local inflammation (a mycotic aneurysm) or from a consti-
tutional weakness of the connective tissue. An aneurysm 
may rupture by an undue increase of the arterial blood pres-
sure as, for instance, in straining or heavy exercising. The 
arterial blood spurs under high pressure into the subarach-
noid space where it is mixed with the CSF. The diagnosis 
rests on the very typical paroxysm of sudden excruciating 
pain experienced in the head and often behind the orbit and 
on the signs of meningeal irritation that mostly are present. 
The diagnosis is confirmed by the demonstration of blood on 
imaging or by a spinal tap. The blood may be reabsorbed into 
the general circulation with the CSF through the arachnoid 
granulations into the superior sagittal sinus. Neurosurgical 
clipping of the aneurysm or endovascular coiling is neces-
sary to prevent a possibly fatal rebleed (see Chap. 2).
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Fig. 1.13 (continued)

1.3.2  The Intracranial Compartments

The tentorium cerebelli separates the cerebellum from the 
occipital lobes, and defines supratentorial and infraten-
torial compartments. In fact, two paired supratentorial 
compartments may be distinguished, separated from each 

other by the falx cerebri (see Fig. 1.12). Supratentorially, 
the cerebrum and the diencephalon are found, whereas 
infra tentorially the cerebellum and the brain stem are 
located. The free edge of the tentorium through which the 
brain stem passes is the tentorial notch (the incisura 
tentorii).

 Clinical Case 1.2 Space-Occupying Lesions (Antoine Keyser 

and Pieter Wesseling)

The term space-occupying lesion indicates a pathological 
process that interferes with the normal configuration of 
structures within the cranial cavity. It may consist of an 
abscess, a haematoma, an infarction, a brain tumour or a 
metastasis, a cyst or any other entity that may occupy space, 
usually with an inclination to expand further. The contents 
of the skull consist for 89% of brain parenchyma, 2% of 
blood and 9% of CSF. As the adult skull is not able to 
expand, the total summated volume of these three compo-
nents will always remain the same (the Monro–Kelly 

 doctrine). If any one of the three increases its volume, either 
the two other components should diminish or the intracra-
nial pressure will increase. Therefore, in the beginning an 
expanding lesion will be accommodated by the brain region 
in which it arises but soon it will cause a partial displace-
ment of blood and CSF outside the cranial cavity. This pos-
sibility, however, is of very limited avail and thereafter the 
intracranial pressure will increase, giving rise to neurologi-
cal symptoms and signs.

The presence of an increasing space-occupying lesion in 
addition will cause a shift or displacement of brain struc-
tures (Fig. 1.14). The pattern according to which this occurs 
is largely determined by the dural septa that subdivide the 
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Fig. 1.14 Diagrams showing the effects of space-occupying lesions in (a) the supratentorial and (b) the infratentorial compartments (after ten 
Donkelaar et al. 2007b)

intracranial cavity, i.e. the tentorium cerebelli and the falx 
cerebri. The neurological symptoms and signs caused by a 
space-occupying lesion are primarily determined by the 
site of the lesion where disinhibition or a defect of nervous 
activity will occur. In addition, however, the displacement 
of nervous structures will result in dysfunction of other 
parts of the brain that may be caused either by mechanical 
compression, by histological changes or by the indirect 
effects of a diminished perfusion. The sharp edges of the 
septal dural structures may cause an impression on the dis-
placed brain and, if an artery or a cranial nerve is in between, 
these will also suffer. So, if a hemispheric process causes 
shifting across the midline, the cingulate gyrus will be 
compressed under the lower margin of the falx and the flow 
in the internal cerebral vein will be impaired; this may 
enhance the swelling of the hemisphere thus inducing a 
vicious circle.

When the supratentorial compartment is affected by an 
overwhelming increase of the volume of its contents, the 
ensuing pressure gradient will displace the brain stem in a 

caudal direction giving rise to a transtentorial or uncal 
herniation (Fig. 1.15a). Hereby, the parahippocampal gyri 
are wedged bilaterally in between the tentorial notch and 
the brain stem. An early sign of this process is the function 
loss of the compressed oculomotor nerve, resulting in 
pupillary dilatation at that side first. If progression occurs, 
this will cause a gradual function loss of all brain stem 
functions in a craniocaudal course. Eventually, this caudal 
displacement will secondarily lead to herniation of the cer-
ebellar tonsils into the foramen magnum and an ischaemia 
of the caudal brain stem where the cardiocirculatory and 
respiratory centres will stop functioning. When the space-
occupying lesion develops in the posterior fossa, the direc-
tion of the herniation may be reversed; then the brain stem 
and the cerebellum will be displaced upwards through the 
tentorial notch. This may also impede the CSF outflow 
through the aqueduct and lead to a supratentorial obstruc-
tion hydrocephalus. The expanding lesion in the posterior 
fossa eventually will result in a tonsillar herniation into 
the foramen magnum with a fatal course (Fig. 1.15b).
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1.3.3  The Liquor Circulation

CSF is mainly produced by the choroid plexuses in the lat-
eral ventricles and to a lesser degree by the choroid plexuses 
of the third and fourth ventricles. It fills the ventricles and the 
subarachnoid space surrounding the brain and the spinal 
cord. CSF produced in the lateral ventricles flows to the third 
ventricle via the left and right intraventricular foramina of 
Monro and subsequently through the cerebral aqueduct to 
the fourth ventricle (Figs. 1.16 and 1.17). It then reaches the 
subarachnoid space via three openings, the median aper-
ture (foramen of Magendie) in the roof of the fourth ventri-
cle and the two lateral apertures (foramina of Luschka) in 
the lateral recesses of the fourth ventricle. From the cerebel-
lomedullary cistern (the cisterna magna) and the pontine 
cistern, the CSF flows on the basal surface of the brain and 
upwards over the lateral surfaces of the cerebrum into the 
direction of the superior sagittal sinus. Most of the CSF 
is absorbed into the superior sagittal sinus via arachnoid 
villi. Collections of these villi form macroscopically visible 
arachnoid granulations (Fig. 1.3), described in 1706 by 

Antonio Pacchioni, protruding into the superior sagittal sinus 
through openings in the dura mater.

1.4  The Spinal Cord

Even after its development is complete, the spinal cord 
remains a rather simple structure with a dorsal sensory horn, 
a ventral motor horn and an intermediate zone in between. 
The nearly cylindrical spinal cord occupies the upper two-
thirds of the vertebral canal. The grey matter surrounds the 
central canal and contains the motoneurons innervating the 
muscles of the neck, the trunk and the extremities, a wealth 
of intrinsic neuronal circuits for the spinal reflexes and pro-
jection neurons of ascending systems, passing in the sur-
rounding white matter to the brain stem, the cerebellum and 
the thalamus. The white matter also contains a number of 
descending pathways from the cerebral cortex and the brain 
stem as well as long and short propriospinal fibres. 
Somatosensory and viscerosensory information reaches the 
spinal cord via 30 paired dorsal roots or radices dorsales 

Fig. 1.15 Examples of (a) a transtentorial herniation in which the uncus compresses the brain stem and (b) a tonsillar herniation into the 
foramen magnum (courtesy Pieter Wesseling, Nijmegen)
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(the first spinal nerve does not have a dorsal root), whereas 
somatomotor and visceromotor fibres leave the spinal cord 
via 31 ventral roots or radices ventrales. Each dorsal root 
contains a spinal or dorsal root ganglion, formed by the 
ganglion cells of proprioceptive, exteroceptive and intero-
ceptive fibres. In each intervertebral foramen, a ventral root 
and a dorsal root form a spinal nerve. The spinal cord is 
frequently affected in neurological disorders. Vertebral frac-
tures and tumours, metastases in particular, may result in 
narrowing of the vertebral canal.

1.4.1  Gross Anatomy

The spinal cord, invested by the meninges, occupies the 
superior two-thirds of the vertebral canal. On its ventral 
side, the cord shows a deep longitudinal fissure (the ante-
rior median fissure) and on its dorsal side the posterior 

median sulcus (Fig. 1.18). The thickness of the spinal 
cord varies with the parts of the body it innervates. Those 
parts that innervate the upper and lower limbs form  

Fig. 1.17 T2-weighted images of a paramedian plane without flow 
compensation. In black a strong CSF flow can be seen through the third 
ventricle and a widened fourth ventricle (a, b), the foramen of Monro 
(a) and the foramen of Magendie (b). There is also a strong flow in front 
of the lower medulla and the upper cervical cord (a, b; courtesy Ton van 
der Vliet, Groningen)

Fig. 1.16 Diagram of the liquor circulation (see text for explanation). 
acha anterior choroidal artery, aq aqueduct, ca, ci, cp anterior, inferior 
and posterior horn (cornu) of the lateral ventricle, ccm cisterna cerebel-
lomedullaris, ICA internal carotid artery, L, M foramina of Luschka and 
Magendie, pc central part of lateral ventricle, PICA posterior inferior 
cerebellar artery, rchp ramus choroideus posterior, sss superior sagittal 
sinus, str straight sinus, VA vertebral artery, vjugi internal jugular vein, 
v3, v4 third and fourth ventricles (after ten Donkelaar et al. 2007b)
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spindle-shaped enlargements: the cervical enlargement 
(or intumescentia cervicalis), extending between the C3 
and T1 segments, and the lumbar enlargement (or intu-
mescentia lumbalis) between the L1 and S2 segments 
(Fig. 1.19). In these enlargements, the spinal nerves for 
the upper and lower limbs arise. In adults, the caudal end 
of the spinal cord, i.e. the conus medullaris, reaches the 
level of the intervertebral disc L1–L2, in newborns the 
level of vertebra L3. At the end of the embryonic period, 
the spinal cord extends to the caudal end of the vertebral 
column. During the foetal period, it “ascends” to lumbar 
levels owing to the disproportional growth of the spinal 
cord and the vertebral column. Until the 11th gestational 
week, the length of the spinal cord matches that of the 
vertebral column (Streeter 1919; ten Donkelaar and Hori 
2006). Then, the ascensus medullae starts, the thin fibrous 
filum terminale is formed and the lower spinal nerves 
have progressively longer roots before reaching their 
intervertebral foramina. Collectively, the lumbar, sacral 
and coccygeal nerves form a prominent bundle in the ver-
tebral canal, which is known as the cauda equina.

The meninges of the spinal cord are continuous with 
those surrounding the brain. The dura mater and the arach-
noid surround the spinal cord and the cauda equina. Both 

terminate at the level of S2. The pia mater only covers the 
spinal cord. Cranially, the dura mater is attached to the mar-
gins of the foramen magnum and the inside of the first two 
cervical vertebrae. Below the level of C2, the epidural space 
between the vertebral canal and the dura is found. It contains 
fat and the veins of the internal vertebral venous plexus 
(Fig. 1.18). On both sides of the spinal cord, the dura covers 
the dorsal and ventral roots as far as the intervertebral foram-
ina, where the epineurium of the spinal nerves begins. The 
arachnoid also envelops the roots of the spinal nerves, but it 
extends only to the beginning of the intervertebral foramina. 
The pia mater invests the spinal cord and it gives off several 
incomplete septa into the subarachnoid space. Two of these 
septa, the denticulate ligaments, attach the spinal cord lat-
erally to the arachnoid and the dura.

1.4.2  Microscopy: Subdivision of Grey 
and White Matter

The spinal cord is composed of central grey matter sur-
rounded by white matter (Fig. 1.19). The grey matter con-
sists of the sensory dorsal horn, the intermediate zone and 
the motor ventral horn. The dorsal horn (the cornu dorsale) 
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Fig. 1.18 Gross anatomy of the 
spinal cord in relation with the 
vertebral canal. db, mb, vb 
dorsal, meningeal and ventral 
branches, dh, vh dorsal and 
ventral horns, dr, vr dorsal and 
ventral roots, dlg denticulate 
ligament, spg spinal ganglion, 
the following structures are 
indicated by numbers: 
(1) periost; (2) epidural space; 
(3) dura mater; (4) arachnoid; 
(5) subarachnoid space; (6) pia 
mater (after Lohman et al. 2007)
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is usually divided into three parts: (1) a dorsal part com-
posed of the gelatinous substance of Rolando, surrounded 
by the marginal cells or zone of Waldeyer; (2) a middle part 
or nucleus proprius and (3) a ventral part of medium-sized 
and large cells. In addition, in the thoracic and upper lumbar 
spinal segments (C8–L2), the medially located thoracic 
nucleus or column of Clarke is found, which gives rise to 
the  posterior spinocerebellar tract. The intermediate zone 

contains medium-sized cells and the intermediolateral 
nucleus, which forms the lateral horn (the cornu laterale) 
of the spinal cord. This nucleus is found along the traject of 
the column of Clarke (C8–L2), where it contains the vis-
ceromotor neurons of the sympathetic part of the autonomic 
nervous system (see Chap. 12), and in the sacral cord (S2–S4), 
where it contains parasympathetic visceromotor neurons. 
The ventral horn (the cornu ventrale) contains the somato-
motor neurons innervating the muscles of the neck, the 
trunk and the limbs. The spinal somatomotor neurons form 
two columns, a medial column present from C1 to L4 for the 
dorsal musculature of the vertebral column and the muscles 
of the thorax and the abdomen, and a lateral column for the 
muscles of the extremities, present only in the cervical and 
lumbar enlargements. The lateral column can be further 
subdivided into a ventromedial group for the muscles of the 
shoulder, the hip and the proximal arm and leg muscles, and 
a dorsolateral column for the distal arm and leg muscles. In 
cats, Rexed (1954) introduced a subdivision for the spinal 
grey into ten layers. This subdivision can also be applied to 
the human spinal grey (Schoenen and Faull 2004; see 
Fig. 1.20). In Rexed’s laminar approach, the marginal zone 
forms layer I, the rest of the gelatinous substance can be 
divided into layers II and III, the nucleus proprius forms 
layer IV, the ventral part of the dorsal horn, including 
Clarke’s column form layers V and VI, and the intermediate 
zone, including the lateral horn, layer VII. Layer VIII 
encompasses a medial part of the ventral horn, whereas the 
somatomotor neurons constitute layer IX. Layer X is a small 
area surrounding the central canal.

afferent (sensory) fibres from cutaneous, muscle and 
joint receptors innervate the spinal cord. After entering the 
spinal cord, the dorsal root fibres divide into ascending and 
descending branches. These branches give off collaterals to 
the dorsal horn. The ascending branches of the thicker fibres 
reach the dorsal column nuclei in the medulla. The dorsal 
root fibres vary much in thickness. Each fibre category termi-
nates in specific Rexed layers. The thickest myelinated fibres 
(Aa from muscle spindles and tendon organs) end in the 
deeper layers of the dorsal horn and partly in the ventral 
horn. Thick, myelinated fibres from cutaneous receptors 
(Ab) end in layers III–VI. The thinnest myelinated fibres 
from cutaneous receptors (Ad and C), largely from nocicep-
tors, end in layers I and II and in parts of layer V.

The white matter of the spinal cord can be divided into 
posterior, lateral and anterior funiculi (Fig. 1.19). The pos-
terior funiculus (or dorsal column) contains primary 
somatosensory fibres from the large-fibered, proprioceptive 
medial parts of the dorsal roots. In the upper thoracic and 
the cervical cord, a glial septum divides the dorsal column 
into the medial fasciculus gracilis of Goll and the lateral 
fasciculus cuneatus of Burdach. The lateral funiculus con-
tains in its dorsal part (the posterolateral funiculus) the lateral 

Fig. 1.19 Four Klüver–Barrera-stained transverse sections through the 
spinal cord (from Nolte and Angevine 2007; with permission from 
Elsevier Health Sciences Rights Department, Philadelphia, PA)
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corticospinal tract and the posterior spinocerebellar tract of 
Flechsig, and in its ventral part (the anterolateral funiculus) 
the anterolateral system (spinoreticular, spinomesencephalic 
and spinothalamic tracts) and the anterior spinocerebellar 
tract of Gowers. The denticulate ligaments are found at the 
border of the posterolateral and anterolateral funiculi. The 
ventral funiculus of the spinal cord contains the anterior 
corticospinal tract, the lateral vestibulospinal tract and the 
spinal continuation of the fasciculus longitudinalis medialis 
(flm) of the brain stem. This tract is composed of interstitio-
spinal, tectospinal, reticulospinal and medial vestibulospinal 
fibres. Propriospinal fibres, connecting the segments of the 
spinal cord, are found in all funiculi, and form the fasciculi 
proprii around the grey matter.

The ascending sensory pathways from the spinal cord 
can be divided into three groups (Willis and Coggeshall 1991): 
(1) pathways for pain and temperature, i.e. the spinothalamic 
tract, which is accompanied by fibres terminating in the retic-
ular formation (spinoreticular fibres) and fibres to the mesen-
cephalon (spinomesencephalic fibres); (2) pathways for tactile 
information, vibration and position sense, carried via several 
pathways, in particular the dorsal funiculus and (3) pathways 
for somatosensory information to the cerebellum (see 
Chap. 10). In the large-fibered dorsal  column-medial lemnis-
cal system, there is a bundling together of elements with com-
mon modality and receptor field properties (Mountcastle 
1984). The bundling begins in the first-order or primary 

afferent fibres, which in turn project upon similarly modu-
larized elements of the dorsal column nuclei (Fig. 1.21). The 
second-order afferent fibres arising in the dorsal column 
nuclei (the gracile and cuneate nuclei) cross the midline as 
the internal arcuate fibres in the caudal medulla and ascend 
in the prominent medial lemniscus to modules of the ven-
trobasal complex in the thalamus (see Chap. 4). Here, third-
order afferent fibres pass to cell columns of the postcentral 
gyrus.

The anterolateral funiculus or ventral quadrant of the 
human spinal cord contains pathways that are crucial for pain 
and temperature sensations (see Chap. 4). The spinothalamic 
tract has long been regarded as the major pathway respon-
sible for evoking pain sensations. Other pathways involved in 
pain transmission are the spinoreticular, spinoparabrachial, 
spinomesencephalic, spinohypothalamic and spinolimbic 
tracts, summarized in Fig. 1.22. Nociceptive information 
from the skin is distributed in the spinal cord to layers I, II 
and V, whereas visceral input terminates largely in layers 
I and V. Neurons that relay nociceptive information to the 
brain stem are located largely in layers I, III, V–VII and X. 
In recent years, the pathway arising from layer I has received 
considerable attention such that many of the functions once 
associated with the pathway arising from the deeper spinal 
layers are now being reallocated to the pathway arising from 
the most superficial layer of the dorsal horn (Craig 2003; 
Willis and Westlund 2004).

T1

a

b

L5

Fig. 1.20 Nissl-stained sections 
of the spinal grey matter at 
(a) T1 and (b) L5 (from 
Schoenen and Faull 2004; 
with permission from Elsevier’s 
Science and Technology Rights 
Department, Oxford, UK). The 
Rexed layers are indicated by 
Roman numerals
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Descending pathways for the control of the spinal 
motoneurons arise in the cerebral cortex, in the hypothalamus 
and in various brain stem structures, including the reticular 
formation and the vestibular nuclear complex (Lawrence and 
Kuypers 1968a, b; Kuypers 1981; Holstege 1991; Nathan et al. 
1990, 1996; Fig. 1.23). As regards the course and site of termi-
nation of the descending pathways to the spinal cord, a clas-
sification can be made into lateral and medial systems (Kuypers 
1981). Interstitiospinal, reticulospinal and vestibulospinal 

pathways from the brain stem pass via the ventral funiculus 
and ventral parts of the lateral funiculus of the spinal cord and 
terminate in the mediodorsal parts of the ventral horn and 
adjacent parts of the intermediate zone. This medial system 
is functionally related to postural activities and progression, 
and constitutes a basic system by which the brain exerts con-
trol over movements. The lateral system is composed of 
rubrospinal, some reticulospinal and raphespinal fibres, aris-
ing in a rostral, magnocellular part of the medullary raphe 
nucleus and the corticospinal tract, all passing via the dorsal 
part of the lateral funiculus. In terrestrial vertebrates, the 
rubrospinal tract terminates in the dorsolateral part of the 
intermediate zone and provides the capacity to exert rela-
tively independent movements of the limbs, especially the 
distal parts (ten Donkelaar 2000). The human rubrospinal 
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Fig. 1.21 Overview of the dorsal column-medial lemniscus system. 
cf cuneate fascicle, Cun cuneate nucleus, dr dorsal root, gf gracile fas-
cicle, Gr gracile nucleus, ml medial lemniscus, VPL ventroposterior 
lateral nucleus, S1 primary somatosensory cortex (after ten Donkelaar 
et al. 2007b)
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Fig. 1.22 Overview of the anterolateral system. als anterolateral sys-
tem, Am amygdala, CG cingulate gyrus, dr dorsal root, Hyp hypothala-
mus, IL intralaminar nuclei, In insula, MD mediodorsal nucleus, PAG 
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Rm raphe magnus nucleus, SMA supplementary motor area, S1 primary 
somatosensory cortex, VPL ventroposterior lateral nucleus (after ten 
Donkelaar et al. 2007b)
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tract is indistinct (Nathan and Smith 1981) and is superseded 
by the corticospinal tract. The corticospinal tract arises 
from layer V pyramidal cells, particularly from rostral parts 
of the cerebral cortex. The tract further not only amplifies the 
brain stem control but, especially in primates, also provides 
the unique capacity to execute highly fractionated move-
ments such as individual finger movements (Lawrence and 

Kuypers 1968a, b). Holstege (1991) and Holstege et al. 
(2004) advocated the use of the term first or basic motor 
system for the targets of the descending supraspinal path-
ways, i.e. the spinal motoneurons and interneurons. Spinal 
interneurons give rise to short and long propriospinal con-
nections. Holstege viewed the somatic component of the 
descending supraspinal pathways as the second or somatic 
motor system and a limbic component, including spinal pro-
jections from the amygdala, the hypothalamus, and from 
cholinergic, noradrenergic and serotonergic cell groups, as 
the third or emotional motor system, both with medial and 
lateral components (see Chap. 9).

1.5  The Brain Stem

The brain stem is composed of the midbrain (the mesenceph-
alon) and the hindbrain (the rhombencephalon). The hind-
brain may be divided into the metencephalon (the pons and 
cerebellum) and the myelencephalon or medulla oblongata. 
At least during development, the brain stem is segmentally 
organized. The midbrain is composed of two temporarily 
present segments known as the mesomeres, whereas the 
hindbrain is composed of eight, also temporarily present, 
rhombomeres. Their alar parts give rise to the colliculi of 
the mesencephalon and the sensory nuclei of the brain 
stem, whereas their basal parts give rise to the motor nuclei 
(Fig. 1.24). The cerebellum largely arises from the first 
rhombomere. The brain stem contains the cranial nerve 
nuclei, several important relay nuclei such as the dorsal col-
umn nuclei and the inferior olive, the reticular formation 
including monoaminergic and cholinergic cell groups, and 
long ascending and descending pathways from and to the 
spinal cord. The core of the brain stem is formed by the retic-
ular formation. This formation and its related nuclei are cru-
cially involved in motor control, respiration and cardiovascular 
functions (see Chap. 12) as well as in mechanisms related to 
sleep and consciousness (see Chap. 5). Lesions in the brain 
stem often involve cranial nerve nuclei and long ascending 
and descending pathways in different combinations, result-
ing in various specific syndromes (see Chap. 6).

1.5.1  The Cranial Nerves

All cranial nerves, apart from the olfactory and optic nerves, 
enter or leave the brain stem (see Figs. 1.5 and 1.11). The 
motor nuclei of the extraocular muscles arise from mesom-
ere 2 (the oculomotor nucleus) and rhombomeres 1 (the tro-
chlear nucleus) and 5 (the abducens nucleus). The motor 
nuclei of the cranial nerves, innervating the branchial arch 
musculature, arise from the second, fourth, sixth and  seventh 
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Fig. 1.23 Overview of the descending supraspinal systems. cCg cau-
dal cingulate motor area, cospa, cospl anterior and lateral corticospinal 
tracts, Cun cuneate nucleus, dh dorsal horn, rCg rostral cingulate motor 
area, Gr gracile nucleus, IC interstitial nucleus of Cajal, isp interstitio-
spinal tract, iz intermediate zone, LPA lateral premotor area, lvh, mvh 
lateral and medial parts of the ventral horn, LV, MV lateral and medial 
vestibular nuclei, med medial system, M1 primary motor cortex, resp 
reticulospinal tract, RF reticular formation, Rub red nucleus, rusp 
rubrospinal tract, SMA supplementary motor area, S1, S2 primary and 
secondary somatosensory cortices, vespl, vespm lateral and medial ves-
tibulospinal tracts (after ten Donkelaar et al. 2007b)
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rhombomeres (Fig. 1.25a). The neural crest, flanking the 
developing rhombencephalon, makes important contribu-
tions to the branchial arches (see ten Donkelaar and Vermeij-
Keers 2006; ten Donkelaar et al. 2006a). The nuclei of the 
third to twelfth cranial nerves form six longitudinal, incon-
tinuous columns in the brain stem. These columns are from 
medial to lateral: somatomotor, branchiomotor, visceromo-
tor, viscerosensory, somatosensory and vestibulocochlear 
(Fig. 1.25b). The somatomotor column is the rostral continu-
ation of the spinal ventral horn, the visceromotor column of 
the spinal lateral horn and the somatosensory column of the 
spinal dorsal horn. The somatomotor nuclei are the nuclei 
of the oculomotor, trochlear and abducens nerves, innervat-
ing the external eye muscles (see also Chap. 6), and the hypo-
glossal nucleus, innervating the extrinsic and intrinsic 
muscles of the tongue. The branchiomotor nuclei are the 
motor nuclei of the trigeminal and facial nerves and the 
nucleus ambiguus. The nucleus ambiguus gives rise to 
the motor fibres of the glossopharyngeal and vagal nerves 

and of the cranial root of the accessory nerve. The trigeminal 
motor nucleus innervates the masticatory muscles, the facial 
motor nucleus the facial muscles, and the ambiguus nucleus 
the muscles of the soft palate, the pharynx and the larynx. 
The visceromotor nuclei are the parasympathetic nuclei 
innervating the heart, smooth muscles and glands (see also 
Chap. 12). The nucleus of Edinger–Westphal innervates 
intrinsic eye muscles. The superior salivatory nucleus inner-
vates the lacrimal, submandibular and sublingual glands, the 
inferior salivatory nucleus innervates the parotid gland, and 
the dorsal motor nucleus of the vagal nerve innervates the 
smooth muscles of the bronchi, the heart, the stomach, the 
duodenum, jejunum and ileum, and part of the colon.

The viscerosensory zone is formed by the nucleus of the 
solitary tract. This nucleus receives viscerosensory and taste 
fibres from the facial, glossopharyngeal and vagal nerves (see 
Chap. 6). The somatosensory zone consists of the sensory 
nuclei of the trigeminal nerve: the mesencephalic, principal 
sensory and spinal nuclei. The principal sensory nucleus is 
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located at the level of the entrance of the trigeminal nerve and 
receives large-diameter, gnostic fibres. Proprioceptive fibres 
from the jaw muscles pass via the mesencephalic root to the 
mesencephalic nucleus of the trigeminal nerve. The main part 
of the primary somatosensory fibres of the trigeminal nerve 
descends as the spinal tract of the trigeminal nerve in the dor-
solateral part of the pons and medulla oblongata and extends 
into the rostral spinal cord. Medial to this tract the spinal 
nucleus of the trigeminal nerve is situated. It contains oral, 
intermediate and caudal parts (see Chap. 4). The vestibuloco-
chlear zone consists of four vestibular and two cochlear 
nuclei, a dorsal and a ventral one. The four vestibular nuclei 
are the medial vestibular nucleus of Schwalbe, the lateral ves-

tibular nucleus of Deiters, the spinal (or inferior) vestibular 
nucleus of Roller and the superior vestibular nucleus of 
Bechterew (Büttner-Ennever and Gerrits 2004). The vestibu-
locochlear zone will be further discussed in Chaps. 7 and 8.

1.5.2  Three Cross-Sections Through 
the Brain Stem

The location of the various nuclei and fibre tracts in the 
brain stem can best be explained on cross-sections through 
the three components of the brain stem, one through the 
upper medulla oblongata (Fig. 1.26), one through the lower 
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Fig. 1.26 A Weigert-stained 
transverse section through the 
medulla oblongata (based on a 
section in Nauta and Feirtag 
1986; the Weigert pictures in 
Figs. 1.26–1.28 were kindly 
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and Feirtag 1986). The medial 
longitudinal fascicle is indicated 
by dots and the reticular 
formation in light red. als 
anterolateral system, cosp/cob 
corticospinal and corticobulbar 
tracts, CT corpus trapezoideum, 
ll lateral lemniscus, mcp middle 
cerebellar peduncle, ml medial 
lemniscus, RF reticular 
formation, tsp tectospinal tract, 
VNC vestibular nuclear complex, 
Vo oral spinal trigeminal nucleus, 
vsct ventral spinocerebellar tract, 
VI abducens nucleus, VII facial 
nucleus



251.5 The Brain Stem

pons (Fig. 1.27) and one through the upper mesencephalon 
(Fig. 1.28), all perpendicular to the long axis of the brain 
stem. These sections are presented in the classic, neuroana-
tomical way. In other chapters, horizontal sections are shown 
as is usual in imaging. The basal parts of the brain stem, i.e. 
the parts below the fourth ventricle and the aqueductus mes-
encephali are known as the tegmentum (German: “Haube”). 
The colliculi superiores and inferiores form the roof of the 
aqueduct (the tectum mesencephali or lamina quadrigemina), 
whereas the cerebellum largely covers the fourth ventricle.

In a transverse section through the upper medulla 
oblongata at the level of the inferior olive (Fig. 1.26), the 
following structures are found from medial to lateral in the 
dorsal tegmentum: the hypoglossal motor nucleus, the 
dorsal motor nucleus of the vagal nerve, the solitary tract 
and its surrounding nucleus, the medial and inferior ves-
tibular nuclei and the external (or accessory) cuneate 
nucleus. The external cuneate nucleus relays propriocep-
tive information from the cervical cord via cuneocerebel-
lar fibres to the cerebellum (see Chap. 10). The lateral 
dorsal column nucleus, the cuneate nucleus of Burdach, 
and the medial dorsal column nucleus, the gracile nucleus 
of Goll, are situated in the lower medulla oblongata. In the 
ventral tegmentum of the upper medulla oblongata, the 
nucleus ambiguus (the motor nucleus of the IXth, Xth and 
XIth cranial nerves) is found medially and the spinal 
nucleus of the trigeminal nerve with its associated spinal 
tract laterally. The inferior olive occupies most of the ven-
tral part of the medulla oblongata. A main inferior olive 
and several smaller medial and dorsal accessory inferior 
olives can be distinguished.

Close to the midline three important fibre systems are 
found, from dorsal to ventral: the fasciculus longitudinalis 

medialis (flm), the lemniscus medialis and the pyramidal tract. 
The fasciculus longitudinalis medialis contains interstitio-
spinal, tectospinal, reticulospinal and medial vestibulospinal 
fibres. The medial lemniscus contains decussating, second-
order somatosensory fibres from the dorsal column nuclei and 
ascends to the thalamus. At the periphery, the anterolateral 
tract and the olivocerebellar and spinocerebellar tracts are 
found: above the inferior olive lies the anterolateral tract, 
which is composed of spinoreticular, spinomesencephalic and 
spinothalamic fibres and dorsal to the anterolateral tract lie the 
anterior spinocerebellar tract and the inferior cerebellar 
peduncle. The inferior cerebellar peduncle (the corpus resti-
forme) is formed by olivocerebellar and cuneocerebellar fibres 
and the posterior spinocerebellar tract. At this level, two cra-
nial nerves leave the medulla oblongata: laterally the vagal 
nerve and ventrally the hypoglossal nerve.

In a transverse section through the pons at the level of the 
abducens nucleus (Fig. 1.27), the trapezoid body separates 
the tegmentum from the ventral part of the pons. The trape-
zoid body consists of decussating, ascending fibres from the 
dorsal and ventral cochlear nuclei passing to the lateral lem-
niscus, which is the ascending auditory pathway to the infe-
rior colliculus (see Chap. 7). The lateral lemniscus lies above 
the anterolateral system and the superior olive, which is a 
relay nucleus in the central auditory system, medial to the 
lateral lemniscus. Just dorsal to the superior olive the motor 
nucleus of the facial nerve is found, and dorsolaterally lie 
the spinal trigeminal tract and its nucleus. More dorsally, 
from lateral to medial, are situated the superior, lateral (the 
nucleus of Deiters) and medial vestibular nuclei, the 
abducens nucleus and the internal genu of the facial nerve. 
Along the midline, the fasciculus  longitudinalis medialis, 
the tectospinal tract and, more ventromedially, the medial 
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lemniscus are found. In the reticular  formation lies the cen-
tral tegmental tract (the “zentrale Haubenbahn”, illustrated 
by Benedikt Stilling in 1846 and named as such by Vladimir 
Bechterew (1899)) composed of fibres from the mesenceph-
alon to the inferior olive. In the ventral part of the pons, the 
pontine nuclei, pontocerebellar fibres and longitudinal fibre 
bundles are found. Longitudinal fibre bundles are the corti-
copontine, corticobulbar and corticospinal tracts. The corti-
copontine fibres terminate in the pontine nuclei, which send 
decussating, pontocerebellar fibres to the middle cerebellar 
peduncle (the brachium pontis).

A transverse section through the mesencephalon at the 
level of the oculomotor nucleus clearly shows the tripartition 
of the mesencephalon into the tectum mesencephali, the teg-
mentum mesencephali and the paired pedunculi cerebri 
(Fig. 1.28). The tectum mesencephali consists of two colliculi 
superiores and two colliculi inferiores. At this level, the col-
liculi superiores are present. Of each superior colliculus, its 
superficial layers receive retinal input, whereas its deeper lay-
ers give rise to the tectospinal tract, which decussates in the 
dorsal tegmentum (the “hintere Haubenkreuzung” of Meynert 
or decussatio tegmentalis posterior) and passes ventral to the 
flm to the rostral spinal cord. Around the aqueduct the periaq-
ueductal grey (the PAG) is situated, a structure involved in 
pain perception (see Chap. 4). At the lateral border of the PAG 
lie the mesencephalic nucleus and the mesencephalic root of 
the trigeminal nerve, and ventral to the PAG lie the oculomo-
tor nucleus and the nucleus of Edinger–Westphal, a parasym-
pathetic centre innervating intrinsic eye muscles.

The large red nucleus or nucleus ruber is situated in the 
centre of the tegmentum mesencephali. It consists of a large 
parvocellular part, giving rise to the central tegmental tract, 
and a small magnocellular part, the origin of the rubrospinal 
tract, which decussates in the “vordere Haubenkreuzung” of 
Forel (the decussatio tegmentalis anterior). The red nucleus 
receives many small fibre bundles from the superior cerebel-
lar peduncle (the brachium conjunctivum or “Bindearm” 
of Burdach), which decussates directly caudal to the red 
nucleus (the decussation pedunculorum cerebellarium of 
Wernekinck). Dorsolateral to the red nucleus all the ascend-
ing somatosensory projections are found closely together, 
curving around the reticular formation. The brachium of the 
inferior colliculus is situated lateral to the spinothalamic 
tract and projects to the medial geniculate body (MGB). 
Below the red nucleus, the substantia nigra is found with a 
dorsal part, the pars compacta, composed of closely packed 
dopaminergic cells, and a ventral part, the pars reticulata, 
more loosely structured. Dopaminergic neurons closer to 
the midline form the ventral tegmental area of Tsai 
(see Chap. 11). The pedunculus  cerebri below the sub-
stantia nigra contains all the corticofugal projections to 
the brain stem and spinal cord. Three compartments can be 
distinguished: (1) a medial compartment with the frontopon-

tine tract of Arnold; (2) a middle compartment with the cor-
ticobulbar and corticospinal tracts and (3) a lateral 
compartment with the parietotemporo-occipitopontine tract, 
sometimes erroneously named after Türck.

1.5.3  The Reticular Formation and Related 
Monoaminergic and Cholinergic Nuclei

The reticular formation occupies the central portion of the 
brain stem (Figs. 1.26–1.28). Throughout most of its extent, 
it is composed of aggregations of loosely arranged cells of 
different types and sizes, and its fibre connections are for the 
most part also diffusely organized. Caudally, the reticular 
formation is continuous with the intermediate zone of the 
spinal cord, and rostrally it continues into the intralaminar 
nuclei of the thalamus. Brodal (1957) and others showed that 
the reticular formation of the brain stem is not a homoge-
neous structure but rather a collection of anatomically and 
functionally different nuclei. Based on their histochemical 
features, connectivity and functional properties, four main 
components can be distinguished: (1) the classic reticular 
nuclei; (2) monoaminergic nuclei such as the serotonergic 
raphe nuclei, the noradrenergic locus coeruleus and nora-
drenergic cell groups in the lower brain stem; (3) cholinergic 
nuclei, including the laterodorsal and pedunculopontine teg-
mental nuclei and (4) autonomic nuclei such as the parabra-
chial nucleus, the periaqueductal grey and the nucleus of the 
solitary tract. Brodal (1957) subdivided the reticular forma-
tion into three longitudinal zones, a median zone, which con-
tains the raphe nuclei, a medial zone, which contains large 
cells (the medial tegmental field), and a lateral, parvocellular 
zone (the lateral tegmental field). The raphe nuclei form an 
almost continuous collection of cell groups distributed in the 
midline of the brain stem from the rostral midbrain to the 
spinal cord. The raphe nuclei can be subdivided into two 
groups, the rostral raphe nuclei in the midbrain and the ros-
tral pons, and the caudal raphe nuclei in the caudal pons and 
the medulla. Many raphe cells contain serotonin, but since 
the various aggregations of serotonergic cells are not entirely 
congruent with the raphe nuclei, Dahlström and Fuxe (1964, 
1965) introduced a subdivision of serotonergic cell groups 
into nine groups, numbered B1–B9. The medial reticular 
formation is usually subdivided into a number of centres, 
including the ventral, gigantocellular, caudal pontine and oral 
pontine reticular nuclei, and the mesencephalic cuneiform 
and subcuneiform nuclei (Olszewski and Baxter 1954; 
Brodal 1957; Paxinos and Huang 1995; Koutcherov et al. 
2004). The lateral reticular formation is composed of six, 
overlapping entities (Nieuwenhuys et al. 1988): (1) the 
 parvocellular reticular nucleus or area, directly medial to the 
spinal trigeminal nucleus, is involved in bulbar reflexes; 
(2) the ventrolateral superficial area, extending from the level 
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of the facial nerve to the spinal cord, plays an important role 
in cardiovascular and respiratory control (Blessing 2004); 
(3) the lateral pontine tegmentum contains the medial and 
lateral parabrachial nuclei and a ventral extension, the 
Kölliker-Fuse nucleus; (4) the noradrenergic cell groups 
A1–A7, such as the locus coeruleus (A6); (5) the adrenergic 
cell groups C1 and C2 and (6) the cholinergic cell groups 
Ch5 and Ch6. The lateral pontine tegmentum is mainly 
involved in the regulation of respiratory, cardiovascular and 
gastrointestinal activity (see Chap. 12).

1.6  The Cerebellum

The cerebellum is one of the best studied parts of the brain. Its 
three-layered cortex and well-defined afferent and efferent 
fibre connections make the cerebellum a favourite field for 
research on the connectivity of the brain (Voogd et al. 1996; 
Voogd 2003, 2004). The cerebellar cortex is composed of four 
main types of neurons: granule cells, Purkinje cells, first 

described in 1838 by Jan Evangelista Purkyně, and two types 
of inhibitory interneurons: Golgi cells and stellate or basket 
cells. The cerebellar cortex receives three kinds of input: the 
mossy fibres of which most afferent systems are composed of, 
the climbing fibres from the inferior olive, and diffusely orga-
nized monoaminergic and cholinergic fibres. The cerebellum 
plays a role not only in motor control but also in motor learn-
ing and cognition (Middleton and Strick 1998; Schmahmann 
and Sherman 1998; Schmahmann 2004).

The cerebellum develops over a long period, extending 
from the early embryonic period until the first postnatal 
years. The main cell types of the cerebellum arise at different 
times of development and at different locations (Sidman and 
Rakic 1982; Altman and Bayer 1997; ten Donkelaar et al. 
2003, 2006b; Fig. 1.29). The Purkinje cells and the deep cer-
ebellar nuclei arise from the ventricular zone of the meten-
cephalic alar plate, whereas the granule cells are added from 
the rostral part of the rhombic lip (the “Rautenleiste” of His 
1890), known as the upper rhombic lip. The caudal part of 
the rhombic lip (the lower rhombic lip) gives rise to the 
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 precerebellar nuclei, i.e. the pontine nuclei, the inferior oli-
vary nucleus and some smaller nuclei with projections, which 
are largely aimed at the cerebellum.

1.6.1  Gross Anatomy, Subdivision  
and Compartmentalization

Transverse fissures divide the cerebellum into lobes, lobules 
and folia, whereas paramedian sulci separate the median 
vermis from the paired hemispheres (Fig. 1.30). The floc-
culus and the nodule form the caudal flocculonodular lobe 
that is also known as the vestibulocerebellum or archicere-
bellum. This lobe receives primary (from the vestibular 
organs) and secondary (from the vestibular nuclei) vestibular 
projections. The corpus cerebelli, i.e. the vermis and the 
hemispheres, consists of the spinocerebellum (or paleocere-
bellum) medially, and the pontocerebellum (the neocerebel-
lum) laterally. The spinocerebellum is innervated by the 
spinal cord and the trigeminal system, whereas the pontocer-
ebellum receives extensive projections from the cerebral 
 cortex through the pontocerebellar fibres. The lobules and 
folia were given names such as lingula, culmen, declive and 
uvula by Malacarne, Meckel and Burdach in the late eigh-

teenth and early nineteenth centuries (see Voogd 2004). Bolk 
(1906) introduced another nomenclature and accentuated the 
different degrees of continuity between the lobules of the 
vermis and the hemispheres. Later, Larsell (1970) and Larsell 
and Jansen (1972) came to the same conclusion and he num-
bered the lobules of the vermis and the hemispheres: for the 
vermis I–X and for the hemispheres HII–HX. The tonsils of 
the hemispheres (HIX) are the deepest parts of the cerebel-
lum, extending from the foramen magnum. Schmahmann 
et al. (1999, 2000) published a 3-D MRI atlas of the human 
cerebellum.

The fissura prima divides the cerebellar hemispheres into 
anterior and posterior lobes. The cerebellum is organized as 
longitudinal zones of Purkinje cells (A-, B-, C- and D-zones), 
each projecting to its own cerebellar nucleus (Fig. 1.31) 
and receiving input from different parts of the inferior 
olive (Voogd 1967, 1995, 2003, 2004; Voogd et al. 1996). 
The central or deep cerebellar nuclei, first described by 
Benedikt Stilling in 1864, are the medial nucleus fastigii, 
the intermediate nucleus globosus and emboliformis 
(together known as the nucleus interpositus), and the large, 
laterally situated nucleus dentatus. The vermis contains a 
medial zone (A-zone), projecting to the fastigial nucleus 
and a small B-zone that innervates the lateral vestibular 
nucleus of Deiters. The cerebellar hemispheres can be 

Fig. 1.30 Diagrams showing a sagittal section of the cerebellum (a) and a 
“horizontal” section (b) to show the cerebellar nuclei: (1) fastigial nucleus; 
(2) globose nucleus; (3) emboliform nucleus; (4) dentate nucleus
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Fig. 1.31 Subdivision of the cerebellum. At the left, the spinocerebel-
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1995; from ten Donkelaar et al. 2006b)
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divided into intermediate and lateral zones. The intermedi-
ate zone consists of three C-zones, projecting to the emboli-
form nucleus (C1 and C3) and the globose nucleus (C2). 
The large lateral zone (D-zone) innervates the dentate 
nucleus. The flocculonodular lobe innervates the vestibular 
nuclear complex. Corticonuclear zones can extend across 
one or more lobules; some span the entire rostrocaudal 
length of the cerebellum (Fig. 1.31). The olivocerebellar 
projection is organized in a similar way. Subnuclei of the 
inferior olive project to a single Purkinje-cell zone or to a 
pair of zones sharing the same target nucleus (see Chap. 10). 
These longitudinal zones are not evident on the outside of 
the cerebellum.

1.6.2  Major Fibre Connections

Afferent and efferent fibre connections of the cerebellum pass 
through the cerebellar peduncles. The inferior cerebellar 
peduncle or corpus restiforme contains cerebellar afferents: 
the posterior spinocerebellar tract of Flechsig and the cuneo-

cerebellar fibres from the spinal cord, trigeminocerebellar 
fibres from the sensory trigeminal nuclei, olivocerebellar 
fibres and vestibulocerebellar fibres. The middle cerebellar 
peduncle or brachium pontis is formed by the massive 
 pontocerebellar system. The pontine nuclei are innervated 
by the cerebral cortex via two tracts: the frontopontine tract 
(Arnold’s bundle) from the frontal lobe, in  particular from 
motor and premotor areas, and the parietotemporo-occipito-
pontine tract, in particular arising from the somatosensory 
areas and the adjacent area 5. The superior cerebellar pedun-
cle or brachium conjunctivum contains the anterior spinoc-
erebellar tract of Gowers and the main efferent system of the 
cerebellum, i.e. the brachium conjunctivum. The central or 
deep cerebellar nuclei are the output centres of the cerebel-
lum (Fig. 1.32). The targets of these nuclei differ consider-
ably. The dentate and interposed nuclei mainly innervate the 
thalamus and the red nucleus and control corticospinal and 
rubrospinal projections (Fig. 1.32a). The fastigial nucleus and 
the nucleus of Deiters control the reticulospinal and vestibu-
lospinal projections (Fig. 1.32b). This means that a similar 
subdivision of the descending supraspinal pathways into 

6 4

cosp

thal

Rm

NRTP

G

E

DE

D

vm
C1C2C3

bc

Rp

vespm vespl

LV

F
IV

III

thal

A
B

flm Nod
FI

fsp

Vl
MV

SV

ut

rusp

a b

Fig. 1.32 Overview of cerebellar projections (a projections from the 
dentate and interposed nuclei; b fastigial and vestibular projections). 
A, B, C

1
–C

3
, D longitudinal zones, bc brachium conjunctivum, cosp cor-

ticospinal tract, DE dentate nucleus, E emboliform nucleus, F fastigial 
nucleus, Fl flocculus, flm fasciculus longitudinalis medialis, fsp fastigio-
spinal tract, G globose nucleus, LV lateral vestibular (Deiters) nucleus, 

MV medial vestibular nucleus, Nod nodulus, NRTP nucleus reticularis 
tegmenti pontis, Rm, Rp magnocellular and parvocellular parts of red 
nucleus, rusp rubrospinal tract, SV superior vestibular nucleus, thal thal-
amus, ut uncinate tract, vespl, vespm lateral and medial vestibulospinal 
tracts, vm vermis, III, IV, VI cranial nerve nuclei, 4 primary motor cortex, 
6 premotor cortex (after Voogd 1995; from ten Donkelaar et al. 2006b)
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medial and lateral systems also holds for the cerebellar con-
trol system. The dentate nucleus also has important feedback 
loops to the cerebellum through the nucleus reticularis teg-
menti pontis and the dentato-rubro-olivary loop. Projections 
from the small-celled part of the red nucleus to the inferior 
olive pass via the central tegmental tract.

1.6.3  Precerebellar Nuclei

The precerebellar nuclei form a group of brain stem nuclei 
with efferent projections terminating largely or exclusively 
in the cerebellum. They all arise from the rhombic lip 
(Fig. 1.29). The pontine nuclei and the pontine reticular 
 tegmental nucleus form the upper precerebellar nuclei, 
whereas the inferior olivary nucleus with its accessory oli-
vary nuclei, the external cuneate nucleus and the lateral retic-
ular nucleus form the lower precerebellar nuclei (Altman 
and Bayer 1997). Olivocerebellar fibres show a sagittal zonal 
organi zation (Groenewegen et al. 1979; Voogd et al. 1996). 
The  terminal fields of the climbing fibres from subdivisions 
of the inferior olive constitute narrow, parasagittal zones, 
which coincide with the corticonuclear projection zones: (1) 
the caudal halves of the accessory olivary nuclei innervate 
the A- and B-zones of the vermis; (2) the rostral halves of the 
accessory olivary nuclei innervate the C-zones of the inter-
mediate part of the cerebellum and (3) fibres from the princi-
pal olive terminate in the D-zone (see Chap. 10).

1.7  The Diencephalon

Prior to an overview of the structure and fibre connections of 
the diencephalon, a few notes on the development of the fore-
brain are appropriate, particularly since the insights in its devel-

opment have changed drastically in recent years (see Puelles 
and Rubinstein 2003). The forebrain comprises those structures 
that are derived from the most rostral part of the neural plate, 
i.e. the primary prosencephalon. The primary prosencepha-
lon divides into two major components, the (epichordal, i.e. 
above the notochord) caudal diencephalon and the rostral sec-
ondary prosencephalon. The secondary prosencephalon is 
the entire prechordal part of the neural tube, and includes the 
rostral diencephalon or hypothalamus, the optic vesicles, the 
preoptic region and the telencephalon. The two major tel-
encephalic subdivisions are the pallium (the roof) and the sub-
pallium (the base). The pallium gives rise to the cerebral cortex, 
whereas the basal ganglia and most cortical interneurons derive 
from the subpallium. The amygdala has pallial and subpallial 
origins. Like the rest of the neural tube, the embryonic fore-
brain is organized into transverse (prosomeres) and longitudi-
nal subdivisions (alar and basal plates). The caudal 
diencephalon may arise from prosomeres 1–3, and the rostral 
diencephalon from prosomeres 4–6 (Bergquist and Källen 
1954; Puelles 1995; Rubinstein et al. 1998; Puelles et al. 2000; 
Fig. 1.33). The relationships of these postulated segments to 
telencephalic subdivisions, however, remained controversial. 
Therefore, Puelles and Rubinstein (2003) revised their proso-
meric subdivision of the forebrain by advocating a single, com-
plex protosegment for the secondary prosencephalon, not 
further subdividable into prosomeres 4–6.

1.7.1  Subdivision

The diencephalon in its classic, columnar view (Herrick 
1910; Droogleever Fortuyn 1912) has been divided into 
four dorsoventrally arranged columns separated by ven-
tricular sulci, i.e. the epithalamus, the dorsal thalamus, the 
ventral thalamus or subthalamus, and the hypothalamus. 
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Gilbert (1935), however, already made it clear that these 
thalamic “columns” are arranged not from dorsal to ventral 
but from caudal to rostral (Fig. 1.34). Extensive embryo-
logical studies by the Swedish school of neuroembryolo-
gists (Bergquist and Källen 1954; see ten Donkelaar 2006) 
and the more recent Spanish school initiated by Luis Puelles 
made it clear that the thalamic “columns” are derived from 
transversely oriented zones, the prosomeres (Fig. 1.33). 
Currently, the diencephalon is subdivided into three seg-
mental units which, from caudal to rostral, contain in their 
alar domains the pretectum (prosomere 1 or P1), the epi-
thalamus and the dorsal thalamus (P2), and the ventral 
 thalamus and the eminentia thalami (P3). The diencephalic 
basal plate contains the substantia nigra–VTA complex, the 
interstitial nucleus of Cajal and related nuclei, the prerubral 
tegmentum and the fields of Forel. The entire hypothalamus 

arises from the alar and basal components of the secondary 
prosencephalic protosegment. The thalamus and its compo-
nents will be discussed in Sect. 1.7.2 and the hypothalamus 
in Sect. 1.7.3.

1.7.2  The Thalamus and Thalamocortical 
Connections

The dorsal thalamus is largely composed of nuclei, which 
relay sensory, motor and limbic information to the cere-
bral cortex and subpallial structures. The following groups 
are usually distinguished (Jones 1985; Hirai and Jones 
1989; Morel et al. 1997; Percheron 2004; Morel 2007). 
These are partly separated by the internal medullary lam-
ina (Fig. 1.35a):
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 1. A lateral group, involved in somatosensory relay (ventral 
posterior complex: VPL, VPM, VPI) and motor control 
(ventral lateral and ventral anterior nuclei: VL and VA).

2. A medial group, formed by the mediodorsal nucleus (MD) 
with extensive projections to the prefrontal cortex, and  
intralaminar and midline nuclei with projections to the 
striatum and to that part of the cerebral cortex that inner-
vates the same part of the striatum. The intralaminar nuclei 
 include the centre médian and the parafascicular and central 
lateral nuclei, whereas the midline nuclei are formed by the 
central medial, paraventricular and medioventral nuclei.

3. An anterior group, composed of the anteroventral (AV), 
anteromedial (AM) and anterodorsal (AD) nuclei, relay-
ing information from the mammillary nuclei to the lim-
bic cortex, in particular the cingulate cortex. In view of 
its connections with the cingulate gyrus, the laterodorsal 
nucleus (LD) is often associated with the anterior group.

 4. A large posterior group is composed of the posterior 
complex, involved in pain transmission, the lateral 

 posterior nucleus (LP) and the pulvinar complex, 
involved in visual orientation, eye movements and 
accommodation, and the MGB and lateral geniculate 
(LGB) bodies, which relay auditory and visual informa-
tion, respectively.
Acetylcholinesterase (AchE) histochemistry is particu-

larly useful to delimit medial thalamic regions, such as the 
centre médian–parafascicular complex (Hirai and Jones 
1989; Morel et al. 1997). Morel et al. (1997) and Morel 
(2007) used the calcium-binding proteins parvalbumin, cal-
bindin–D28K and calretinin as neurochemical markers to 
further characterize the thalamic nuclei and to delimit sub-
territories of functional significance for stereotactic explora-
tions. Predominant parvalbumin-immunoreactive staining 
characterizes primary somatosensory, visual and auditory 
nuclei, the ventral LP, the reticular nucleus and, to a lesser 
degree, also the lateral part of the centre médian and ante-
rior, lateral and inferior subdivisions of the pulvinar. 
Calbindin-immunoreactivity is prevalent in intralaminar and 
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Fig. 1.35 Principal cell masses in the human thalamus shown in a hori-
zontal section (a) and thalamocortical projection areas shown in lateral 
(b) and medial (c) views of the cerebrum. Arrows in b and c indicate the 
central and parieto-occipital sulci. A anterior thalamic nucleus, CGL cor-
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nucleus, ML midline nucleus, Pul pulvinar, Pull, Pulm lateral and medial 
parts of pulvinar, Ret nucleus reticularis thalami, VA ventral anterior 
nucleus, VL ventral lateral nucleus, VPL, VPM ventral posterolateral and 
ventral posteromedial nuclei (after ten Donkelaar et al. 2007b)



331.7 The Diencephalon

midline nuclei, the posterior complex, the VPI, the ventral 
lateral anterior nucleus and the ventral anterior and ventral 
medial nuclei. The complementary distributions of parval-
bumin and calbindin–D28K appear to correlate with distinct 
lemniscal and spinothalamic somatosensory pathways and 
to cerebellar and pallidal motor territories, respectively. 
Calretinin is expressed, in particular, in the limbic-associ-

ated anterior cell group and the LD. The cortical projection 
areas of the main thalamic nuclei have been extensively 
studied in primates. Kievit and Kuypers (1977) studied the 
thalamic connections of the frontal lobe in particular 
(Fig. 1.36). The cortical projection areas of the human thal-
amic nuclei as extrapolated from data in primates are sum-
marized in Fig. 1.35.

Fig. 1.36 Summary diagram of 
thalamocortical projections are 
found in a retrograde tracer study 
in rhesus monkeys. Eight 
transverse cortical strips (1–8) 
corresponded to eight thalamic 
afferent bands (1–8). In the cross 
sections at the left progressively 
more caudal strips receive 
afferents from progressively 
more lateral bands. In the 
horizontal sections at the right, 
the bands are oriented rostrocau-
dally and in some cases extend 
across the internal medullary 
lamina from one nucleus into 
another. A anterior nucleus, 
AS arcuate sulcus, CE central 
nucleus, CI capsula interna, 
CL central lateral nucleus, 
CM centre médian, CS central 
sulcus, F fornix, GP globus 
pallidus, HB habenula, LD 
laterodorsal nucleus, LP lateral 
posterior nucleus, MD mediodor-
sal nucleus, MGB medial 
geniculate body, PCN paracen-
tral nucleus, PF parafascicular 
nucleus, PULi, PULl, PULm, 
PULo inferior, lateral, medial 
and oral subnuclei of pulvinar, 
PUT putamen, TMT tractus 
mammillothalamicus, VAmc, 
VApc magnocellular and 
parvocellular subnuclei of ventral 
anterior nucleus, VIM ventral 
intermediate nucleus, VLc, 
VLm, VLo caudal, medial and 
oral subnuclei of ventrolateral 
nucleus, VPI ventral posterior 
inferior nucleus, VPLc, VPLo 
caudal and oral subnuclei of 
ventral posterolateral nucleus, 
VPM ventral posteromedial 
nucleus (from Kievit and 
Kuypers 1977; with permission 
from Springer, Berlin, 
Heidelberg, New York)
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The midline and intralaminar nuclei have long been 
seen as a “non-specific” nuclear complex supposed to relay 
the activity of the brain stem reticular formation to wide-
spread cortical areas. In Golgi preparations of the mouse 
somatosensory cortex, Lorente de Nó (1938) described a 
dichotomy in the terminal distribution of the subcortical 
afferent fibres: “specific” afferent fibres, terminating primar-
ily in cortical layers III and IV, and “unspecific” fibres, which 
terminate primarily in layers I and VI. He suggested that 
both types of subcortical afferents to the cerebral cortex arise 
in the thalamus. Morison and Dempsey (1942) demonstrated 
that electrical stimulation of individual medial or lateral thal-
amic nuclei evoked surface-positive field potentials in 
restricted cortical fields. They attributed the specific cortical 
afferent system to a class of specific nuclei, each of which 
was believed to innervate a single cortical field. Electrical 
stimulation of midline and intralaminar nuclei evoked sur-
face-negative potentials over wide areas of the cerebral cor-
tex. As a result, a diffuse “non-specific” cortical projection 
from these non-specific thalamic nuclei was thought to play 
a major role in modulating cortical arousal (see Saper 1987). 

From the retrograde tracer experiments by Jones and Leavitt 
(1974), it has become clear that the organization of thalamo-
cortical projections is considerably more complicated than 
has been suggested by the earlier dichotomy of specific and 
non-specific nuclei. The intralaminar nuclei project upon 
the cerebral cortex in a crudely topographical pattern in the 
 anterior–posterior axis (Jones and Leavitt 1974; Macchi and 
Bentivoglio 1982). It was further shown by Berendse and 
Groenewegen (1990) and Groenewegen and Berendse (1994) 
that individual midline and intralaminar nuclei each receive 
a specific set of afferents and project to specific parts of the 
cerebral cortex and striatum.

The discovery of two classes of thalamic relay cells with 
different chemoarchitecture, connectivity and thalamic distri-
bution, forms the basis for Edward Jones’ hypothesis of core 
and matrix (Jones 1998, 2001) and replaces the older ideas of 
“specific” and “non-specific” or diffuse, but still retains the 
essence of a dichotomy. The core system serves the specific 
sensory and motor systems, whereas the matrix system serves 
the nociceptive and thermoceptive senses and is thought to 
control variations in affective and conscious states (Fig. 1.37).

Fig. 1.37 The concept of core and matrix projections in for soma-
tosensory and lateral geniculate projections to the cerebral cortex. 
Medial and trigeminal lemniscal fibres terminate in the parvalbumin-
rich cores of the VPL and VPM nuclei, the cells of which project to 
layers IIIB and IV of the somatosensory cortex (a). Spinothalamic and 
spinal trigeminal fibres terminate more diffusely throughout the com-
plex and are concentrated in regions where the calbindin matrix is 
enriched (the S region of VPM and the VMb and VPI subnuclei). The 
calbindin cells project to superficial layers of the somatosensory and 

adjacent areas of the cortex (b). The parvalbumin-rich principal layers 
of the lateral geniculate nucleus receive inputs from the wavelength-
specific, P or broad band and from M retinal ganglion cells and project 
to subdivisions of layer IV of area 17 only (c). The calbindin-rich S 
layers and interlaminar plexuses are innervated by other retinal gan-
glion cells and by the superior colliculus. The calbindin cells project to 
superficial layers of both areas 17 and 18, including the CO-rich blobs 
of area 17 (d; after Jones 1998, 2001)
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The ventral thalamus is usually said to be composed of 
the ventral lateral geniculate or pregeniculate nucleus, the 
thalamic reticular nucleus, the subthalamic nucleus and the 
zona incerta. Puelles and Rubinstein (2003) advocated 
the term prethalamus as an alternative for the ventral thala-
mus. The subthalamic nucleus and the zona incerta are usually 
included in the basal ganglia. The subthalamic nucleus is a 
lens-shaped nucleus situated in the most caudal part of the 
diencephalon, dorsomedial to the posterior limb of the inter-
nal capsule (Fig. 1.54b). Since Jules Bernard Luys’ descrip-
tion as “bandelette accessoire des olives supérieures” (Luys 
1865), this nucleus is known as the corpus Luysi, so named by 
Auguste Forel in 1877. The subthalamic nucleus is a key 
structure in the basal ganglia circuitry (Parent and Hazrati 
1995b; Hamani et al. 2004; see Chap. 11). The zona incerta is 
a distinct heterogeneous nucleus at the base of the dorsal thal-
amus (Jones 1985). It may form a synaptic interface of the 
diencephalon, linking diverse sensory inputs, somatic and vis-

ceral, with appropriate visceral, arousal, attentional and pos-
tural responses (Mitrofanis 2005; see Chap. 11). The thalamic 
reticular nucleus is a shell-like structure along the lateral 
border of the thalamus, and is situated between the external 
medullary lamina and the internal capsule (Fig. 1.35).

1.7.3  The Hypothalamus

The hypothalamus is involved in a wide variety of functions 
in the brain. Alterations in hypothalamic nuclei are found 
in various endocrine diseases such as diabetes insipidus, 
Wolfram and Prader–Willi syndromes, and in various 
 neurodegenerative diseases such as Alzheimer, Parkinson 
and Huntington diseases (reviewed in Swaab 1997, 
2004). The hypothalamus is usually subdivided into four 
regions (Fig. 1.38), from caudal to rostral: (1) the mammil-
lary region; (2) the tuberal region; (3) the anterior complex 
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and (4) the preoptic region (Braak and Braak 1987; Swaab 
et al. 1993; Swaab 1997, 2003; Saper 2004). From a develop-
mental point of view, however, three longitudinal subdivi-
sions of the hypothalamus can be distinguished (Angevine 
1970; Altman and Bayer 1986; Mai and Ashwell 2004) as 
originally proposed by Crosby and Woodburne (1940) and 
Nauta and Haymaker (1969): a periventricular zone, an inter-
mediate zone and a lateral zone. The entire hypothalamus is 
now thought to arise from that part of the secondary prosen-
cephalon that is known as the rostral diencephalon and there-
fore, is sometimes considered to be part of the telencephalon. 
The hypothalamus has projections to all major subdivisions 
of the CNS (see Chap. 13). Transfer of information is primar-
ily synaptic, apart from part of the hypothalamic control over 
the pituitary gland. A magnocellular secretory system, 
composed of neurons in the supraoptic and paraventricular 
nuclei, gives rise to axons that project to the posterior lobe of 
the pituitary. This projection system, the tuberohypophysial 
tract, forms the only direct neural connection between the 
hypothalamus and the pituitary, and regulates the release of 
two peptide hormones (oxytocin and vasopressin) from the 
posterior lobe into the peripheral circulation. All other hypo-
thalamic control of pituitary function is achieved through 
neurohumoral mechanisms via the portal plexus in the exter-
nal zone of the median eminence (Fig. 1.38). Neurosecretory 
neurons throughout the hypothalamus, in particular in the 
arcuate nucleus, project to the median eminence. This par-
vocellular secretory system controls the anterior pituitary.

The hypophysis cerebri or pituitary gland lies in the 
hypophysial fossa, a part of the sella turcica of the sphe-
noid bone. The diaphragma sellae forms a dural roof for the 
greater part of the pituitary and is pierced by the neural 
stalk or infundibulum, which forms the connection between 
the hypothalamus and the hypophysis. The hypophysis is 
related above to the optic chiasm, below to an intercavernous 
venous sinus and the sphenoid sinus (through which it can be 
approached endonasally; see Fig. 1.9a) and laterally to the 
cavernous sinus with the oculomotor nerves, the ophthalmic 
nerve and the internal carotid artery (see Chap. 6). Hypo-
physial tumours cause pressure on the chiasma and com-
monly result in visual defects. The hypophysis has two main 
portions: the adenohypophysis and the neurohypophysis. 
The adenohypophysis or anterior lobe consists of tuberal 
(or infundibular), intermediate (also known as the middle 
lobe) and distal parts. The neurohypophysis or  posterior 
lobe comprises the median eminence, the infundibular stem 
and the infundibular process or neural lobe.

1.8  The Telencephalon

The telencephalon is composed of the cerebral cortex, 
derived from the pallium, and the basal ganglia and related 
structures, derived from the subpallium. The cerebral cor-

tex can be divided into a large isocortex or neocortex, a 
much smaller allocortex (the hippocampal formation and 
the olfactory cortex) and a transition zone (the mesocortex) 
in between. The allocortex consists of three layers, the 
mesocortex (the cingulate gyrus and a large part of the para-
hippocampal gyrus) of four to five layers, and the neocortex 
of six layers. Vogt and Vogt (1919) divided the human cere-
bral cortex into isocortical and allocortical territories to 
replace Brodmann’s homotypical and heterotypical corti-
ces. The isocortex is the major part of the telencephalon. 
Ontogenetically, the isocortical areas show an almost simi-
lar development and share the characteristic six layers, at 
least during some stage of development. In contrast, the 
 allocortex (the “other” cortex) is quite heterogeneous 
(Stephan 1975; Zilles 2004). The periallocortex, surround-
ing the allocortex, and the proisocortex along the borders of 
the isocortex form transitional zones, often referred to as 
mesocortex (Rose 1927a, b) or as the paralimbic zone 
(Mesulam 1985).

1.8.1  Subdivision: Pallium and Subpallium

Each developing cerebral hemisphere consists of a thick 
basal part, the subpallium, giving rise to the basal ganglia, 
and a thin part, the pallium, which becomes the future cere-
bral cortex (Figs. 1.39 and 1.40). Dorsal and ventral domains 
of the developing telencephalon are distinguished by differ-
ent patterns of gene expression (Puelles et al. 2000; Zaki 
et al. 2003; ten Donkelaar et al. 2006c). The telencephalon 
medium or impar forms the non-evaginated part of the tel-
encephalon. It surrounds the rostral part of the third ventricle 
and consists of the lamina terminalis and the preoptic region. 
The dorsal part of the lamina terminalis transforms into the 
commissural plate, from which the anterior commissure, the 
corpus callosum and the hippocampal commissure arise 
(Fig. 1.39). The subpallium appears as medial and lateral 
elevations, known as the ganglionic (“Ganglionhügel” of 
His) or ventricular eminences. The caudal part of the ven-
tricular eminences or caudal ganglionic eminence primar-
ily gives rise to the subpallial parts of the amygdala. The 
medial ganglionic eminence (MGE) is involved in the for-
mation of the globus pallidus and the basal nucleus of 
Meynert, the source of cholinergic projections to the cere-
bral cortex. The lateral ganglionic eminence (LGE) gives 
rise to the caudate nucleus and the putamen. Both the LGE 
and the MGE are also involved in the formation of the cere-
bral cortex. The pyramidal cells of the cerebral cortex arise 
from the pallial ventricular zone, but its GABAergic 
interneurons arise from both ganglionic eminences, in par-
ticular the medial eminence (Parnavelas 2000; Marín and 
Rubinstein 2001; Fig. 1.40).

The pallium is usually divided into a medial pallium or 
archipallium, a dorsal pallium or neopallium, and a lateral 
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pallium or paleopallium (Fig. 1.40). In mice, gene-expression 
studies led to redefining of the pallial–subpallial boundary 
and to a fourth component of the pallium, the ventral pallium 
(Puelles et al. 2000). The medial pallium or archipallium 
forms the hippocampal cortex, the three-layered allocortex. 

Parts of the surrounding transitional cingulate and entorhinal 
cortices, the four-to-five layered mesocortex, may have the 
same origin. The dorsal pallium or neopallium forms the 
six-layered isocortex or neocortex. The lateral pallium 
forms the olfactory cortex and the ventral pallium the 
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 claustro–amygdaloid complex. The subpallium consists of 
three primary regions, the LGE, the MGE and the telenceph-
alic stalk, giving rise to the striatum, pallidal structures and 
the preoptic area and also to the major fibre bundles entering 
and leaving the telencephalon.

1.8.2  Brodmann’s and Other Cortical Maps

Already at the end of the eighteenth century, Francesco 
Gennari and Félix Vicq d’Azyr pointed out that the cerebral 
cortex is not a uniformly built structure. In 1840, Jules 
Gabriel François Baillarger described the layers of the cere-
bral cortex (Baillarger 1840) but the first useful brain maps 
were not published before the beginning of the twentieth 
century. In 1905, Campbell (1905) subdivided the cortex 
into 14 areas, immediately followed by Grafton Elliot Smith, 
who arrived at a subdivision of the cerebral cortex into about 
50 areas (Elliot Smith 1907; see Braak 1980 and Zilles 

2004). The most famous and still widely used cortical map 
of the human brain was published in 1909 by Korbinian 
Brodmann. He based his parcellation on the analysis of 
Nissl-stained preparations and subdivided the human 
 cerebral cortex into 52 areas (Brodmann 1909). Other brain 
maps were published by Vogt and Vogt (1919), von 
Economo and Koskinas (1925), Bailey and von Bonin 
(1951) and Sarkissov et al. (1955). Although many individ-
ual variations exist in the sulcal pattern (Ono et al. 1990; 
Duvernoy 1992; Rhoton 2007) and in the extent of various 
cortical areas (Rademacher et al. 1993, 2001; Vogt et al. 
1995; Amunts et al. 1999; Zilles 2004), the remarkable con-
servation of the pattern of areal divisions within the human 
brain suggests the existence of a highly conserved and rather 
rigidly regulated regional specification programme that 
controls their development (Rakic 1988, 1995). Most of the 
brain maps and atlases of the human brain were based on 
one, or at best a few, individual postmortem specimens. 
Atlases can now combine data describing multiple aspects 
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and the cortical plate (layers II–VI). The intermediate zone forms the 
subcortical white matter (WM). The subplate disappears. In (f), the cor-
tical layers are shown: the left column shows Golgi-stained neurons, the 
middle column Nissl-stained cells and the right column myelinated 
fibres, such as the external (in layer IV) and internal (in layer V) stripes 
of Baillarger (a–e after O’Rahilly and Müller 1999; from ten Donkelaar 
and van der Vliet 2006; (f) from Rose 1935)
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of brain structure from different subjects in multimodal 
atlases (Toga et al. 2006).

The isocortex or neocortex is composed of several types 
of neurons of which the pyramidal cells and the granule cells 
are the most common. The pyramidal neurons are generated 
in the ventricular zones of the cortical walls, whereas the 
GABAergic granule cells arise in the ganglionic eminences 
(Figs. 1.40 and 1.41a–e). The pyramidal cells have a pyra-
mid-shaped cell body with an apical dendrite directed 
 outwards and a group of basal dendrites on the side of the 
white matter. The granule or stellate cells are the largest 
group of cortical interneurons. The six layers of the neocor-
tex are from the outside to the inside as follows (Fig. 1.41f): 
(1) layer I, the molecular layer, largely composed of axons 
and apical dendrites of pyramidal cells; (2) layer II, the 
external granular layer, containing mainly small pyramidal 
cells; (3) layer III, the external pyramidal layer, containing 
small and medium-sized pyramidal cells which, together 
with those in layer II, give rise to the association and com-
missural fibres; (4) layer IV, the internal granular layer, 
composed of small, densely packed pyramidal cells and 
spiny stellate cells, characteristic for layer IV; this layer is 
the main recipient of thalamocortical projections; (5) layer 
V, the internal pyramidal layer, composed of medium-
sized and large pyramidal cells, projecting to the striatum, the 
brain stem and the spinal cord and (6) the multiform layer, 
containing a variety of stellate, pyramidal and fusiform cells, 
many of which give rise to corticothalamic projections. 
Myelinated fibres such as the external (in layer IV) and inter-
nal (in layer V) stripes of Baillarger further characterize the 

isocortex. Area 17, the primary visual cortex, is  characterized 
by the Gennari-Vicq d’Azyr white line, which corresponds 
to Baillarger’s outer stripe and is visible with the naked eye 
(see Figs. 1.6, 1.7 and 1.9b). This line splits layer IV of the 
primary visual cortex into three sublayers.

The different parts of the neocortex show large variations 
in the development of the various layers. The cortical areas 
that receive the primary sensory pathways via the thalamus 
form the granular cortex, in which layers II and IV are 
especially well developed, but it is difficult to distinguish 
pyramidal layers III and V. In the motor cortex (the precen-
tral gyrus), layers II and IV are poorly developed (agranu-
lar cortex), whereas the pyramidal layers are well developed. 
On the basis of such regional variations in cytoarchitecture, 
the cerebral cortex can be divided into different areas. 
Brodmann (1909) identified 52 areas, which he numbered 
from 1 to 52 in the order in which he studied them (Figs. 1.42a 
and 1.43a). Brodmann areas 3, 1 and 2 represent the primary 
somatosensory cortex (the postcentral gyrus), areas 4, 6 and 
8 the motor cortices, areas 17, 18 and 19 the visual cortex, 
areas 41 and 42 the auditory cortex and areas 44 and 45 
Broca’s speech region. The atlas of the Vogt’s is much more 
detailed than that of Brodmann. Solely for the frontal and 
parietal lobes, they suggested the presence of about a hun-
dred cortical areas. They did not arrive at a parcellation of 
the other lobes. Constantin von Economo and Georg 
Koskinas published photomicrographs of all the 57 cortical 
areas they distinguished, by and large comparable to those 
of Brodmann (Figs. 1.42c and 1.43c). The atlas of the 
 cerebral cortex by Sarkissov and co-workers contains 
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 photomicrographs of all cortical areas distinguished (some 
examples are shown in Fig. 1.44). Their brain maps 
(Figs. 1.42b and 1.43b) integrate the findings of Brodmann 
and the Vogts. Main differences are that their area 4 is largely 
hidden within the central sulcus, that area 5 is much more 
restricted, and that a further subdivision is made of the cin-
gulate gyrus. Braak (1980) studied the pigmentoarchitecton-
ics of the human cerebral cortex and distinguished core and 
belt areas (see Chap. 15).

Functionally, five subtypes of cortex have been proposed 
(Mesulam 1985): (1) primary sensory-motor; (2) unimodal 
(modality-specific) association; (3) heteromodal (higher-

order) association; (4) paralimbic and (5) limbic. The paral-
imbic subtype can be subdivided into an olfactocentric 
temporal–insular–orbitofrontal region and a hippocampo-
centric division, composed of the cingulate and parahip-
pocampal gyri. This approach led to a subdivision of the 
isocortex into the following functional isocortical areas 
(Fig. 1.45): (1) idiotypic or primary sensory fields, receiv-
ing projections from sensory relay nuclei in the thalamus, 
defined as S1 (area 3, 1, 2), A1 (area 41) and V1 (area 17), 
and secondary sensory fields (S2 and area 42 or A2); (2) uni-
modal sensory cortical fields for further processing of 
somatosensory information (areas 5 and 7), of auditory 
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 information (area 22) and of visual information (areas 18 and 
19 corresponding to fields V2–V5 of Zeki 1993); (3) higher-
order or heteromodal association areas, receiving infor-
mation from several sensory modalities, including the 
parietotemporo-occipital, limbic and prefrontal association 
cortices; (4) modality-specific or unimodal motor cortices, 
including the lateral premotor cortex (the lateral part of area 6), 
the medial premotor area (the supplementary motor area or 
SMA, i.e. the part of area 6 on the medial aspect of the hemi-
sphere) and the frontal eye field (area 8) and (5) the primary 
motor cortex (area 4 or M1; Rademacher et al. 2001; Zilles 

2004). The primary sensory and motor fields form only a 
small part of the cerebral cortex as a whole.

1.8.3  Overview of Cortical Connections

The neocortex is the end station of all sensory projections 
from the thalamus, except for olfactory information, which 
ends in the allocortex (see Sect. 1.8.4). The various cortical 
areas are interconnected by an extensive network of cortico-
cortical projections (see Schmahmann and Pandya 2006). 
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The ipsilateral corticocortical connections are known as asso-
ciation fibres, and those connecting both hemispheres as 
commissural fibres, largely passing via the corpus callosum. 
Commissural fibres from the temporal lobe pass largely via 

the anterior commissure. The long association fibres form 
fasciculi (Fig. 1.46) and are grouped by cortical area of origin 
(see Chap. 15). The superior longitudinal fascicle connects 
the parietal lobe with the premotor and prefrontal cortices. 
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The arcuate fascicle, long thought to be part of the superior 
longitudinal fascicle, connects the sensory and motor speech 
areas. The fronto-occipital fascicle connects the occipital, 
parietal and temporal lobes, whereas the uncinate fascicle 
connects the rostral temporal lobe with the prefrontal associa-
tion areas. Other long association tracts from the temporal 

lobe are the extreme capsule and the middle longitudinal fas-
cicle. The cingulum bundle forms the long association 
tract for the cingulate gyrus. The neocortex has extensive 
 corticofugal projections via the internal capsule to the basal 
ganglia, the thalamus, the brain stem and the spinal cord. The 
extensive frontopontine and parietotemporo-occipitopontine 

Sass
a

b
Sass

LPA

S1

S1

V2-5

V1

M1

S2

PTO

G

G

PF

LB

Aass

Vass

SMA
M1

LB

PF

Vass

A2

A1

V1

Fig. 1.45 Localization of 
functions on the human cerebral 
cortex in lateral (a) and medial (b) 
views. The insular cortex is 
stippled. Arrows indicate the 
central and parieto-occipital sulci. 
Aass auditory association cortex 
(broken line vertical hatching), 
A1, A2 primary (bold vertical 
hatching) and secondary (light 
vertical hatching) auditory 
cortices, G gustatory cortex, 
LB limbic association cortex 
(grey), LPA lateral premotor area 
(light stippling), M1 primary 
motor cortex (heavy stippling), 
PF prefrontal association cortex, 
PTO parietotemporo-occipital 
association cortex, Sass soma-
tosensory association cortex (light 
horizontal hatching), SMA 
supplementary motor area (light 
stippling), S1, S2 primary and 
secondary somatosensory cortices 
(bold horizontal hatching), Vass 
visual association cortex in 
temporal lobe (vertical hatching), 
V1 primary visual cortex (bold 
vertical hatching), V2–V5 visual 
association cortex in occipital lobe 
(vertical hatching; after Mesulam 
1985 and other sources; from ten 
Donkelaar et al. 2006d)



44 1 Overview of the Human Brain and Spinal Cord

tracts influence the cerebellum through the pontine nuclei, 
whereas corticobulbar and corticospinal fibres innervate sen-
sory and motor parts of the brain stem and the spinal cord, 
respectively. The corticothalamic projections pass with the 
other corticofugal fibre tracts and the thalamocortical fibre 
tracts via the various parts of the capsula interna.

The capsula interna can be subdivided into the following 
components (Fig. 1.47): (1) the anterior limb (the crus ante-
rius) between the head of the caudate nucleus and the lenti-
form nucleus, containing the frontopontine tract and 
thalamocortical fibres from the anterior and mediodorsal 
thalamic nuclei to the cingulate gyrus and the prefrontal cor-
tex, respectively; (2) the genu, previously thought to contain 
the corticobulbar fibres; (3) the posterior limb (the crus pos-
terius) between the lentiform nucleus and the thalamus, con-
taining the parieto-occipitopontine tract, all corticobulbar 
and corticospinal projections and thalamocortical projec-
tions arising in the motor VA/VL complex and the soma-
tosensory VPL/VPM complex; (4) a retrolenticular part 
behind the lenticular nucleus, through which the optic radia-
tion passes and (5) a sublenticular part for auditory projec-
tions to the temporal lobe. The corticospinal or pyramidal 
tract, i.e. the main central motor pathway, arises invariably 
from layer V pyramidal cells, not only from motor cortices in 
the frontal lobe but also from the somatosensory cortices 
(Kuypers 1981; Armand 1982; Nudo and Masterton 1990; 
He et al. 1993, 1995). Using functional brain imaging, com-
parable non-primary fields have been found in the human 
cerebral cortex (Roland and Zilles 1996; Fink et al. 1997; 
Geyer et al. 2000; see Chap. 9). Spinal terminations of the 
medial wall areas in macaque monkeys are in many respects 
similar to those of efferents of the primary motor cortex 
(Dum and Strick 1996). More than 60% of the pyramidal 
tract fibres arise from the primary motor cortex (area 4 or 
M1) and the premotor areas in the frontal lobe (Porter and 

Lemon 1993; Roland and Zilles 1996). The human premotor 
cortex includes the lateral premotor cortex, the medial pre-
motor cortex or SMA and the rostral part of the cingulate 

Fig. 1.46 One of the Josef Klingler’s preparations of long association 
pathways (from Ludwig and Klingler 1956; with permission from 
S. Karger AG, Basel)
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Fig. 1.47 Organization of the human capsula interna. The human 
internal capsule consists of an anterior limb, a genu, a posterior limb, a 
retrolenticular part and a sublenticular part (not visible in this section). 
The anterior limb contains the frontopontine tract (1) and the anterior 
thalamic radiation (2) from the anterior (A) and the mediodorsal (MD) 
thalamic nuclei. The posterior limb contains corticobulbar (3) and cor-
ticospinal (4) fibres, the superior thalamic radiation (5) from the ventral 
thalamic nuclei (VA, VL, VP), the posterior thalamic radiation (6) from 
the pulvinar (Pul) and lateral posterior nucleus (LP) and the parietopon-
tine tract (7). The retrolenticular part contains the occipitopontine tract 
(8), the temporopontine tract (9) and the optic radiation (10) from the 
corpus geniculatum laterale (CGL). The sublenticular part contains the 
auditory radiation from the corpus geniculatum mediale (CGM; after 
ten Donkelaar et al. 2006d)
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gyrus (area 24). The remaining 40% of the pyramidal tract 
fibres originate from the primary somatosensory cortex (area 
3, 1, 2 or S1), S2 and areas 5 and 7. The majority of the cor-
ticospinal fibres decussate in the pyramidal decussation and 
continue as the lateral corticospinal tract. About 10–30% 
pass uncrossed into the anterior spinal funiculus.

The corpus callosum connects the cerebral cortices of 
both hemispheres and develops in the commissural plate, 
early in the foetal period (Fig. 1.48). It is usually subdivided 
into four sections: (1) the rostrum; (2) the genu; (3) the body, 
truncus or middle part and (4) the splenium. The hippocam-
pal commissure (the psalterium) comprises a variable part 

of the splenium (Lamantia and Rakic 1990; Raybaud and 
Girard 1998). The corpus callosum is topographically orga-
nized in relation to the cortical regions connected (Sunderland 
1940; Pandya et al. 1971; de Lacoste et al. 1985; Witelson 
1989; Lamantia and Rakic 1990; Innocenti 1994; Bürgel 
et al. 2006; Hofer and Frahm 2006). The rostrum and the 
genu connect the prefrontal cortices, the large middle part 
connects motor and somatosensory cortices, whereas the 
splenium connects temporal, parietal and occipital cortices. 
The cortical map at the level of the corpus callosum is not 
very sharply defined. In an anterograde tracing study in 
the human brain, Di Virgilio and Clarke (1997) showed 
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Fig. 1.48 Development (a–d) and subdivision (e) of the human corpus 
callosum (a–d after O’Rahilly and Müller 1999 and earlier sources; 
from ten Donkelaar et al. 2006d; (e) after Hofer and Frahm 2006). Its 
development is shown for about 32 days (a), 13 weeks (b) and 15 weeks 
(c) of development and in a neonate (d). The chiasmatic plate is indi-
cated in grey, the embryonic lamina terminalis (ELT) and the “adult” 
lamina terminalis (LT) in light red, and the commissural plate (CPl) in 
red. The posterior growth of the corpus callosum leads to the formation 
of the velum interpositum, a double fold of pia mater indicated by 
curved arrows. Between these two layers, blood vessels pass forwards 
beneath the corpus callosum and contribute to the tela choroidea of the 
third ventricle. The subdivision of the corpus callosum into five regions 

based on Hofer and Frahm’s DTI data is shown in (e): region I, the first 
anterior sixth of the corpus callosum, contains fibres projecting into the 
prefrontal region; region II, the rest of the anterior half of the corpus 
callosum with fibres projecting to premotor and supplementary motor 
areas; region III, defined as the posterior half minus the posterior third 
of the corpus callosum, contains fibres projecting into the primary 
motor cortex; region IV with primary sensory fibres; and region V, the 
posterior one-fourth, which contains callosal parietal, temporal and 
occipital fibres. ac anterior commissure, cc corpus callosum, cho chi-
asma opticum, F fornix, FM foramen of Monro, hc hippocampal com-
missure, M mesencephalon, M1, M2 mesomeres, ov optic vesicle, SP 
septum pellucidum, Th thalamus, v3 third ventricle
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that  heterotopic connections between non-equivalent cortical 
areas in each hemisphere are numerous and widespread, even 
in the genu and the splenium where callosal fibres are most 
highly segregated. Tracing studies in rhesus monkeys show 
that the anterior commissure connects neocortical struc-
tures in the temporal lobes, whereas a basal telencephalic 
commissure, adjacent to the anterior commissure, connects 
paleocortical structures (Lamantia and Rakic 1990). Di 
Virgilio et al. (1999) showed that in the human brain the 
anterior commissure carries commissural fibres not only 
from the temporal lobe, but also from the inferior occipital 
lobe, the convexity of the occipital lobe, from the pericentral 
region and from the prefrontal convexity.

1.8.4  The Limbic System: Rhinencephalon, 
the Hippocampal Formation and the 
Amygdala

The term “limbic” was first used in 1664 by Thomas Willis 
to describe the cortical structures on the medial side of the 
cerebral hemisphere, surrounding the brain stem. Paul Broca 
noticed that the cingulate gyrus and the parahippocampal 
gyrus, described together as fornicate gyrus by Theodor 
Meynert (1872), form a border (limbus) around the corpus 
callosum and the brain stem (Broca 1878b). Broca subdi-
vided his “grand lobe limbique” into inner (the hippocam-
pus) and outer (the cingulate and parahippocampal gyri) 

rings (Fig. 1.49). During the last decades of the nineteenth 
century and the first decades of the twentieth century, it was 
generally believed that most if not all structures of Broca’s 
limbic lobe were dominated by olfactory input and therefore 
form part of the rhinencephalon. In 1937, James Papez pro-
posed that these structures are involved in a closed circuit 
(Papez 1937). The circuit of Papez includes projections from 
the hippocampus via the fornix to the corpus mammillare, 
then via the mammillothalamic tract of Vicq d’Azyr to the 
anterior thalamic nucleus, from here to the cingulate gyrus 
and, as last step, from the cingulate gyrus back to the hip-
pocampus. Papez suggested that his circuit formed the ana-
tomical basis for emotions. In 1952, Paul McLean included 
the circuit of Papez with the amygdala and the hypothalamus 
into his limbic system (MacLean 1952), supposed to be 
responsible for emotional behaviour (the “visceral” or “emo-
tional” brain). Nauta (1958) extended the limbic system to 
the midbrain, his limbic midbrain area. Rudolf Nieuwenhuys 
extended the limbic axis even further to include various 
structures in the brain stem, and suggested the term greater 
limbic system (Nieuwenhuys 1996; Voogd et al. 1998). 
Lennart Heimer and co-workers promoted an anatomical 
viewpoint for an extended version of the classic limbic lobe 
of Broca, which contains all non-isocortical, i.e. allocortical 
and mesocortical parts of the hemisphere together with the 
laterobasal-cortical amygdaloid complex, with several out-
put channels in the basal forebrain (Heimer et al. 1999, 2008; 
Heimer and Van Hoesen 2006). Thus defined, the limbic 
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Fig. 1.49 Overview of the 
limbic system. A anterior 
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lobe includes all of the major cortical and amygdaloid struc-
tures known to be especially important for emotional and 
behavioural functions (see Chap. 14).

The three-layered allocortex includes the olfactory cor-
tex (the paleocortex) and the hippocampal formation (the 
archicortex) and is composed of an outer, plexiform layer, a 
central, compact layer and an inner, polymorph layer. The 
rhinencephalon is the part of the telencephalon involved in 
the processing of chemosensory information and is composed 
of the main olfactory system, the accessory olfactory system 
and the terminal nerve (Gastaut and Lammers 1961; Lohman 
and Lammers 1967; Stephan 1975; Voogd et al. 1998). 
Olfactory fibres originate in the olfactory epithelium and pass 
as fila olfactoria through the cribriform plate of the ethmoid 
to contact the olfactory bulb (Fig. 1.49). The central part of 
the main olfactory system comprises the olfactory bulb and 
the targets of its projections within the telencephalon, i.e. the 
retrobulbar region or anterior olfactory nucleus, the olfactory 
tubercle, the prepiriform, periamygdaloid and entorhinal cor-
tices, and the cortical and medial nuclei of the amygdaloid 
complex (Price 1990; Shipley et al. 1995; Zilles 2004). The 
olfactory bulb arises as an evagination of the rostral tel-
encephalon and receives primary olfactory afferent fibres 
from neurons in the olfactory epithelium. The primary olfac-
tory fibres synapse in the olfactory bulb on the dendrites of 
glutamatergic projection neurons (the mitral and tufted cells) 
found in specialized structures called glomeruli, which form 
the glomerular layer of the bulb. The targets of the secondary 
olfactory fibres from the olfactory bulb will be discussed in 
Chap. 14. The accessory olfactory or vomeronasal system 
comprises the vomeronasal organ of Jacobson, the accessory 
olfactory bulb and some nuclei of the amygdaloid complex 
(Halpern 1987; Shipley et al. 1995). The accessory olfactory 
system is primarily involved in the regulation of reproductive 
behaviour, elicited by pheromones, i.e. chemical messengers 
from other members of the same species (Dulac and Torello 
2003). In humans, the vomeronasal system is established dur-
ing embryonic development but regresses in the foetal period 
(Ortmann 1989; Kjaer and Fischer-Hansen 1996).

The hippocampus belongs to the limbic lobe, situated 
on the inferomedial part of the medial surface of the hemi-
sphere (Nieuwenhuys 1996; Duvernoy 1998; Fig. 1.49). Broca 
(1878b) introduced the terms limbic and intralimbic gyri, or 
outer and inner rings, for the cortical structures surrounding 
the corpus callosum. The outer ring consists of the subcal-
losal, cingulate and parahippocampal gyri. The retrosplenial 
cortex and a narrowed lobule, the isthmus, join the cingulate 
and parahippocampal gyri behind and below the splenium of 
the corpus callosum. The parahippocampal gyrus consists 
of two parts: (1) a narrow posterior segment, of which the 
flat superior surface, the subiculum, is separated from the 
hippocampus by the hippocampal sulcus; and (2) a more 
 voluminous anterior part, the piriform lobe, comprising the 

uncus and the entorhinal area. The inner ring includes an 
anterior or precommissural segment in the subcallosal region 
(the prehippocampal rudiment of Elliot Smith 1897), a supe-
rior, supracommissural segment (the indusium griseum), situ-
ated on top of the corpus callosum, and a large inferior segment 
(the retrocommissural part or hippocampus proper).

The hippocampal formation or formatio hippocampi 
develops from the medial pallium (Fig. 1.50a–c). During the 
outgrowth of the cerebral hemispheres, first caudalwards and 
subsequently ventralwards and rostralwards, the retrocom-
missural part of the hippocampal formation becomes situ-
ated in the temporal lobe. Rudiments of the supracommissural 
hippocampus can be found on the medial side of the hemi-
sphere above the corpus callosum: the indusium griseum, a 
thin cell layer, flanked by the stria longitudinalis medialis 
and lateralis, described in 1712 by Giovanni Maria Lancisi. 
The hippocampal formation is composed of three, originally 
adjacent, cortical areas: the dentate gyrus, the cornu Ammonis 
and the subiculum (Stephan 1975; Braak 1980; Amaral 
and Insausti 1990; Braak et al. 1996; Duvernoy 1998). 
The U-shaped cornu ammonis consists of three fields 
(CA1–CA3). Within the hilus of the dentate gyrus, some-
times a CA4 field is distinguished. The CA1 field and the 
adjacent subiculum are also known as Sommer’s sector 
(Sommer 1880). In Sommer’s sector, the pyramidal cells are 
especially sensitive to anoxia and other metabolic distur-
bances, and are often affected in temporal lobe epilepsy. The 
C-shaped dentate gyrus is adjacent to the CA1 field, and is 
separated from the subiculum by the sulcus hippocampi. The 
subiculum borders on the entorhinal cortex (area 28) of the 
mesocortical parahippocampal gyrus. The hippocampus 
proper (CA1–CA3) is composed of three layers (Fig. 1.50d): 
a polymorph layer (the stratum oriens), a pyramidal layer 
(the stratum pyramidale) and a molecular layer, composed of 
the stratum radiatum, the stratum lacunosum and the stratum 
moleculare. The dentate gyrus is also composed of three lay-
ers: a polymorph hilus, a granular layer (the stratum granu-
losum) and a molecular layer (the stratum moleculare), 
continuous with the molecular layer of the hippocampus.

The hippocampus receives most of its input from the 
entorhinal cortex (Van Hoesen 1982, 2002; Fig. 1.51a). The 
entorhinal cortex is composed of entorhinal and transento-
rhinal (German terminology) or perirhinal (Anglo-Saxon 
 terminology) cortical areas in the rostral part of the parahip-
pocampal gyrus (Braak and Braak 1992; Insausti et al. 1995; 
Solodkin and Van Hoesen 1996; Suzuki and Amaral 2003). 
Its surface exhibits small, macroscopically visible wart-like 
elevations, the verrucae hippocampi, first described by 
Retzius (1896); see also (Klingler 1948; Duvernoy 1998). 
They are produced by clusters of neurons in layer II (or layer 
Pre-a). In primates and humans, the entorhinal cortex shows 
morphological modifications along rostrocaudal and medio-
lateral gradients (Amaral 1987; Insausti et al. 1995). Its more 
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“primitive”, rostral part below the amygdala receives sec-
ondary olfactory projections. Through the adjacent perirhi-
nal cortex, much cortical information reaches the entorhinal 
cortex. The entorhinal cortex projects topographically to the 
hippocampus, its medial parts innervate the rostral hip-
pocampus, whereas its lateral parts project to the caudal hip-
pocampus (Insausti et al. 1987; Witter et al. 1989; Witter and 
Amaral 1991).

The basic circuitry of the hippocampus is formed by a tri-
synaptic circuit composed of three types of excitatory, gluta-
matergic synapses (Fig. 1.51b): (1) fibres from the perforant 
path, originating in the superficial cell clusters of the entorhinal 

cortex, innervate the granule cells of the dentate gyrus; (2) 
mossy fibres from the granule cells of the dentate gyrus excite 
the pyramidal cells in the CA3 field and (3) the Schaffer col-
laterals of the pyramidal cells in CA3 innervate the pyramidal 
cells of CA1. A direct projection from CA1 to the entorhinal 
cortex closes this circuit. Numerous types of GABAergic local 
circuit neurons can be found in the various parts of the hip-
pocampal formation. The main output centre of the hip-
pocampus is the subiculum. Axons pass via the alveus, the 
superficial fibre layer of the hippocampus, via the fimbria 
into the fornix. At the level of the septum, the fornix divides 
into a precommissural fornix to the septum and the nucleus 
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accumbens, and a postcommissural fornix to the anterior thal-
amic nucleus and the mammillary body. From the mammillary 
body, the large mammillothalamic tract projects to the anterior 
thalamic nucleus, which innervates the posterior cingulate cor-
tex (area 23) and the retrosplenial cortex (areas 29 and 30).

Brodmann’s (1909) brain map does not have the same 
level of detail for the cingulate gyrus as for other parts of the 
cerebral cortex. Braak (1976, 1979) identified an anterogen-
ual magnocellular area rostral to the genu of the corpus cal-
losum and a primitive gigantopyramidal area in the depth of 
the cingulate gyrus. Vogt et al. (1995) and Vogt (2005) 
showed that the human cingulate gyrus is quite heteroge-
neous (see Chap. 15).

The amygdala is composed of pallial and subpallial parts 
(Lammers 1972; Stephan and Andy 1977; Amaral 1987; 
Heimer et al. 1991; de Olmos 2004). The basolateral parts 
and the associated cortical amygdala form the pallial part, 
whereas the central and medial amygdaloid nuclei form the 
subpallial part (Fig. 1.52). The centromedial amygdala forms 

a continuum with the bed nucleus of the stria terminalis, 
known as the extended amygdala (Alheid and Heimer 1988; 
Heimer et al. 1997; de Olmos 2004). Extensive intrinsic con-
nections exist within the amygdaloid complex. The major 
connections arise in the lateral and basal nuclei and termi-
nate in the more medial nuclei, in particular the central 
nucleus (Amaral 1987; Amaral et al. 1992). Via these con-
nections, sensory stimuli from the environment reach the 
centromedial amygdala, i.e. the main output channel of 
the amygdaloid complex (Price and Amaral 1981; see 
Chap. 14). Three large fibre bundles, the lateral olfactory 
tract, the stria terminalis and the ventral amygdalofugal path-
way, connect the amygdala with other parts of the brain 
(Fig. 1.49). The lateral olfactory tract carries secondary 
olfactory fibres to the cortical and medial amygdaloid nuclei. 
The stria terminalis, i.e. the dorsal amygdalofugal pathway, 
emerges from the caudomedial aspect of the amygdala, from 
where it runs a long course towards the anterior commissure. 
Here, it splits up into precommissural, commissural and 
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postcommissural components. The ventral amygdalofugal 
pathway is a large assembly of rather loosely arranged fibres, 
which extend from the amygdaloid complex to the dienceph-
alon. The amygdaloid complex is connected with the brain 
stem, the hypothalamus, the thalamus, the basal forebrain, 
the striatum, the hippocampus and the cerebral cortex (Price 
and Amaral 1981; Amaral and Price 1984; Amaral et al. 
1992, 2003; see Chap. 14).

1.8.5  The Basal Ganglia and Related Basal 
Forebrain Structures

In Figs. 1.53 and 1.54, four frontal Weigert-stained sections 
from the famous Jelgersma Collection are shown (Jelgersma 
1931). In particular, the basal ganglia are shown in relation to 
the other parts of the cerebrum. The basal ganglia are a 
group of closely connected cell masses, which form a con-
tinuum extending from the telencephalon to the midbrain 
tegmentum. This complex comprises the striatum, the pal-
lidum, the subthalamic nucleus and the substantia nigra. 
Both the striatum and the pallidum can be divided into dorsal 

and ventral parts. The terms ventral striatum and ventral pal-
lidum were introduced by Heimer (1976), Heimer et al. 
(1991, 1997), Alheid et al. (1990) to emphasize that the ven-
tral parts of the striatum and pallidum are primarily related to 
the limbic lobe and not to the neocortex.

The dorsal part of the striatum or dorsal striatum is com-
posed of the caudate nucleus and the putamen. These two 
nuclear groups have the same origin, the same structure and 
also the same afferent fibre connections. They are largely 
separated by the internal capsule. Only rostrally in the hemi-
sphere, they are continuous with each other. The caudate 
nucleus is an elongated and arched grey mass, which lies just 
ventrolateral to the lateral ventricle and can be subdivided 
into a large anterior portion, the head or caput, a smaller 
middle portion, the corpus, and a caudal portion, the tail or 
cauda. The putamen forms together with the medially adja-
cent globus pallidus or dorsal pallidum the lentiform 
nucleus. This mass has the form of a Brasil nut and lies in the 
bottom of the insula of Reil. Between the lentiform nucleus 
and the insular cortex are situated, successively, the external 
capsule, the claustrum which is a thin sheet of grey matter, 
and the extreme capsule (Fig. 1.54). The globus pallidus can 
be easily distinguished by its pale colour in unstained sec-
tions, which reflects the presence of a large number of myeli-
nated fibres, and its relative darkness in Weigert-stained 
sections (Fig. 1.54). A medial medullary lamina divides the 
globus pallidus into a lateral or external segment and a 
medial or internal segment, each with quite different fibre 
connections (see Chap. 11). The ventral striatum is formed 
by the nucleus accumbens, which cytoarchitectonically and 
histochemically closely resembles the caudate nucleus and 
the putamen, together with the greater part of the olfactory 
tubercle (Fig. 1.55). The ventral pallidum is represented by 
the rostral part of the substantia innominata, which is a ven-
tral extension of the globus pallidus. Compartmentalization 
of the human striatum and pallidum into anatomofunctional 
territories was proposed on the basis of similar chemically 
compartments that receive projections from known cortical 
territories (motor, associative and limbic) in monkeys (Alheid 
et al. 1990; Parent and Hazrati 1995a). The distribution of 
calcium-binding proteins and of SMI-32 was most helpful to 
identify motor, associative and limbic anatomofunctional 
territories (Holt et al. 1997; Karachi et al. 2002; Morel et al. 
2002; see Chap. 11).

The substantia innominata of Reil was for almost two cen-
turies the neurological equivalent of the geographer’s “terra 
incognita” (Heimer 2000). Nowadays, the substantia innomi-
nata is known as a region in which several major functional–
anatomical systems interdigitate (Alheid and Heimer 1988; 
Heimer et al. 1991, 1997, 1999; Sakamoto et al. 1999). Although 
a large part of the innominate substance belongs to the basal 
ganglia, its caudal sublenticular part contains two major neu-
ronal systems (Fig. 1.55): (1) the widely spread cholinergic 
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a b

Fig. 1.53 Two Weigert-stained coronal sections from the Jelgersma 
Collection (with permission from the Board of the Anatomical Museum, 
Leiden University Medical Centre). (a) Coronal section through the 
head of the caudate nucleus and the temporal pole. On the medial side 
is the genu of the corpus callosum with above and below parts of the 
cingulate gyrus. Medial to the caudate nucleus is the anterior horn of 
the lateral ventricle and lateral to it lie the claustrum as a small vertical 
stripe in the dark stained white matter and the rostral end of the insula 

of Reil. Below the frontal lobe the olfactory tract can be observed. 
(b) Coronal section through the head of the caudate nucleus and the 
rostral end of the putamen. On the medial side are the corpus (above) 
and the genu (below) of the corpus callosum with the septum pellu-
cidum in between. The caudate nucleus and the putamen are partly 
separated by the anterior limb of the internal capsule. Lateral to the 
caudate nucleus and the putamen are, successively, the external capsule, 
the claustrum, the extreme capsule and the insula of Reil
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a b

Fig. 1.54 Two Weigert-stained coronal sections from the Jelgersma 
Collection (with permission from the Board of the Anatomical Museum, 
Leiden University Medical Centre). (a) Coronal section through the 
corpus of the caudate nucleus, the lentiform nucleus, the rostral part of 
the thalamus, the hypothalamus and the amygdala. On the medial side 
are the corpus of the corpus callosum with above the cingulate gyrus 
and below the septum pellucidum, the paired fornices and the third ven-
tricle. The internal capsula courses between the caudate nucleus and the 
thalamus above and the lentiform nucleus below. The latter nucleus 
consists of the laterally situated putamen and the medially situated glo-
bus pallidus, composed of an external and an internal segment. Below 
the globus pallidus the horizontally coursing ansa lenticularis can be 
observed and in the hypothalamus the vertically coursing column of the 
fornix. Ventromedially, the amygdala is fully developed. Between the 
lentiform nucleus and the amygdala lie the substantia innominata and 
more laterally the temporal part of the anterior commissure. Below the 
substantia innominata lies the optic tract. (b) Coronal section through 

the corpus and the cauda of the caudate nucleus, the lentiform nucleus, 
the thalamus and the hippocampal formation. On the medial side are the 
corpus of the corpus callosum with above the cingulate gyrus and below 
the paired fornices and the interventricular foramen connecting the lat-
eral and third ventricles. The posterior limb of the internal capsule sepa-
rates the corpus of the caudate nucleus and the fully developed thalamus 
from the lentiform nucleus. Lateral to the lentiform nucleus are succes-
sively the external capsule, the claustrum, the extreme capsule and the 
insula of Reil. The thalamus consists of the anterior nucleus dorsomedi-
ally, the mediodorsal nucleus medially and the ventral lateral nucleus 
laterally. Ventral to the thalamus lie successively the oval-shaped sub-
thalamic nucleus of Luys, the substantia nigra and the cerebral pedun-
cle. Ventromedially, the inferior horn of the lateral ventricle is bordered 
by the optic tract and, more laterally, by the tail of the caudate nucleus. 
Below the inferior horn of the lateral ventricle lie the hippocampal 
 formation and the entorhinal cortex, characterized by the verrucae 
hippocampi
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Fig. 1.55 Organization of the 
human basal forebrain with the 
current subdivision of the basal 
ganglia and the amygdala, shown 
in four frontal sections from 
rostral to caudal (a–d).
Comparable structures are 
indicated in various colours. 
Transition areas are indicated 
as parts of the striatum, but do 
show some amygdaloid features. 
The large dots indicate the large, 
cholinergic cells of the basal 
nuleus of Meynert (BM). 
ac anterior commissure, BL 
basolateral amygdala, BST bed 
nucleus of the stria terminalis, 
Cd caudate nucleus, Ce central 
amygdala, cho chiasma opticum, 
Cl claustrum, Db diagonal band 
of Broca, f fornix, GP globus 
pallidus, GPe, GPi external and 
internal parts of globus pallidus, 
Hip hippocampus, In insula, 
M medial amygdala, ot optic 
tract, Put putamen, S septum, 
Th thalamus, VP ventral 
pallidum, VS ventral striatum 
(after Heimer et al. 1991; from 
ten Donkelaar et al. 2006d)

basal nucleus of Meynert, the main source of cholinergic input 
to the cerebral cortex (Mesulam et al. 1983; Mesulam and 
Geula 1988); and (2) the extended amygdala, extensions of the 
centromedial amygdala that links it via subpallial cell columns 
to the bed nucleus of the stria terminalis. The basal nucleus of 
Meynert, described in 1872 by Meynert (1872), is part of a 
widely dispersed, more or less continuous collection of cholin-
ergic and non-cholinergic neurons (Mesulam et al. 1983; 
Hedreen et al. 1984; Saper and Chelimsky 1984; Mesulam and 
Geula 1988; see Chap. 5). Most of its hyperchromatic neurons 
are larger than the cells in the surrounding structures, so that the 
entire system is also known as the magnocellular basal fore-
brain complex. This complex includes cells in the medial sep-
tum and in the nuclei of the vertical and horizontal limbs of the 
diagonal band of Broca.

The cerebral cortex has extensive connections with the 
striatum that, via the globus pallidus and ventral thalamic 
nuclei, projects back to the motor, premotor and prefrontal 
areas of the cortex. Sensorimotor, association and limbic 
cortical areas project in a segregated tripartite manner onto 
the striatum (Fig. 1.56), and give rise to cortico-striato- 
pallido-thalamocortical circuits or loops. The putamen 
processes in particular motor information, the caudate 
nucleus cognitive information, and the nucleus accumbens 
emotional and motivational information (Alheid et al. 
1990; Parent and Hazrati 1995a; Morel et al. 2002). The 
current model of basal ganglia circuitry, introduced by 
Albin et al. (1989) and elaborated by DeLong and collabo-
rators (Alexander and Crutcher 1990; DeLong 1990), 
involves two major striatal efferent pathways, known as the 
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direct and indirect pathways, the first to facilitate or 
induce movements, the second to “brake” movements (see 
Chap. 11).
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2.1  Introduction

The advent of neuroimaging has allowed a more precise 
 clinicoanatomical correlation of ischaemic lesions and 
infarcts on computerized tomography (CT) and magnetic 
resonance imaging (MRI). For a more precise assessment of 
the vessels involved, knowledge of the arterial territories and 
their variations is needed. Since the pioneering studies of 
Duret (1874), Beevor (1908, 1909), Foix and Hillemand 
(1925) and Adachi (1928), several atlases have provided 
schematic drawings of the supratentorial and infratentorial 
arterial territories. Many anatomical studies based on Indian 
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inkfilling of blood vessels in postmortem brains are avail-
able, a technique pioneered by Heubner (1874). later on, 
other substances such as the radio-opaque red lead and vari-
ous plastics were introduced. Comprehensive studies are 
those by Stephens and Stilwell (1969), Salamon (1973), 
lazorthes et al. (1976), Yaşargil et al. (1984), Duvernoy 
(1978, 1995, 1998) and Duvernoy et al. (1981, 1983), and by 
Rhoton and collaborators (for reviews, see Rhoton 2000, 
2002a, c, 2007). The most commonly used maps of the arte-
rial territories of the human brain are those by Tatu et al. 
(1998, 2001) on the cerebral hemispheres, and by Tatu et al. 
(1996, 2001) on the brain stem and cerebellum. The atlas 
section of this chapter (Figs. 2.7–2.9, 2.26 and 2.27) is based 
on these latter studies.

Most cerebral arteries have anastomoses that can partially 
supply neighbouring brain areas. Within limits, even an 
insufficient blood supply to the brain via the internal carotid 
and vertebral arteries may be compensated by anastomoses 
of the facial and superficial temporal arteries with the oph-
thalmic artery (lasjaunias et al. 2001; Geibprasert et al. 
2009) and by a reversal of the direction of the blood flow of 
the ophthalmic artery into the internal carotid. leptomeningeal 
anastomoses between the main three cerebral arteries and 
between the cerebellar arteries also exist. However, despite 
all the anastomoses between brain arteries, the sudden occlu-
sion of a large artery will lead to ischaemic brain infarction. 
The clinical symptoms of an arterial occlusion depend on the 
neurofunctional systems affected and particular syndromes 
have been defined (Bogousslavsky and Caplan 2001). Several 
examples are presented as Clinical cases.

2.2  A Few Notes on the Development  
of the Blood Supply of the Brain

During the closure of the neural tube, primordial endothelium-
lined blood-containing channels are established. From these, 
all other vessels, arteries, veins and capillaries are derived 
(Fig. 2.1). First, capital venous plexuses, the capital vein and 
three aortic arches are formed, followed subsequently by the 
internal carotids, the posterior communicating arteries, the 
basilar artery (BA) and the vertebral artery (VA), the main 
cerebral arteries and, finally, the anterior communicating 
artery, thereby completing the circle of Willis (Padget 1948; 
O’Rahilly and Müller 1999; ten Donkelaar and van der Vliet 
2006). Bilaterally, longitudinal arteries are established and 
these are connected with the internal carotids by temporary 
trigeminal, otic and hypoglossal arteries. At first, the poste-
rior communicating artery provides the major blood supply 
of the brain stem. Anastomotic channels unite the two longi-

tudinal arteries, thereby initiating the formation of the BA. 
The temporary arteries are gradually eliminated, but each of 
them may persist, most often so (0.1–1.0%) the primitive 
trigeminal artery (Wollschlaeger and Wollschlaeger 1964; 
lie 1968; Salas et al. 1998; Suttner et al. 2000). The develop-
ment of the venous drainage of the human brain is discussed 
in Sect. 2.13.

2.3  Gross Anatomy of the Vessels 
of the Brain and the Spinal Cord

The arterial supply of the brain is provided by the inter-
nal carotid arteries (ICAs) and the vertebrobasilar system 
that communicate with each other via the circle of Willis 
(Fig. 2.2). At the level of the thyroid cartilage (the level of 
the vertebrae C4–C6), the common carotid artery bifurcates 
into the external carotid artery and the ICA. like the common 
carotid artery, the ICA is intimately associated with ascend-
ing sympathetic fibres. Therefore, lesions of the common 
carotid arteries and the ICAs may cause an ipsilateral Horner 
syndrome (oculosympathetic palsy), with involvement of 
sudomotor fibres to the face when the common carotid artery 
is damaged. The ICA has four segments (Gibo et al. 1981b; 
Francke et al. 1982; lang 1985; Rhoton 2002a; Fig. 2.3): 
C1, the cervical segment in the parapharyngeal space; C2, 
the petrous segment in the carotid canal; C3, the cavernous 
segment, the S-shaped carotid siphon in the sinus caverno-
sus and C4, the supraclinoid or “cerebral” segment in the 
subarachnoid space. The C1 segment is commonly affected 
by atherosclerosis, whereas traumata here may cause arterial 
dissection. The petrous segment gives off small branches to 
the tympanic cavity. Just before entering the cavernous sinus, 
a primitive trigeminal artery may persist, which links the ICA 
with the BA. From the C3 segment, the inferior hypophysial 
artery arises. In the subarachnoid space, the ICA gives off 
the ophthalmic artery, the superior hypophysial artery, the 
posterior communicating artery and the anterior choroidal 
artery, and then divides into the anterior and the middle cere-
bral arteries. Although the anterior choroidal artery usu-
ally arises from the C4 segment, it may arise from the middle 
cerebral artery or even from the posterior communicating 
artery. The anterior choroidal artery enters the choroid plexus 
of the lateral ventricle at the temporal horn, has superficial 
branches to the uncus, the head of the hippocampus and the 
amygdala, and perforating branches to the posterior internal 
capsule and the  adjacent optic and auditory radiations (see 
Sect. 2.8). At the level of origin of the anterior communicat-
ing artery, the anterior cerebral artery (ACA) is divided 
into two parts (Perlmutter and Rhoton 1978; Rhoton 2002a): 
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Fig. 2.1 Overview of the development of the blood supply of the 
human brain in embryonic stages 12 (a), 13 (b), 17 (c) and 21 (e), the 
first fetal week (f) and in a neonate (g). In (d), the fusion of the longitu-
dinal arteries to the brachial artery is shown in embryonic stages 13, 14, 
16 and 17. Arteries are in red, veins in grey. Abbreviations: a anterior 
capital plexus; AA aortic arch; ACA anterior cerebral artery; acha, achp 
anterior and posterior choroidal arteries; AICA anterior inferior cerebel-
lar artery; ahy hyoid artery; AS subclavian artery; astap stapedial artery; 
BA basilar artery; cb cerebellum; cc corpus callosum; CCV common 
cardinal vein; DA ductus arteriosus; di diencephalon; ECA external 
carotid artery; ep epiphysis; ev eye vesicle; gV trigeminal ganglion; ICA 

internal carotid artery; ICAc, ICAr caudal and rostral branches of ICA; 
longa  longitudinal artery; m middle capital plexus; MCA middle cere-
bral artery; mes mesencephalon; OA ophthalmic artery; ov otic vesicle; 
p posterior capital plexus; pAo posterior aorta; PCA posterior cerebal 
artery; pcma posterior communicating artery; PICA posterior inferior 
cerebellar artery; plch plexus choroideus; RA right atrium; RV right 
ventricle; SCA superior cerebellar artery; SV sinus venosus; TA trun-
cus arteriosus; tel telencephalon; TP truncus pulmonalis; VA vertebral 
artery; I–III aortic branches; 5, 8, 12 temporary trigeminal, otic and 
hypoglossal arteries [from ten Donkelaar and van der Vliet 2006; based 
on data by Padget (1948); O’Rahilly and Müller (1999)]
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the proximal or  precommunicating A1 segment  bet ween the 
ICA and the anterior communicating artery and the distal 
or postcommunicating part. The distal part consists of the 
A2 (infracallosal), A3 (precallosal), A4 (supracallosal) and 
A5 (postcallosal) segments. The distal part is also known as 

the pericallosal artery. Its largest branch, the callosomar-
ginal artery, usually runs along the cingulate gyrus. The A1 
segment is the most frequent site of hypoplasia in the circle 
of Willis (Rhoton 2002a). Heubner’s recurrent artery, the 
long central artery, usually arises from the A2 segment (see 
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Sect. 2.8). The middle cerebral artery (MCA) has four seg-
ments (Gibo et al. 1981a; Rhoton 2002a): M1, the sphenoidal 
segment; M2, the insular segment; M3, the opercular segment 
and M4, the cortical segment composed of the branches to 
the lateral convexity. In the Sylvian fissure, the MCA divides 
into one of the three ways: bifurcation (78%) into superior 
and inferior divisions, supplying the frontal and parietal lobes 
and the temporal lobe, respectively; trifurcation (12%) into 
superior (to the frontal lobe), middle (to the parietal lobe) and 
inferior (to the temporal lobe) trunks; or division into four or 
more trunks in about 10% (Gibo et al. 1981a).

The vertebrobasilar system is composed of the two ver-
tebral arteries which at the caudal border of the pons unite to 
the BA (Fig. 2.3). Each vertebral artery (VA) gives off two 
branches, one of which unites with the contralateral branch 
to form the anterior spinal artery, the other one is the posterior 
inferior cerebellar artery (PICA). Other arteries for the 
 cerebellum, the brain stem and the cerebral hemisphere arise 
from the basilar artery (BA); (1) pontine branches; (2) the 
anterior inferior cerebellar artery (AICA); (3) the superior 
cerebellar artery (SCA) and (4) the posterior cerebral artery 
(PCA). Usually, the AICA also gives off the internal auditory 

or labyrinthine artery for the inner ear. The posterior cere-
bral artery (PCA) has four segments (Zeal and Rhoton 1978; 
Rhoton 2002a): P1, the precommunicating  segment between 
the origin of the PCA and the posterior communicating artery 
and P2–P4, together forming the post communicating part. 
The postcommunicating segment arches around the midbrain 
via the ambient cistern. The PCA not only supplies the poste-
rior part of the cerebral hemisphere but also sends branches to 
the thalamus, the midbrain and other deep structures, includ-
ing the choroid plexus via the posterior choroidal arteries. 
The posterior choroidal arteries (the posteromedial and 
posterolateral choroidal arteries) arise from the P2 and P3 
segments (Fujii et al. 1980). The P2 segment terminates lat-
eral to the posterior edge of the midbrain, from where the P3 
(quadrigeminal) segment proceeds to the rostral limit of the 
calcarine fissure. The terminal part (P4 segment) of the PCA 
often divides into two hemispheric branches: the lateral 
occipital artery and the medial occipital artery. The lateral 
occipital artery extends over the posterior part of the para-
hippocampal gyrus and supplies the inferior surface of the 
occipital lobe. The medial occipital artery divides into two 
branches: the parieto-occipital artery and the calcarine artery. 

e

f

g

PCA
SCA

BA

achaplch
MCA

ACA
OA

ECA

VA

AS
DA

MCA

ACA

ECA

OA
ICA

acha
AICA PICA

VA

AA
DA AS

1st fetal w

ACA

cc

PCA

BA

MCA

AICA

VA

neonate

achp

21

AICA

SCA

Fig. 2.1 (continued)



652.4 Vascular Imaging

The parieto-occipital artery runs in the parieto-occipital 
sulcus and supplies the cuneus and the precuneus. The cal-
carine artery lies on or in the calcarine sulcus. Hypoplasia 
of the P1 segment of the PCA is frequent. The circle of 
Willis (circulus arteriosus) is composed of the proximal 
segments of both anterior cerebral arteries and the anterior 
communicating artery rostrally, the two internal carotids and 
the posterior communicating arteries laterally, and the proxi-
mal parts of both posterior cerebral arteries caudally.

The spinal cord is vascularized by the vertebral arteries and 
by branches from the thoracic and abdominal aorta, known as 
the radicular arteries (lazorthes et al. 1973; Domisse 1975; 
Thron 1988, 2002; Pattany et al. 2003; Backes and Nijenhuis 
2008). The upper cervical level of the spinal cord is supplied 
by the single anterior spinal artery and by two posterior 
spinal arteries. Usually, these arteries arise from the vertebral 
arteries, but the posterior spinal artery may arise from the 
PICA. Below the upper cervical level, these longitudinal  spinal 

arteries form a more or less continuous series of anastomoses 
with radicular arteries for the rest of the spinal cord. At the 
T7–T12 level (usually left T10), the great radicular artery 
(the artery of Adamkiewicz; see luyendijk 1982 for histori-
cal review) arises from the aorta and may supply the entire 
lumbosacral spinal cord.

2.4  Vascular Imaging

Non-invasive tests of the cerebral blood vessels include 
duplex Doppler imaging of the extracranial and intracranial 
circulation, computed tomographic angiography (CTA) and 
magnetic resonance angiography (MRA). The Doppler 
effect is noted through detection of flow velocity of a mov-
ing object, determined by the time between insonation and 
reflection of ultrasound waves through a given medium. In 
duplex Doppler imaging, anatomical imaging is determined 

a b

Fig. 2.2 Severe atherosclerosis of the circle of Willis shown in a ventral view of the brain (a) and after dissection (b). Atherosclerosis is most 
severe in the vertebral, basilar and internal carotid arteries (courtesy Pieter Wesseling and Arie Maat, Nijmegen)
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through the reflection of ultrasound waves by the moving red 
blood cells in extracranial and intracranial vessels. Duplex 
study of the extracranial circulation is particularly useful 
in the determination of the degree of stenosis of the ICA. 
Transcranial Doppler (TCD) imaging is used to determine 
the blood flow velocities in the large and medium-sized 
intracranial arteries and, indirectly, to estimate flow. TCD is 
performed through a transtemporal approach (for the ACA, 
MCA and PCA), a transforaminal approach (for the verte-
brobasilar system) and a transorbital approach (for the oph-
thalmic artery and the carotid siphon). Flow velocities may 
help identify a local stenosis, spasms, proximal occlusion 
with decreased distal flow or complete occlusion of one of 
the three cerebral arteries.

CTA combines the injection of a bolus of intravenous 
contrast with high-speed continuous CT scanning of a vol-
ume of interest, followed by 2D- and 3D-reconstructions of 
the extracranial and intracranial vessels from the original 
cross-sectional images. Computed tomographic perfusion 
measurement is particularly well suited for the evaluation 

of acute stroke (lev and Gonzalez 2002; Wintermark et al. 
2006). The following parameters are used: cerebral blood 
volume (CBV), cerebral blood flow (CBF) and mean transit 
time (MTT). CBV is defined as the total volume of blood in 
a given volume of the brain, whereas CBF is defined as the 
volume of blood moving through a given volume of brain per 
unit time. MTT is CBV/CBF and is defined as the average of 
the transit time of blood through a given brain region. An 
example of CT perfusion measurement is shown in Fig. 2.4 
for a 64-year-old male with a “wake-up” stroke. Reduced 
blood flow and volume were found in the left temporal lobe.

MRA maximizes signals coming from the flow within 
the vessels and minimizes background signals. The most 
commonly used sequences are two- and three-dimensional 
time-of-flight (TOF) MRA, with or without the use of MR 
contrast medium, and phase-contrast MRA. TOF-MRA is 
based on flow-related enhancement of blood signal, which 
allows blood to be differentiated from stationary tissues. 
The data may be acquired as single slices (2D) or as a thick 
slab that is subsequently reconstructed into thin sections 
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Fig. 2.3 Orthogonal frontal (a) and sagittal (b) projections of the main 
cranial arteries (carotid and vertebrobasilar systems). Note trifurcation of 
the MCA. Abbreviations: ACA anterior cerebral artery; acalc calcarine 
artery; acmg callosomarginal artery; aocl, aocm lateral and medial occip-
ital arteries; apc pericallosal artery; ap-o parieto-occipital artery; AICA 
anterior inferior cerebellar artery; BA basilar artery; C1–C4 cervical, 
petrous, cavernous and cerebral parts of internal carotid artery; MCA 

middle cerebral artery; mma middle meningeal artery; PCA  posterior 
cerebral artery; pcma posterior communicating artery; PICA posterior 
inferior cerebellar artery; SCA superior cerebellar artery; VA vertebral 
artery; in (a) 1–3 refer to the trifurcation of the MCA; in (b) 1–6 are 
branches of the ACA: 1 orbitofrontal artery; 2 frontopolar artery; 3–5 
anterior, middle, and posterior frontal arteries; 6 paracentral artery (based 
on Nieuwenhuys et al. 1988; after ten Donkelaar et al. 2007)
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a

c

b

Fig. 2.4 CT perfusion parameters in a case of a 64-year-old male 
patient with a “wake-up” stroke: (a) CBV; (b) CBF and (c) MTT. He 
woke up in the night with a cold right leg. In the morning, his leg 
became hemiplegic and he developed aphasia. In CBV, CBF and 
MTT, reduced blood volume and flow in the left temporal lobe are 

apparent. A non-enhanced CT showed a dense vessel sign of the left 
MCA and some oedema in the left temporal lobe. CTA showed occlu-
sion of the distal part of M1 of the MCA (courtesy Ton van der Vliet, 
Groningen)
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(3D). 3D-TOF is usually better for vessels with high flow 
velocity such as the cervical arteries and the circle of Willis, 
whereas 2D-TOF is more appropriate for assessing verte-
bral veins and sinuses. Phase-contrast MRA is based on 
signals coming from phase shifts of protons in flowing 
blood. With this technique, it is possible to combine  imaging 
with measurement of flow velocities and flow directions.

2.5  Arterial Supply of the Cerebral Cortex

The arterial cerebral circulation can be divided into two sys-
tems: (1) the leptomeningeal arteries, consisting of the terminal 
branches of the anterior, middle and posterior cerebral arteries 
(for collateral circulation, see Vander Eecken 1959; Duvernoy 
et al. 1981); and (2) the perforating branches that perforate the 
brain parenchyma as direct penetrators. They arise from the cir-
cle of Willis, from its immediate branches and also from the 
leptomeningeal arteries, and supply the basal ganglia, the inter-
nal capsule and the diencephalon. Leptomeningeal branches 
of the three cerebral arteries and their territories are shown in 
Fig. 2.5. The leptomeningeal anastomoses in the subarach-
noid space between the arterial boundary zones represent con-
nections between distal branches of major cerebral arteries 
(Duvernoy et al. 1981). These arterial boundary zones, also 
termed “watershed zones”, are especially susceptible to dam-
age following any generalized decrease in blood flow as is the 
case in severe systemic hypotension. The distal segment of the 
ACA, the pericallosal artery, usually gives rise to: (1) cortical 
branches to the medial surface of the hemisphere including the 
medial orbital gyri on the orbitofrontal surface of the  hemisphere 

and extending to the superior frontal sulcus on the superior lat-
eral surface; posteriorly, the arterial territory extends to the 
parieto-occipital sulcus; and (2) callosal branches for the ros-
trum, genu, corpus and splenium of the corpus callosum. The 
terminal pericallosal branches are joined posteriorly by the 
splenial branches of the PCA. Cortical arteries of the M4 seg-
ment of the MCA extend over the lateral surface of the hemi-
sphere, usually to the superior frontal sulcus, the intraparietal 
sulcus and the inferior  temporal gyrus. On the orbitofrontal 
surface, the arterial  territory of this artery includes the lateral 
orbital gyri. leptomeningeal branches of the PCA include the 
hippocampal arteries, the splenial artery for the splenium of the 
corpus callosum, and cortical branches to the inferomedial sur-
faces of the temporal and occipital lobes, extending to the pari-
eto-occipital fissure (for hippocampal arteries, see Erdem et al. 
1993; Duvernoy 1998; Huther et al. 1998). Perforating 
branches of the cerebral arteries are the hypophysial arteries, 
the anterior choroidal artery, the anterior communicating artery, 
perforating branches from the anterior, middle and posterior 
cerebral arteries, thalamoperforating and thalamogeniculate 
branches from the PCA, and the posterior choroidal arteries 
(see Sect. 2.6).

The variability of the territories of the major cerebral 
arteries has extensively been studied by van der Zwan (1991) 
and van der Zwan et al. (1992). van der Zwan simultaneously 
injected the six major cerebral arteries (under the same pres-
sure) with different-coloured Araldite F mixtures under stan-
dardized conditions to obtain the most realistic territorial 
distribution. The variability of the territories of the major 
cerebral arteries appeared to be much larger than generally is 
described in the literature (Fig. 2.6):
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Fig. 2.5 (a) Vascularization of the medial surface of the cerebral cor-
tex by the anterior (ACA in light red) and posterior (PCA in red) cere-
bral arteries. The vascular territory of the middle cerebral artery (MCA) 
is uncoloured. The ACA gives off the following branches: 1 orbitofron-
tal artery; 2 frontopolar artery; 3–5 anterior, middle and posterior fron-
tal arteries; 6 paracentral artery; 7, 8 superior and inferior parietal 
arteries. The PCA divides into: 1 hippocampal arteries (not shown); 
2–4 anterior, middle and posterior temporal arteries; 5 calcarine artery; 
6 parieto-occipital artery; 7 splenial artery (after ten Donkelaar et al. 

2007). (b): Vascularization of the lateral surface of the cerebral cortex, 
largely by the middle cerebral artery (MCA; uncoloured). The vascular 
territories of the ACA and PCA are indicated in light red and red, 
respectively. The MCA gives off the following branches: 1 orbitofrontal 
artery; 2 prefrontal artery; 3 precentral artery; 4 central artery; 5, 6 ante-
rior and posterior parietal arteries; 7 angular artery; 8 temporo-occipital 
artery; 9–11 posterior, middle and anterior temporal arteries; 12 tem-
poropolar artery (based on Nieuwenhuys et al. 1988; after ten Donkelaar 
et al. 2007).
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a

b

c

Fig. 2.6 Variations in the vascularization of the cerebral cortex. 
Minimal and maximal areas of vascularization are shown in red and 
light red, respectively, for (a) the anterior cerebral artery, (b) the middle 

cerebral artery and (c) the posterior cerebral artery on dorsal, medial 
and lateral surfaces of the cerebrum and in three horizontal sections 
(after van der Zwan 1991)
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 1. The maximum arterial territory of the ACA on the supe-
rior lateral surface of the hemisphere may extend to the 
inferior frontal sulcus, the minimum area is confined to 
the rostral part of the frontal lobe.

 2. The maximum area of the MCA covers the whole lateral 
surface of the hemisphere, the minimum territory is 
restricted to the area between the inferior frontal gyrus 
and the superior temporal gyrus.

 3. The maximum area of the PCA includes the lateral sur-
face of the temporal lobe reaching the superior temporal 
sulcus, the minimum area is restricted to the medial sur-
face of the occipital lobe.
Recently, Hendrikse (2004) and Hendrikse et al. (2008) 

studied the variability of vascular territories in controls and 
patients with arterial spin labelling MRA. The vascular territo-
ries in the cerebrum as based on the studies by Tatu et al. (1998, 
2001) are shown in six adjacent horizontal sections of the cere-
brum, parallel to the intercommissural plane (Figs. 2.7–2.9).

2.6  The Circle of Willis and Its 
Perforating Branches

The perforating arteries arising from the circle of Willis or 
from its immediate branches perforate the brain parenchyma 
as direct penetrators (Fig. 2.10). The perforating branches 
from the internal carotid, anterior cerebral, middle cerebral 
and anterior communicating arteries enter the brain through 
the anterior perforated substance (see lang 1985). Several 
perforating branches from the beginning of the PCA together 
with similar branches from the posterior communicating 
artery (the posteromedial central arteries) pass via the poste-
rior perforated substance. The perforating or penetrating 
arteries arise from:
 1. The ACA; from the A1 segment, the anteromedial cen-

tral arteries, and from the A2 segment the long central 
artery (Heubner’s recurrent artery)
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Fig. 2.7 (a, b) Two adjacent horizontal sections of the cerebrum with the 
vascular territories of the main cerebral arteries. The vascular territories 
are indicated as follows: light red for the ACA, light grey for the MCA 
and red for the PCA. Central structures are supplied by perforating 
branches of the MCA (grey), the anterior choroidal artery (dotted area), 
perforating branches of the posterior communicating artery (a), thala-
mogeniculate (b) and thalamoperforating (c) branches of the PCA. The 
arrows indicate the variability of the vascular territories of the ACA, 

MCA and PCA. Abbreviations: A anterior thalamic nucleus; Cd caudate 
nucleus; Cdt tail of caudate nucleus; cg cingulate gyrus; cs central sulcus; 
F1–F3 superior, middle and inferior frontal gyri; F3tr triangular part of 
inferior frontal gyrus; In insula; ios intra-occipital sulcus; LD laterodorsal 
thalamic nucleus; ls lateral sulcus; O1, O2 superior and middle occipital 
gyri; pcu precuneus; pos parieto-occipital sulcus; sfs superior frontal sul-
cus; sts superior temporal sulcus; T1, T2 superior and middle temporal 
gyri; VL ventral lateral thalamic nucleus (after Tatu et al. 1998, 2001)
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 2. The M1 segment of the MCA: the anterolateral central 
or lenticulostriate arteries

 3. The PCA and the posterior communicating artery: the 
posteromedial and posterolateral central arteries
Many variations have been described in the circle of 

Willis (Gillilan 1959; Alpers and Berry 1963; Riggs and 
Rupp 1963; Waddington 1974; lazorthes et al. 1976; lang 
1985), the more common of which are shown in Fig. 2.11. 
A normal posterior part of the circle of Willis, in which the 
proximal PCAs have a diameter larger than the  posterior 
communicating arteries and are not hypoplastic, is present 
in about half of the brains (Rhoton 2002a). The other half 
harbours anomalies of the posterior part of the circle, includ-
ing either a hypoplastic posterior communicating artery or a 
foetal organization in which the proximal PCA is small and 
the posterior communicating artery provides the major sup-
ply to the PCA and is larger than the P1 segment of the PCA 

(Padget 1948; Rhoton 2002a). In Rhoton’s series, hypopla-
sia of the posterior communicating arteries was found 
 unilaterally in 26% and bilaterally in 6%, and a foetal con-
figuration was found unilaterally in 20% and bilaterally in 
2% (Saeki and Rhoton 1977; Rhoton 2002a). In 8%, a hyp-
oplastic posterior communicating artery was found on one 
side and a foetal complex on the other. Absence of either the 
communicating artery or a P1 segment of the PCA is very 
uncommon.

The circle of Willis is the favourite site for aneurysms. 
A1 hypoplasia has a high rate of association with aneurysms 
and is found in 85% of aneurysms of the anterior communi-
cating artery (Rhoton 2002b). Congenital saccular aneu-
rysms arise at a branching site of the parent artery (Rhoton 
et al. 1979b). This site may be formed either by the origin of 
a side branch from the parent artery, such as the origin of the 
posterior communicating artery from the internal carotid, or 
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Fig. 2.8 (a, b) Two adjacent horizontal sections of the cerebrum (ventral 
to those in Fig. 2.7) with the vascular territories of the main cerebral 
arteries. The vascular territories are indicated as follows: light red for the 
ACA, light grey for the MCA and red for the PCA. Central structures are 
supplied by perforating branches of the ACA (medium red) and the MCA 
(grey), the anterior choroidal artery (dotted area), perforating branches 
of the posterior communicating artery (a), thalamogeniculate (b) and 
thalamoperforating branches (c) of the PCA, posterior choroidal arteries 
(d), perforating branches of the internal carotid artery (e) and the anterior 
communicating artery (f). The arrows indicate the variability of the 

 vascular territories of the ACA, MCA and PCA. Abbreviations: A ante-
rior thalamic nucleus; cg cingulate gyrus; cs central sulcus; DM dorso-
medial thalamic nucleus; F1, F2 superior and middle frontal gyri; F3or, 
F3t opercular and triangular parts of the inferior frontal gyrus; GP globus 
pallidus; ifs inferior frontal sulcus; In insula; ios intra-occipital sulcus; 
LP lateral posterior thalamic nucleus; ls lateral sulcus; or optic radiation; 
O1, O2 superior and middle occipital gyri; O6 cuneus; pos parieto- 
occipital sulcus; Pul pulvinar; Put putamen; sts superior temporal sulcus; 
T1 superior temporal gyrus; VL ventral lateral thalamic nucleus; VP ven-
troposterior thalamic nucleus (after Tatu et al. 1998, 2001)
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by subdivision of the main arterial trunk into two trunks as 
occurs at the bifurcation of the BA or the middle cerebral 
arteries. The aneurysms arise on curves in the artery and 
point into the direction the blood would have gone if there 
were no curve at the aneurysm site. Most saccular aneurysms 
are located on or near the circle of Willis, 85% in the anterior 
circulation and 15% in the posterior circulation. More than 
90% are located at one of the following sites (Rhoton 2002b; 
see Clinical cases 2.1 and 2.2):
 1. The ICA at the level of the posterior communicating 

artery (35%)

 2. The junction of the ACA and the anterior communicating 
artery (30%)

 3. The proximal bifurcation of the MCA (20%)
 4. The junction of the PCA and the BA (5%)
 5. The bifurcation of the ICA into the ACA and the MCA 

(10%)
In the ICA, saccular aneurysms may also arise at the origins 

of the ophthalmic, the superior hypophysial and the anterior 
choroidal branches. In the vertebrobasilar system, aneurysm 
sites include the origins of the AICA, the PICA and the SCA, 
and the junction of the two vertebral arteries with the BA.
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Fig. 2.9 (a, b) Two adjacent horizontal sections of the cerebrum with 
the vascular territories of the main cerebral arteries (ventral to those in 
Fig. 2.8). The vascular territories are indicated as follows: light red for 
the ACA, light grey for the MCA and red for the PCA. Central structures 
are supplied by perforating branches of the ACA (medium red) and the 
MCA (grey), the anterior choroidal artery (dotted area), perforating 
branches of the posterior communicating artery (a), posterior choroidal 
arteries (d) and the anterior communicating artery (f). The arrows indi-
cate the variability of the vascular territories of the ACA, MCA and 

PCA. Abbreviations: ac anterior commissure; Acc nucleus accumbens; 
AM amygdala; aos anterior occipital sulcus; APS anterior perforated 
substance; cals calcarine sulcus; cp cerebral peduncle; crc crus cerebri; 
cs colliculus superior; FMG frontomarginal gyrus; fx fornix; GR gyrus 
rectus; H hippocampus; lgb lateral geniculate body; LOG lateral orbital 
gyrus; ls lateral sulcus; mgb medial geniculate body; MOG medial 
orbital gyrus; O2 middle occipital gyrus; O5 lingual gyrus; O6 cuneus; 
POG posterior orbital gyrus; T2, T3 middle and inferior temporal gyri; 
T5 parahippocampal gyrus (after Tatu et al. 1998, 2001)
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Fig. 2.10 (a) The circle of Willis (COW); (b) COW-MRA. Abbre-
viations: ACA anterior cerebral artery; acha, achp anterior and pos-
terior choroidal arteries; acma anterior communicating artery; AICA 
anterior inferior cerebellar artery; al, am anterolateral and anterome-
dial central arteries; alab labyrinthine artery; aocl, aocm lateral and 

medial occipital arteries; C4 cerebral part of internal carotid artery; HA 
Heubner’s artery; MCA middle cerebral artery; PCA posterior cerebral 
artery; pcma posterior communicating artery; pl, pm posterolateral 
and posteromedial central arteries; rchp ramus choroideus posterior; 
SCA superior cerebellar artery (after ten Donkelaar et al. 2007)
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Fig. 2.11 The circle of Willis 
(a) and some of its variations 
(b-f). Abbreviations: ACA 
anterior cerebral artery; acha 
anterior choroidal artery; acoma 
anterior communicating artery; 
BA basilar artery; ICA internal 
carotid artery; MCA middle 
cerebral artery; PCA posterior 
cerebral artery; pcoma posterior 
communicating artery; SCA 
superior cerebellar artery (after 
Gillilan 1959)
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a b

c d

Fig. 2.12 CTAs of an aneurysm of the anterior communicating artery (a, b) and MRAs of the aneurysm before (c) and after (d) occlusion 
by endovascular treatment (courtesy Ton van der Vliet, Groningen)

Clinical Case 2.1 Aneurysm of the Anterior  

Communicating Artery

Case report: A 53-year-old woman was admitted to the 
emergency unit of a university hospital with acute-onset 
headache and nausea. She was on anticoagulant therapy 
after a previous arterial occlusion of her right leg. Clinically, 

she did rather well. CT imaging revealed a subarachnoid 
bleeding and some blood in a slightly dilated ventricular 
system. CTA showed an aneurysm of the anterior commu-
nicating artery (Fig. 2.12a, b). The next day, she received 
endovascular treatment of the aneurysm, which was com-
pletely occluded (Fig. 2.12c, d). Complete recovery fol-
lowed and she was discharged 10 days later.
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 Clinical Case 2.2 Aneurysm of the Posterior  

Communicating Artery

Case report: A 54-year-old female was operated on her right 
knee and postoperatively she had headache, light and sound 
phobia, vomiting and sensory loss in the right half of her 
tongue. Shortly later, oculomotor problems developed, result-
ing in paralysis of the right oculomotor nerve. Three weeks 
later, she died after another stroke. At autopsy, multiple aneu-

rysmata of the circle of Willis were found, a  particularly large 
one in the right posterior communicating artery (Fig. 2.13a). 
Rupture of this large saccular aneurysm had led to subarach-
noid bleeding around the circle of Willis (Fig. 2.13b) and 
subdurally over the right hemisphere. Severe atherosclerosis 
was noted in the descending and circumflex branches of the 
left coronary artery with about 75 and 50% occlusion of their 
lumen, respectively. Recent ischaemia of the anterior septum 
and the anterior wall of the left ventricle were found.

2.7  Ischaemic Stroke

Stroke is defined as an abrupt onset of focal or global neuro-
logical symptoms caused by ischaemia or haemorrhage 
(Kalimo et al. 1997). Apart from traumatic haemorrhages 
(see Chap. 1), the three main causes of cerebral and/or suba-
rachnoid haemorrhages are systemic arterial hypertension, 
rupture of a vascular malformation such as an aneurysm (see 
Sect. 2.6) and blood diseases. Ischaemic stroke is usually 
arterial in origin and caused by occlusion of a feeding artery 

by a thrombo-embolic process. Reduction in tissue perfusion 
below a certain threshold renders neurons ischaemic and dys-
functional (Moody et al. 1990). When blood flow is not 
restored, the tissue becomes irreversibly damaged (infarc-
tion). Two main types of infarction are usually recognized: 
(1) anaemic or pale infarcts, in which the lesions of ischae-
mic necrosis remain relatively unaltered; and (2) haemor-
rhagic infarcts, in which the lesions are associated with 
extravasation of blood. Causes of ischaemic stroke are gener-
ally subdivided into (Kalimo et al. 1997; Warlow et al. 2001; 
liberato and Krakauer 2007):

Fig. 2.13 Postmortem findings of a large aneurysm of the posterior communicating artery (a) that ruptured resulting in subarachnoid  bleeding 
(b) around the circle of Willis (courtesy Pieter Wesseling, Nijmegen)
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 1. large-artery atherosclerosis
 2. Penetrating small-artery disease (lacunar strokes)
 3. Cardiac embolism
 4. Cryptogenic stroke (about 40% of all ischaemic strokes)
 5. Strokes of other causes (hypercoagulability, migraine and 

cervical artery dissection)
Large-artery atherosclerosis (LAA) is characterized by 

atherosclerosis in the large vessels proximal to a brain infarc-
tion, in the absence of a cardiac source of embolism. The 
most common locations for atherosclerotic changes of  
the brain vessels are at the bifurcation or proximal part of the 
large vessels, where the effect of turbulence on the arterial 
wall is maximal. The arterial narrowing can be either 
extracranial in the internal carotid or vertebral arteries or 
intracranial in the main tributaries of the circle of Willis and 
its branches (see Clinical case 2.3). The pattern of parenchy-
mal involvement may be small or large, cortical or subcorti-
cal, and is determined largely by the status of the 
leptomeningeal anastomoses and the circle of Willis.

Proximal large-vessel disease may lead to watershed or 
boundary zone infarcts (Zülch 1961; Torvik 1984; Ringelstein 
and Stögbauer 2001). Watershed infarcts are ischaemic 
lesions, which are situated along the border zones between 
the territories of two non-anastomosing arteries, mostly the 
boundaries between the ACA and MCA territories and 
between the ACA, MCA and PCA teritories (see Clinical 
case 2.4). They may also be located between the territories of 
the major cerebellar arteries and even between the territories 
of the small arteries in the basal ganglia (Zülch 1961). Zülch 
(1961) described two distinct supratentorial watershed areas: 
(1) between the cortical territories of the ACA, the MCA and 
the PCA (the cortical watershed or CWS); and (2) in the 
white matter along and slightly above the lateral ventricle, i.e. 
between the deep and the superficial branches of the MCA 
(the internal watershed or IWS). There are also boundary 
zones in the centrum semiovale and the corona radiata 
between the deep ACA and MCA territories and in the subin-
sular zone, a region between small insular penetrating arteries 
and the lateral lenticulostriate arteries (Wong et al. 2001). In 
autopsy studies, CWS and IWS infarcts, also known as exter-
nal and internal border-zone infarcts, respectively, together 
form some 10% of all brain infarcts. However, because water-
shed infarcts are seldom fatal, this may be an underestimate, 
and imaging studies on severe ICA disease report an inci-
dence between 19 and 64% (Warlow et al. 2001). The main 
causes of watershed infarcts are: (1) severe arterial athero-
sclerosis, especially ICA stenosis or occlusion, in which uni-
lateral lesions are usual; and (2) systemic hypotension, 
especially during cardiac surgery with extracorporeal circula-
tion and cardiac arrest, which may cause bilateral lesions.

CWS infarcts are the most familiar watershed strokes. 
Anterior CWS infarcts develop between the ACA and MCA 
territories, whereas posterior CWS infarcts develop between 

the ACA, MCA and PCA territories and affect a parieto- 
temporo-occipital wedge extending from the occipital horn 
of the lateral ventricle to the parieto-occipital cortex. This 
most often causes visual abnormalities such as Bálint syn-
drome (see Chaps. 8 and 15). Ischaemia in the anterior border 
zone between the ACA and the MCA causes arm and thigh 
weakness, usually with sparing of the face, feet and often of 
the hands. IWS infarcts can affect the corona radiata or the 
 centrum semiovale and have been divided into confluent and 
partial infarcts. Confluent infarcts correspond to large cigar-
shaped infarcts along the lateral ventricle, whereas partial 
IWS infarcts may appear either as a single lesion or in a 
chain- or rosary-like pattern in the centrum semiovale.

Small-vessel atherosclerosis may lead to a lacunar stroke. 
The pathogenesis of lacunar infarctions is still debated, but it 
is assumed that lacunar infarction results from occlusion of a 
small penetrator by atheroma blocking its  origin, by an 
embolus or by an intrinsic process such as lipohyalinosis nar-
rowing the lumen at points along its length (Kalimo et al. 
1997; Wardlaw 2005). Lenticulostriate pathology often 
results in a lacunar infarct (Fisher 1979, 1982, 1991). There 
are five classic lacunar syndromes: (1) pure motor hemipare-
sis; (2) pure sensory syndrome; (3) sensorimotor syndrome; 
(4) dysarthria-clumsy hand syndrome; and (5) ataxic hemi-
paresis. However, many additional lacunar syndromes may 
exist and nonlacunar subcortical and cortical strokes may 
cause the classic syndromes (Arboix et al. 2006). The typical 
clinical presentations of a lacunar stroke reflect the most 
commonly involved structures: the putamen, the caudate 
nucleus, the thalamus, the basis pontis and the corona radiata. 
Pure motor hemiparesis is the most common manifestation 
of a lacunar stroke. There are often varying degrees of dysar-
thria and dysphagia as a result of involvement of the 
 corticobulbar tracts. Structures commonly involved in this 
syndrome reflect the course of the corticospinal tract through 
the corona radiata, the posterior limb of the internal capsule 
and the basis pontis (see Chap. 9). The pure sensory syn-
drome is far less frequent than pure motor hemiparesis. It is 
usually caused by infarction of the ventroposterior medial 
nucleus (VPM) or ventroposterior lateral (VPl) nuclei of the 
thalamus as a result of involvement of the inferolateral artery 
of the P2 segment of the PCA, but it can also result from 
interruption of thalamocortical projections due to corona 
radiata infarction. Both spinothalamic and lemniscal modali-
ties are usually affected, but selective sensory impairment 
may also occur (see Chap. 4). The sensorimotor syndrome, a 
combination of sensory and motor deficits, may be due to the 
involvement of the thalamus with an extension into the adja-
cent posterior limb of the internal capsule. The uncommon 
dysarthria-clumsy hand syndrome is usually due to a stroke 
in the anterior limb or genu of the internal capsule or the 
basis pontis. Ataxic hemiparesis is usually due to basis pon-
tis infarction, but may also be due to infarction of the corona 
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radiata (see Chap. 10), the anterior or posterior limbs of the 
internal capsule and the thalamus.

Clinical stroke syndromes are usually subdivided into 
anterior and posterior circulation syndromes (see Table 2.1). 
Those of the anterior circulation mostly involve the 
MCAs. MCA stem occlusion is usually dramatic and results 
in damage to the basal ganglia and the internal capsule as 
well as large areas of cortical infarction in the territories of 
the various divisions of the MCA. Patients present with 
contralateral hemiplegia with equal involvement of the arm 
and leg, variable degrees of sensory abnormalities, dys-
phagia and hemianopia. There is forced eye deviation 
towards the side of the affected hemisphere, sometimes 

with accompanying ipsi lateral head deviation. With domi-
nant hemisphere involvement, global aphasia, buccofacial 
apraxia and ideomotor apra xia are present. With involve-
ment of the non-dominant hemisphere, there is usually con-
tralateral hemineglect, contralateral anosognosia and 
delirium. An example of an MCA-distributed stroke is 
shown in Clinical case 2.5.

ACA-distributed strokes are much less common than 
MCA-distributed strokes. The most common manifestations 
of an infarct in the distal territory of the ACA are related to 
the cortical regions supplied (Kumral et al. 2002): the ante-
rior and medial parts of the frontal lobe, including the senso-
rimotor cortex for the contralateral foot and leg, the SMA 

Table 2.1 Clinical stroke syndromes (after liberato and Krakauer 2007)

Artery involved CNS structures involved Clinical syndromes

Anterior circulation
Anterior choroidal 
artery

Posterior limb internal capsule, medial pallidum, head 
of caudate, lGB, optic radiation, medial temporal lobe

Contralateral hemiparesis/hemisensory deficits (face/arm/
leg), homonymous hemianopia with sparing of horizontal 
segment (see Chap. 8)

ACA Medial upper frontal and parietal lobes, paramedian 
hemisphere, rostral corpus callosum, anterior limb 
internal capsule, rostral putamen and caudate nucleus

Contralateral weakness (leg and shoulder), abulia, mutism, 
left-hand apraxia, transcortical motor aphasia  
Frontal release signs, urinary incontinence

MCA
Stem: lenticulostriate 
vessels (M1)

Cortical and subcortical frontoparietal hemisphere, 
corona radiata, striatum, external and internal capsule 
(posterior limb), lateral temporal lobe

Contralateral hemisensory/motor syndrome (face/arm/leg), 
global aphasia with dominant hemisphere involvement, 
visuospatial neglect (non-dominant hemisphere), contralat-
eral gaze paresis, contralateral homonymous hemianopia

Superior division 
(M2)

lateral frontal hemispheres, corona radiata, sparing of 
structures supplied by lenticulostriate vessels (internal 
capsule, basal ganglia)

Contralateral hemisensory/motor syndrome (face and arm 
more than leg), motor (Broca) aphasia (dominant 
hemisphere), variable visuospatial neglect (non-dominant 
hemisphere), contralateral gaze paresis

Inferior division (M2) lateral temporal lobe, lower parietal lobe, angular 
gyrus

Hemispatial neglect, hemianopia or quadrantanopia, 
sensory (Wernicke) aphasia, agitated delirium

Posterior circulation
Vertebral artery/PICA Inferior/posterior aspects cerebellar hemisphere, 

inferior vermis, inferior cerebellar peduncle, lateral 
medulla (spinothalamic tract and descending sympa-
thetic tract)

Ipsilateral Horner, vertigo, nystagmus, ataxia, dysphagia, 
dysarthria, gaze paresis, pain/temperature deficits face 
(ipsilateral), trunk/extremities (contralateral)

Basilar artery
AICA Anterior/inferior aspects cerebellum, middle cerebral 

peduncle, lower lateral pontine tegmentum (trigeminal 
nuclei and spinothalamic tract)

Vertigo,vomiting, nystagmus, ipsilateral facial anaesthesia/
weakness, ipsilateral Horner, ipsilateral deafness, 
contralateral decrease in temperature/pain sensation in 
limbs, ipsilateral ataxia

Paramedian and 
circumferential basilar 
penetrators

Paramedian/lateral pons and midbrain including nuclei 
of cranial nerves III to VIII

lacunar syndromes such as pure motor hemiparesis
Variable syndrome depending on level involved and cranial 
nerve(s) affected

SCA Vermis, superior half of cerebellar hemisphere, dentate 
nucleus, superior cerebellar peduncle, upper pontine 
tegmentum

Vertigo, nystagmus, ipsilateral Horner, contralateral IVth 
nerve palsy, ipsilateral ataxia, ipsilateral tremor/dyskinesia, 
contralateral decreased sensation to pain/temperature in the 
trunk

PCA Mediobasal temporal lobe, occipital lobe
Midbrain, thalamus (through deep perforating 
branches)

Contralateral homonymous hemianopia with macular 
sparing (if purely cortical)
If bilateral: Bálint syndrome or cortical blindness with or 
without denial of blindness (Anton syndrome)
Dysnomic aphasia with alexia without agraphia (dominant 
hemisphere)
Memory disturbance, colour dysnomia, agitated delirium, 
hemisensory deficits with thalamic stroke
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and the central bladder representation. Left-sided infarction 
causes transient akinetic mutism (abulia), transcortical motor 
aphasia, contralateral leg and shoulder weakness with spar-
ing of the distal upper extremity and face, and contralateral 
deficits in higher-order sensory functions, such as stereo-
gnosis and joint-position-sense discrimination. Right-sided 
infarction causes acute confusional state, hemineglect, tran-
sient akinetic mutism, contralateral hemiparesis and sensory 
deficits comparable to those in left-sided infarction. Bilateral 
ACA infarction causes persistent akinetic mutism, urinary 
sphincter dysfunction and paraplegia or tetraplegia.

Twenty percent of ischaemic events involve areas sup-
plied by the posterior circulation. The vertebrobasilar 
stroke syndromes are summarized in Table 2.1. The cere-
bellar and brain stem stroke syndromes will be discussed in 
Sects. 2.10 and 2.11. Two cases involving the BA are shown 
in Clinical case 2.6.

Infarcts in the PCA territory are mainly caused by emboli 
and tentorial herniations. The three most prominent symptoms 
and signs after PCA territory infarction are headache, positive 
and negative visual field defects and hemisensory distur-
bances. The most common visual field defect is a hemianopia 
from infarction of the optic radiation or calcarine cortex (see 
Chap. 8). Involvement of the lateral thalamus leads to hemisen-
sory disturbances. The sensory complaints may be accompa-
nied by clumsiness and ataxia, also attributable to thalamic 
involvement (see Sect. 2.9). Hemiparesis, however, results 
from infarction of the cerebral peduncle. In about 60% of the 
patients with visual field defects, there are also specific neu-
ropsychological defects, including prosopagnosia and Bálint 
syndrome (see Chaps. 8 and 15). When the infarction in the 
territory of the left PCA extends to the splenium of the corpus 
callosum or to the neighbouring parieto-occipital white mat-
ter, alexia without agraphia may occur (see Chap. 15).

Clinical Case 2.3 MCA Stenosis

Case report: A 69-year-old male was admitted to the 
Department of Neurology for severe aphasia and slight 
hemiparesis. Earlier he had been treated for stenosis of his 
right iliac artery with balloon dilatation and received an 
intravascular stent. CTA showed a marked stenosis of his 
right MCA (Fig. 2.14a). After extensive anticoagulant 

 therapy, a stent was placed in the MCA (Fig. 2.14b, c). His 
symptoms improved rapidly, but 3 days later an early 
 in-stent thrombosis occurred with worsening of the hemi-
paresis and again severe aphasia. Conservative treatment 
followed.

This case was kindly provided by lars Rödiger 
(Department of Radiology, University of Groningen 
Medical Centre).

a b

c

Fig. 2.14 CTA (a) and MRA (b) of a stenosis of the right middle cerebral artery and an MRA (c) after the placement of a stent (courtesy lars 
Rödiger and Ton van der Vliet, Groningen)
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Clinical Case 2.4 Watershed Infarction

A 77-year-old female was admitted with a left-sided hemi-
paresis after a stuttering onset for 2 weeks. CT perfusion 
showed prolonged median transit time of the contrast 
medium in the left temporoparietal region (watershed area), 

reduced blood flow predominantly in the white matter in 
this area (Fig. 2.15a) and an almost normal blood volume. 
CTA showed intracranial stenosis of both internal carotids, 
whereas on FlAIR images areas with chronic hypoperfu-
sion and a watershed infarction in the left temporoparietal 
region were found (Fig. 2.15b).

a

b

Fig. 2.15 (a) CBF and (b) MRI-FlAIR image with areas of hypoperfusion and a watershed infarction in the left temporoparietal region 
(courtesy Ton van der Vliet, Groningen)

Clinical Case 2.5 Ischaemic Necrosis in the MCA Territory

Case report: A 69-year-old male was admitted to a General 
Hospital for nephrectomy to remove a Grawitz tumour. He 
was known for arterial hypertension and had a stroke in the 
MCA territory 7 years before. Due to pneumonia, the oper-
ation was postponed after which the patient’s situation 
worsened and he died a few months later after repeated 

pneumonias. At autopsy, a large ischaemic necrosis in the 
MCA territory was found (Fig. 2.16a), resulting in antero-
grade degeneration of the corticospinal tract as shown in 
lFB-HE stained sections of the brain stem (Fig. 2.16b, c). 
Bilaterally, pneumonia was found with signs of aspiration. 
In the lower pole of the left kidney, a multinodular tumour 
was found which was histologically proven to be a Grawitz 
tumour with a TNM classification of T2N1M0.
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Fig. 2.16 (a) Postmortem findings of a large ischaemic necrosis in 
the MCA territory. This resulted in anterograde degeneration of the 
 corticospinal tract as shown in lFB-HE-stained sections of (b) the 

mesencephalon and (c) the medulla oblongata (courtesy Pieter 
Wesseling, Nijmegen)

a b

c

Clinical Case 2.6 Basilar Tip Aneurysm/Basilar Thrombosis

The BA is a common source for strokes. Here, two cases, 
an aneurysm of the basilar tip and a case of basilar throm-
bosis, are presented. The first patient was treated success-
fully by coiling, but the second patient developed a 
locked-in syndrome and died.

Case report 1: A 45-year-old female, known for carci-
noma of the ovaries, presented with headache during the 
day and sudden dizziness followed by loss of  consciousness 
for 20 min after coitus. She developed nausea and vomited. 

CT imaging showed a subarachnoid haemorrhage with a 
pattern suspect for a basilar tip aneurysm. This was con-
firmed with CTA (Fig. 2.17a, b). There was also a hydro-
cephalus that was drained. The aneurysm was successfully 
coiled and 2 weeks later she was discharged from hospital 
in good condition.

Case report 2: A 59-year-old male had complaints of 
dizziness and feelings of not being well, followed by 
paraesthesias of the left side of his face and body. He also 
complained of headache, nausea and vomiting. The con-
sulted GP  recommended a wait-and-see policy. During the 
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following night, the patient woke up with a left-sided 
 hemiparesis, dysarthria and horizontal gaze paresis. He 
was admitted immediately and deteriorated fast during a 
CT scan, which made respiratory support and intubation 
necessary. There was no loss of consciousness. Further 
imaging demonstrated a BA thrombosis with ischaemic 

damage to the brain stem and the cerebellum (Fig. 2.17c, 
d). Thrombolysis failed, and there was no improvement 
over the next days. Communication with the patient was 
only possible by movements of his right foot. Respiratory 
support remained necessary. Under the diagnosis of locked-
in syndrome, the patient died 1 week later.

a b

c d

Fig. 2.17 CTA of a basilar tip aneurysm (a, b) leading to a subarachnoid haemorrhage and MR imaging of a case of basilar thrombosis (c, d) 
with damage in the brain stem and cerebellum (courtesy Ton van der Vliet, Groningen)
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2.8  Arterial Supply of the Capsula Interna  
and the Basal Ganglia

The arterial supply of the capsula interna and the basal gan-
glia is provided by perforating branches of the anterior com-
municating artery, the anterior and middle cerebral arteries 
and the anterior choroidal artery (Alexander 1942). These 
perforating branches supply territories of the internal capsule 
and the basal ganglia with minimal overlap (Fig. 2.18):
1. Those from the anterior communicating artery or from 

its junctional site with the ACA can be divided into three 
groups (Rhoton et al. 1979a; Rosner et al. 1984  Marinković 
et al. 1990, 1996; Rhoton 2002a): the hypothalamic arter-
ies, the subcallosal artery and the median callosal artery. 
The vascular territory of the anterior communicating 
artery includes the lamina terminalis, the anterior hypo-
thalamus, the septum pellucidum, parts of the anterior 
commissure and the fornix, the paraterminal gyrus with 
the septal nuclei, and occasionally a more dorsal territory 
including the subcallosal region, the anterior part of the 
corpus callosum and the cingulate gyrus.

2. The perforating branches of the ACA (the anteromedial 
central arteries and the recurrent artery of Heubner) 
supply the anterior and inferior parts of the head of the cau-
date nucleus, the anterior and inferior portions of the ante-
rior limb of the internal capsule, the adjacent parts of the 

putamen and the globus pallidus, the caudal rectus gyrus, 
the subcallosal gyrus and a medial part of the anterior com-
missure (De Reuck 1971; Marinković et al. 1996).

3. The perforating branches of the MCA usually originate 
from the M1 segment. The lenticulostriate arteries can 
be classified into two groups: the medial and the lateral 
lenticulostriate arteries (Marinković et al. 2001), although 
Rhoton (2002a, 2007) also distinguished an intermediate 
group. A common stem is frequent and many other varia-
tions may be present. The lenticulostriate arteries usually 
supply the superior parts of the head and the body of the 
caudate nucleus, the lateral segment of the globus palli-
dus, the putamen, the dorsal half of the internal capsule 
and the lateral half of the anterior commissure (De Reuck 
1971; Marinković et al. 1985a, b, 2001; Donzelli et al. 
1998; Feekes et al. 2005; Feekes and Cassell 2006). In two 
of the 48 specimens studied by Marinković et al. (2001), 
the lenticulostriate arteries took over the region normally 
supplied by the perforators of the ACA. In case a throm-
bus in the main stem of the MCA lies over the origin of 
multiple lenticulostriate arteries, a “comma-shaped 
infarct” (a striatocapsular infarct) may develop (Weiller 
et al. 1990; Nicolai et al. 1996). Occlusion of a single len-
ticulostriate artery results in a lacunar infarct (Fisher 
1979, 1982, 1991). lacunar infarcts are usually differenti-
ated from striatocapsular infarcts on the basis of their size 
on axial imaging. The usual accepted size of a lacunar 

Fig. 2.18 The vascularization of 
the capsula interna and of the 
basal ganglia shown in a frontal 
section of an Indian ink-injected 
brain (from Salamon 1973)



832.8 Arterial Supply of the Capsula Interna and the Basal Ganglia 

Fig. 2.19 Coronal (a) and axial (b) MRIs of a case of small-vessel disease of the lenticulostriate arteries (courtesy Peter van Domburg, Sittard)

infarct is up to 15 mm in diameter and for striatocapsular 
infarcts more than 20 mm in maximal diameter. The clini-
cal features, however, overlap, and striatocapsular infarcts 
may give rise to the “lacunar” syndromes of pure motor 
hemiparesis and sensorimotor stroke (Pullicino 2001). A 
case of extreme small-vessel disease of the lenticulostri-
ate arteries is shown in Clinical case 2.7.

4. The perforating branches of the anterior choroidal 
artery supply the lower part of the posterior two-thirds of 
the posterior limb and the retrolenticular part of the internal 
capsule, the adjacent optic and auditory radiations, the 
medial part of the globus pallidus and the tail of the caudate 
nucleus (Marinković et al. 1999). The classic reported cli-

nical features of occlusion of the anterior choroidal artery 
are contralateral hemiplegia, hemianaesthesia and hemi-
anopia (Foix et al. 1925; Abbie 1933). The contralateral 
hemiplegia results from infarction in the posterior two-
thirds of the posterior limb of the internal capsule and the 
middle third of the cerebral peduncle, the hemianopia 
from involvement of the optic radiation, the optic tract or 
part of the lateral geniculate body. Surgical occlusion of 
the anterior choroidal artery for treatment of Parkinson 
disease led to inconstant symptoms and infarction, attrib-
uted to collateral circulation through anastomoses with 
adjacent arteries and variations in the area of supply of the 
artery (Cooper 1954; Rand et al. 1956).

Clinical Case 2.7 Small-Vessel Disease  

of the lenticulostriate Arteries

Case report: A 69-year-old female had complaints of diz-
ziness and walking disturbances for more than 10 years. 
She was treated for hypertension and COPD and had given 
up smoking some 20 years before. She had increasing prob-
lems with the initiation of walking and often felt as if she 
was sticking to the floor. Apart from a shuffling gait, she 
also complained of some bradykinesia and hypokinesia and 

feelings of dizziness (“as if she might lose consciousness”). 
She had much comfort of a rollator. There was no masking 
face, and medication for Parkinson  disease had no effect. 
Gradually, she also developed  bradyphrenia and executive 
dysfunctioning. MRI showed extensive bilateral small-ves-
sel disease of the lenti cu lostriate arteries and enlargement 
of cortical sulci (Fig. 2.19).

This case was kindly provided by Peter van Domburg 
(Department of Neurology, Orbis Medical Centre, Sittard).
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2.9  Arterial Supply of the Thalamus

The thalamus is vascularized by perforating branches of the 
posterior communicating artery, thalamoperforating and 
thalamogeniculate branches as well as the posterior choroi-
dal arteries. These perforating branches supply the following 
structures (Fig. 2.20):
 1. Seven to ten perforating branches arise from the posterior 

communicating artery (the posterolateral central arter-
ies). The largest branch is the premammillary artery (ante-
rior thalamoperforating or tuberothalamic artery). These 
perforating branches vascularize the anterior or tuberotha-
lamic territory: the posterior part of the optic chiasm, the 
optic tract, the posterior part of the hypothalamus with the 
mammillary body, and the anterior nucleus, the polar part 
of the ventral anterior nucleus and the reticular nucleus of 
the thalamus (Plets et al. 1970; Percheron 1976a).

 2. The thalamoperforating branches (or posteromedial 
central arteries) arise from the P1 segment and penetrate 
the posterior perforated substance. They supply the para-
median territory: the medial nuclei, the intralaminar 
nuclei, part of the dorsomedial nucleus, the posteromedial 
part of the lateral nuclei and the ventromedial pulvinar of 
the thalamus (Plets et al. 1970; Percheron 1976b).

 3. The thalamogeniculate branches usually arise from the 
distal P2 segment of the PCA. They supply the inferolat-
eral territory: the major part of the lateral side of the 
caudal thalamus including the rostrolateral part of the 
pulvinar, the posterior parts of the lateral nuclei and lat-
eral dorsal nucleus, and the ventral posterior and ventral 
lateral nuclei (Plets et al. 1970; Percheron 1977).

 4. The posterior choroidal artery usually has one or two 
medial and one to six lateral branches. The medial branch 
supplies the medial geniculate body and the posterior parts 
of the medial nucleus and the pulvinar of the  thalamus. 

4 5

5

2

2

3 31

a

c

b
1

8

8

mtt

Co

VA

R

VLa

VLp

VPM

VPLa

Pula

Pulm

Pull

VPLp

Pf

DM

CL

CM

6

6

7

7

4

Fig. 2.20 The vascularization of 
the thalamus: (a) lateral view; 
(b) view from above; (c) the 
arterial territories of the thalamus 
on the left and subdivision of the 
thalamic nuclei on the right. The 
vascular territory of the 
tuberothalamic artery is indicated 
in light grey, that of the 
paramedian artery in light red; 
that of the inferolateral artery is 
without colour and that of the 
posterior choroidal artery is 
indicated in red. The various 
vessels involved are: 1 internal 
carotid artery; 2 posterior 
communicating artery; 3 basilar 
artery; 4 tuberothalamic artery; 5 
 paramedian pedicle; 6 thala-
mogeniculate arteries; 7 
posterior choroidal artery; 
8 posterior cerebral artery. 
Abbreviations: CL, CM central 
lateral and centromedian nuclei; 
Co commissural nucleus; mtt 
mammillothalamic tract; Pula, 
Pull, Pulm anterior, lateral and 
medial nuclei of pulvinar; R 
reticular nucleus; VA ventral 
anterior nucleus; VLa, VLp 
anterior and posterior parts of 
ventral lateral nucleus; VPM 
ventroposterior medial nucleus; 
VPLa, VPLp anterior and 
posterior parts of ventroposterior 
lateral nucleus (after Percheron 
1976a, b; lazorthes et al. 1976)
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a b c

Fig. 2.21 MR imaging of a right thalamic stroke (a) due to occlusion of the P2 segment of the posterior cerebral artery (b, c). The medical 
history showed a left hemispheric stroke (a) due to occlusion of the middle cerebral artery (courtesy Ton van der Vliet, Groningen)

The lateral branches vascularize part of the lateral genicu-
late body, part of the dorsomedial nucleus and part of the 
pulvinar (Plets et al. 1970; Percheron 1977), i.e. the poste-
rior territory.
Various types of thalamic infarcts have been described by 

Bogousslavsky et al. (1988), Carrera et al. (2004), Carrera and 
Bogousslavsky (2006), van der Werf (2000) and Schmahmann 
(2003). The four arterial thalamic territories (anterior, para-
median, inferolateral and posterior) correspond clinically to 
four different syndromes (Bogousslavsky et al. 1988), of 
which several variant types appear to exist (Schmahmann 
2003; Carrera et al. 2004). An example is shown as Clinical 
case 2.8. Anterior or tuberothalamic territory strokes are 
characterized by impairments of arousal and orientation, 
learning and memory (see Chap. 14), personality and execu-
tive function. Paramedian infarcts cause decreased arousal, 

especially when the lesion is bilateral, and impaired learning 
and memory. Impairment of autobiographical memory and 
executive failure may result from lesions in either of these 
vascular territories. language deficits may result from left 
paramedian lesions and from left tuberothalamic lesions 
involving the ventrolateral nucleus. Right thalamic lesions in 
both these territories produce visuospatial deficits, such as 
hemispatial neglect. Inferolateral territory strokes lead to 
contralateral hemisensory loss, hemiparesis and hemiataxia, 
and pain syndromes that are more common after right thal-
amic lesions (see Chaps. 4 and 10). Posterolateral territory 
strokes produce visual field deficits, variable sensory loss, 
weakness, dystonia and tremor. The paramedian or interpe-
duncular artery is highly variable (Percheron 1976b). Its 
occlusion may result in several combinations of midbrain and 
small thalamic infarcts as shown in Clinical case 2.9.

Clinical Case 2.8 Thalamic Stroke

Case report: A 56-year-old male with a medical history of 
left hemispheric stroke (occlusion of the MCA), brain stem 
TIA and coronary heart disease was admitted to the hospi-
tal for dizziness and collapse, followed by  som nolence. 

Before admittance, he had a flu and diarrhoea. MRI showed 
a thalamic infarction on the right and occlusion of the P2 
segment of the right PCA (Fig. 2.21). Three months later, 
the patient complained only about fatigue and mild head-
ache, probably a tension-type headache.
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Clinical Case 2.9 Variants of Paramedian Artery Occlusion

The origin of the paramedian or interpeduncular artery 
from the P1 segment of the PCA is highly variable 
(Percheron 1976a, b; Schmahmann 2003). Here, three 
cases with small bilateral infarcts of the thalamus in com-
bination with midbrain infarcts are shown, all most likely 
due to occlusion of the paramedian artery.

Case report 1: A 39-year-old female developed double 
vision during a normal cycling tour. She also had a bitempo-
ral headache and could no longer bring her surroundings into 
focus. Her gait was uncertain but there were no other focal 
neurological signs or changes in consciousness or cognition. 
Her previous medical history was blank, apart from migraine. 
She used to smoke a few cigarettes every day. Several first-
grade family members had suffered from cardiovascular dis-
ease. On admission, she could walk unaided, and there was 
a divergent strabism of the left eye. Most prominent was a 
complete vertical gaze paresis. laboratory investigations 
showed hyperglycaemia with elevated HbA1c. MR imaging 
showed a small central ischaemic lesion in the rostral mid-
brain, typical for the Parinaud syndrome (see Clinical case 
6.6), and bithalamic lesions (Fig. 2.22a), compatible with 
occlusion of the interpeduncular artery.

Case report 2: A 69-year-old male presented with an 
invalidating right-sided tremor. He suffered a hypertensive 
lacunar stroke 4 months earlier that caused transient right 

hemiparesis and a left oculomotor palsy. Afterwards he 
gradually developed a coarse resting tremor of about 3 Hz. 
The tremor was drug resistant and within 1 year evolved 
into a more specific action and initiation tremor. Such a 
midbrain or Holmes tremor has been attributed to a dis-
ruption of the dopaminergic and cerebellar outflow systems 
(see Chap. 10). MRI showed a left-sided paramedian mid-
brain infarct (see Clinical case 10.6) and bilateral parame-
dian anterior thalamic involvement (Fig. 2.22b).

Case report 3: A 42-year-old male was admitted because 
he could not be woken up from his sleep. Circulatory and 
respiratory functions were entirely normal. There were 
no signs of intoxication and no focal neurological signs, 
apart from non-responsive pupils. In the course of the next 
days, he repeatedly opened his eyes but without talking or 
responding to common stimuli and with stretching on pain-
ful stimuli. Gradually, he developed an amnesic syndrome 
with severe inhibited “frontal lobe” behaviour for which 
he had to be admitted at a nursing home. He also showed 
selective downgaze palsy. The CT scan on admission and 
later MR images showed a bilateral paramedian thalamic 
infarct, which involved the reticular and centromedian 
nuclei (Fig. 2.22c). This case of akinetic mutism is further 
discussed in Clinical case 5.8. 

These cases were kindly supplied by Peter van Domburg 
(Department of Neurology, Orbis Medical Centre, Sitlard).
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a b

c

Fig. 2.22 Variants of paramedian artery occlusion, resulting in: (a) Parinaud syndrome; (b) a paramedian thalamic and midbrain infarct with 
a Holmes tremor; and (c) a bilateral paramedian thalamic infarct with akinetic mutism (courtesy Peter van Domburg, Sittard)
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Fig. 2.23 The vascularization of 
the cerebellum in ventral view. 
The arteries involved are 
numbered: 1 vertebral artery; 
2 anterior spinal artery; 
3 posterior inferior cerebellar 
artery; 4 basilar artery; 5 anterior 
inferior cerebellar artery; 
6 superior cerebellar artery; 
7 posterior cerebral artery; 
8 collicular artery;  
9 posteromedial choroidal artery; 
10 anterior choroidal artery; 
11, 12 anterolateral and lateral 
groups of pontine arteries; 
13 anteromedial group of 
 mesencephalic arteries; 
14 branches of the superior 
cerebellar artery; 15 branches of 
the anterior inferior cerebellar 
artery; 16 branches of the 
posterior inferior cerebellar 
artery (after Duvernoy 1995)

2.10  Arterial Supply of the Cerebellum

The cerebellum is vascularized by three long cerebellar arter-
ies (Amarenco and Hauw 1989, 1990a, b; Duvernoy 1995; 
Marinković et al. 1995; Tatu et al. 1996, 2001; Rhoton 2000; 
Figs. 2.23 and 2.24). The PICA usually gives rise to two 
branches and supplies the inferior vermis and the inferior 
and posterior surfaces of the cerebellar hemispheres. The 
AICA supplies the anterior surface of the lobulus simplex, 
the superior and inferior semilunar lobules, the flocculus and 
the middle cerebellar peduncle. The SCA divides into medial 
and lateral branches and supplies the superior halves of the 
cerebellar hemisphere and the vermis as well as the dentate 

nucleus (Dagcinar et al. 2007). The three long cerebellar 
arteries also participate in the vascularization of the brain 
stem (see Sect. 2.11). Many variations in the arterial territo-
ries have been described. The AICA is known to replace a 
hypoplastic PICA, taking over most of the anterior and infe-
rior parts of the cerebellar hemispheres (Heimans et al. 
1985). Cerebellar arteries may even arise from the internal 
carotid artery (Siqueira et al. 1993). Anastomoses of leptom-
eningeal arteries are less frequent in the cerebellar cortex 
than in the cerebral cortex (Duvernoy et al. 1983; Marinković 
et al. 1995). Amarenco and Hauw (1990a, b) described vari-
ous types of cerebellar infarction. A case due to a bleeding 
aneurysm of the SCA is shown as Clinical case 2.10.
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Fig. 2.24 The vascular territories of the cerebellum shown in four 
horizontal sections (a–d). The territory of the lateral branch of the pos-
terior inferior cerebellar artery is indicated in red, that of its medial 
branch in light red, that of the lateral and medial branches of the supe-
rior cerebellar artery in light grey and grey, respectively, whereas the 
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ISL inferior semilunar lobule; Nod nodulus; Pyr pyramid of vermis; SL 
simple lobule; SSL superior semilunar lobule; To tonsil; Tub tuber of 
vermis; Uv uvula (after Tatu et al. 1996, 2001)
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2.11  Arterial Supply of the Brain Stem

Since the pioneering studies of Duret (1873), Stopford (1916) 
and Foix and Hillemand (1925), and injection studies by, among 
many others, Gillilan (1964, 1969) and Stephens and Stilwell 
(1969), numerous classifications of the brain stem arteries have 
been proposed. Tatu et al. (1996) used that of lazorthes et al. 
(1976) with some modifications by Duvernoy (1978, 1995). 
According to their point of penetration into the parenchyma, the 
superficial brain stem arteries were divided into anterior (para-
median for Foix and Hillemand and others), lateral (or short 
circumferential) and posterior (or long circumferential) groups. 
Duvernoy (1978, 1995) subdivided the anterior group into 
anteromedial and anterolateral groups. Each of the antero-
medial, anterolateral, lateral and posterior groups supplies cor-
responding territories in the brain stem (Figs. 2.26 and 2.27):

(a)  Arterial groups to the medulla. (1) Anteromedial and 
anterolateral groups arising from the vertebral and ante-
rior spinal arteries; (2) a lateral group, including inferior 
rami from the PICA, middle rami from the VA and supe-
rior rami from the BA and the AICA; (3) a posterior 
group for the upper part of the posterior aspect of the 
medulla from the PICA and for the lower part from the 
posterior spinal artery.

(b)  Arterial groups to the pons. (1) Anteromedial and ante-
rolateral groups arising from the BA; (2) a lateral group 
arising from the AICA and the lateral pontine arteries; 
(3) a posterior group with medial and lateral branches 
arising from the SCA.

(c)  Arterial groups to the midbrain. Five arterial trunks 
contribute to the arterial groups for the midbrain: the 
SCA, the collicular artery, the posteromedial choroi-
dal artery, the PCA and the anterior choroidal artery. 

a cb

Fig. 2.25 CTA (a) of an unstable clip treatment of an aneurysm of the superior cerebellar artery, CT (b) of an ischaemic infarction in the middle 
and upper parts of the right cerebellum and MRI (c) after endovascular coiling of the aneurysm (courtesy Ton van der Vliet, Groningen)

Clinical Case 2.10 Cerebellar Infarction due  

to an Aneurysm of the SCA

Case report: A 56-year-old female with no medical his-
tory suddenly developed severe headache with nausea, 
vomiting and transient loss of consciousness. On admit-
tance, only severe headache was present. CT scan and CTA 
showed a subarachnoid bleeding indicating the presence of 
an intracranial aneurysm, although no vascular abnormali-
ties were found. Conventional angiography, however, 
showed a small dissecting aneurysm in the right SCA. 
Endovascular treatment was not possible. Surgery appeared 

to be difficult because a lot of calcification was present 
around the aneurysm, but an unstable clip was placed 
(Fig. 2.25a). One day after surgery, the patient had a rebleed 
and developed hemiataxia and dysarthria. CT imaging 
showed an ischaemic infarction in the middle and upper 
parts of the right cerebellum in the SCA territory 
(Fig. 2.25b). There was a distal occlusion of the SCA on 
angiography as well as an open proximal artery aneurysm. 
Therefore, the proximal SCA and the aneurysm were 
occluded by an endovascular coil (Fig. 2.25c). The patient 
made a good recovery with only slight ataxia and minimal 
dysarthria as residual defects.
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Fig. 2.26 The vascularization of (a) the upper and (b) the lower mes-
encephalon and (c) the upper pons in horizontal sections. At the left, the 
vascular territories are indicated: the anteromedial group (am) in light 
red, the anterolateral group (al) in red, lateral mesencephalic (lmes) and 
lateral pontine (lp) branches uncoloured and a posterior mesencephalic 
group (pmes) in light grey. At the right the main nuclei and fibre tracts 
are shown. The medial longitudinal facicle is indicated by dots. 
Abbreviations: als anterolateral system; bp brachium pontis; Cf cunei-
form nucleus; CI colliculus inferior; cp cerebral peduncle; CS collicu-
lus superior; csp corticospinal tract; ctt central tegmental tract; dbc 
decussation of brachium conjunctivum; ll lateral lemniscus; MGB 
medial geniculate body; ml medial lemniscus; mrV motor root of 
trigeminal nerve; nIII oculomotor nerve; nIV trochlear nerve; NRTP 
nucleus reticularis tegmenti pontis; PAG periaqueductal grey; pc ponto-
cerebellar fibres; PPN pedunculopontine nucleus; Rd nucleus raphes 
dorsalis; Rp nucleus raphes pontis; Rub nucleus ruber; rusp rubrospinal 
tract; SN substantia nigra; srV sensory root of trigeminal nerve; SV 
superior vestibular nucleus; tsp tectospinal tract; VTA ventral tegmental 
area; IV trochlear nucleus; Vm, Vme, Vpr motor, mesencephalic and 
principal sensory trigeminal nuclei; vsct ventral spinocerebellar tract 
(after Duvernoy 1995)

The anteromedial group is supplied only by the PCA 
(middle rami of the interpeduncular fossa). The collicu-
lar and the posteromedial choroidal arteries are the main 
sources for the anterolateral and lateral groups. The pos-
terior group is supplied by the SCA, the collicular artery 
and the posteromedial choroidal artery.

Arterial anastomoses exist for the leptomeningeal seg-
ments of the arteries, but rarely occur in deep structures. 
Many brain stem syndromes have been described (Chung and 
Caplan 2001; Hommel and Besson 2001; Norrving 2001). 
The vascularization of the brain stem depends on a great vari-
ety of individual penetrating arteries. Every single one of 
these arteries may become obstructed and give rise to lacunar 
infarctions. Minor infarction in general will be restricted to 
one half of the brain stem and results into so-called crossed 
symptomatology. At the level of the lesion, the function of 
the nucleus or the fibres of the cranial nerves involved may 
suffer at the same side of the head, whereas caudal to the 
level of the lesion the contralateral half may show the effects 
of the lesion of ascending or descending tracts. These syn-
dromes may be indicated as hemiplegia alternans or hemihy-
paesthesia alternans. The various dif ferent clinical pictures 
received eponymous designations. The more common brain 
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stem stroke syndromes are summarized in Table 2.2. Major 
infarction at the brain stem level, by for instance a BA throm-
bosis, may result in quadriplegia and a bulbar syndrome. If 
the dorsal tegmental structures are relatively spared, a situa-
tion of locked-in syndrome may persist.

The most common site for atherosclerosis of the intracra-
nial VA is its distal segment near the vertebrobasilar junction, 
after take-off of the PICA and lateral medullary penetrators. 
This may result in the lateral medullary (Wallenberg) syn-
drome and usually represents involvement of VA branches 
directly supplying the lateral medulla (see Clinical case 
2.11). In contrast, involvement of the PICA itself usually 

causes cerebellar rather than medullary infarction (Janzen 
et al. 1979; Norrving 2001). The lateral medullary syndrome 
manifests with a subset of the following symptoms and signs: 
vertigo, dysphagia, hoarseness, ipsilateral facial and contral-
ateral trunk and limb thermoanalgesia, ipsilateral oculosym-
pathetic dysfunction, ipsilateral limb ataxia, gait ataxia, 
nausea and vomiting. The medial medullary (Dejerine) syn-
drome is characterized by the triad of hemiplegia and loss of 
dorsal column sensation contralaterally and ipsilateral 
involvement of the tongue due to involvement of the corti-
cospinal tract in the pyramis, the medial lemniscus and the 
hypoglossal nerve or nucleus, respectively (see Chap. 4).
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Fig. 2.27 The vascularization of (a) the lower pons, 
(b) the upper medulla oblongata and (c) the lower 
medulla oblongata in horizontal sections. At the left, the 
vascular territories are indicated: the anteromedial group 
(am) in light red, the anterolateral group (al) in red, the 
lateral pontine (lp) and lateral medullary (lmed) branches 
uncoloured and the posterior medullary group (pmed) in 
light grey. At the right, the main nuclei and fibre tracts are 
shown. The medial longitudinal fascicle is indicated by 
dots. Abbreviations: als anterolateral system; Amb 
nucleus ambiguus; Arc arcuate nucleus; Cod, Cov dorsal 
and ventral cochlear nuclei; csp corticospinal tract; Cun 
cuneate nucleus; Cune external cuneate nucleus; dsct 
dorsal spinocerebellar tract; Fl flocculus; Gr gracile 
nucleus; icp inferior cerebellar peduncle; IO inferior 
olive; ml medial lemniscus; MV medial vestibular 
nucleus; nVII facial nerve; nVIII vestibulocochlear nerve; 
nX vagus nerve; nXII hypoglossal nerve; Ov oval nucleus; 
Rl lateral reticular nucleus; Rm nucleus raphes magnus; 
Sol nucleus of the solitary tract; vsct ventral 
 spinocerebellar tract; Vc, Vi, Vo caudal, interpolar and oral 
nuclei of spinal trigeminal nucleus; VI nucleus abducens; 
VII nucleus facialis; Xdm dorsal motor nucleus of vagus 
nerve; XII nucleus hypoglossus (after Duvernoy 1995)
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The BA gives off small paramedian and short circumfer-
ential arteries that supply the paramedian and lateral pon-
tine regions. These arteries may be affected by either 
microatheroma at their origins or lipohyalinosis along their 
length. Strokes from BA diseases are very variable (see 
Schmahmann et al. 2004) and can range from a small pen-
etrator disease to a large devastating syndrome with exten-
sive destruction of the brain stem from complete or almost 
complete basilar occlusion. The locked-in syndrome is 
observed after BA occlusion with extensive infarction of the 

main motor structures in the basis pontis, i.e. the corticospi-
nal and corticobulbar tracts and the pontine nuclei. The 
patients present with tetraparesis evolving to tetraplegia, 
pronounced dysphagia and anarthria. Eye movements are 
affected with bilateral horizontal gaze paresis. Vertical gaze 
and normal alertness are intact because of preservation of 
the rostral structures in the midbrain and pontine tegmen-
tum. Blinking may be spared and in these cases patients can 
communicate only with vertical eye movements or blinking 
of the eyes (see Chap. 5).

Table 2.2 Brain stem stroke syndromes (after various sources)

Artery involved CNS structures involved Ipsilateral clinical 
findings

Contralateral clinical 
findings

Eponym

Mesencephalon 1: anterome-
dial group of PCA

Central midbrain 
tegmentum 
Red nucleus
Oculomotor nerve

Oculomotor palsy Hemi-ataxia
Intention tremor
Hemiparesis
Staggering gait

Benedikt syndrome

Mesencephalon 2: pedicular 
branches from PCA, posterior 
communicating artery or 
posteromedial choroidal artery

Middle part of cerebral 
peduncle 
Oculomotor nerve

Oculomotor palsy
Pupillary mydriasis

Hemiparesis Weber syndrome

Mesencephalon 3: posterior 
group from SCA, collicular 
artery or posteromedial 
choroidal artery

Midbrain roof (corpora 
quadrigemina)

Paralysis of vertical 
eye movements

Paralysis of vertical eye 
movements

Parinaud syndrome

Pons 1: posterior group of 
arteries from SCA

Dorsal pontine tegmentum Abducens nerve palsy
Facial nerve palsy

Hemihypaesthesia Foville syndrome

Pons 2: lateral group from 
AICA

Dorsolateral pontine 
tegmentum

Facial nerve paralysis Hemiparesis Millard–Gubler syndrome

Pons 3: anteromedial arteries 
from basilar artery

Ventral pontine 
 tegmentum/basis pontis 
Corticospinal tract
Medial lemniscus
Medial longitudinal 
fascicle

Disturbances of eye 
movements
Internuclear 
ophthalmoplegia

Sensory disturbances
Ataxia
Hemiparesis,  
Clumsy hand

Raymond–Céstan 
syndrome
If large and bilateral: 
locked-in syndrome

Medulla oblongata 1: 
posterior (long circumferen-
tial) penetrators from vertebral 
artery or PICA

Dorsolateral quadrant of 
medulla including spinal 
trigeminal nucleus, 
spinothalamic tract, 
ambiguus nucleus, 
vestibular nuclei, dorsal 
motor nucleus of vagus, 
glossopharyngeal nerve 
and inferior cerebellar 
peduncle

Horner syndrome
Vocal cord paralysis 
with hoarseness
Paralysis of soft palate
Dysphagia
Vertigo, nausea
Trigeminal nerve 
involvement
Ipsilateral ataxia

Dissociated sensory 
disturbances

Wallenberg syndrome

Medulla oblongata 2: lateral 
(short circumferential) 
penetrators from PICA, 
vertebral artery or basilar 
artery

lateral part of medulla 
oblongata

Horner syndrome
Vocal cord paralysis
Paralysis of soft palate 
and posterior wall of 
pharynx
Hemi-ataxia

Hemiparesis
Hemihypaesthesia

Céstan–Chenais 
syndrome

Medulla oblongata 3: anterior 
penetrators from vertebral 
artery or anterior spinal artery

Medial part of medulla
Pyramid
Medial lemniscus
Hypoglossal nerve or 
nucleus

Tongue paresis Hemiparesis
Dorsal column sensory 
disturbances

Dejerine syndrome

Medulla oblongata 4: anterior 
penetrators from vertebral 
artery or anterior spinal artery

Ventral part of medulla 
including pyramid and 
hypoglossal nerve

Paralysis of tongue Hemiparesis Jackson syndrome
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Pontine syndromes reflect the particular structure 
affected, with a basic division between strokes that predom-
inantly affect the anterior pons and those that especially 
affect the pontine tegmentum (Chung and Caplan 2001; 
Schmahmann et al. 2004). Anterior pontine infarctions can 
manifest as classic lacunar syndromes with pure motor 
 hemiparesis (see Clinical case 2.12) or ataxic hemiparesis/ 
dysarthria-clumsy hand syndrome as a result of damage to 
the corticospinal tract and crossing pontocerebellar fibres. 
Strokes, which predominantly affect the pontine tegmen-
tum, manifest with a constellation of brain stem signs as a 
result of the involvement of the medial lemniscus, the medial 
longitudinal fascicle, the cerebellar peduncles, the abducens 
nucleus and the vestibular nuclei (see Chung and Caplan 
2001). The top-of-the-basilar syndrome (Caplan 1980) 
occurs when an embolic particle, either from the heart or 
from the proximal vertebral arteries, passes through the 
large-diameter BA and lodges in a vessel with a diameter 

equal to or less than that of the particle. This usually occurs 
at the distal segment, where the BA gives rise to both the 
SCAs and PCAs. The constellation of signs and symptoms 
of the resulting top-of-the-basilar syndrome may include: 
(1) infarction of the rostral midbrain (the superior collicu-
lus, the posterior commissure and the red nucleus), resulting 
in oculomotor abnormalities such as vertical gaze palsies, 
convergence retractive nystagmus, bilateral hyperconver-
gence and eyelid retraction (see Chap. 6); (2) involvement of 
more caudal parts of the midbrain, leading to damage of the 
oculomotor nucleus and its fascicles, and resulting in oculo-
motor palsy with bilateral ptosis, midposition and poorly 
reactive pupils, and internuclear ophthalmoparesis; (3) dam-
age to the ascending reticular activating system with conse-
quent somnolence or stupor (see Chap. 5). Some examples 
of occlusion of the paramedian artery, leading to restricted 
midbrain infarcts are shown in Clinical case 2.9 (see also 
Chap. 6).

Clinical Case 2.11 A Typical Wallenberg Syndrome

Case report: A 35-year-old male suddenly developed tem-
porary loss of consciousness with nausea and vomiting. 
After a few hours, he had a severe headache and hemipare-
sis of his right arm and leg. On neurological examination 
also right-sided ataxia and a deviation of the tongue to the 
left were noted. Since at the stroke unit of the hospital signs 
of respiratory insufficiency developed with a disability to 
cough, he was transferred to an intensive care unit. CTA 

showed occlusion of the right VA (Fig. 2.28a), leading to a 
partial Wallenberg syndrome (Fig. 2.28b). The patient was 
put on oral anticoagulants and received respiratory support. 
After a few days, his signs and symptoms improved. After 
a few weeks, he was discharged with a partial recovery and 
complete recanalization of the VA. However, on MRA his 
right PICA remained partially occluded (Fig. 2.28c). Five 
months later, the patient had a slight ataxia and a diplopia 
when looking to the right. He made a good recovery despite 
the severe underlying pathology.
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Fig. 2.28 CTA (a) of occlusion of the right vertebral artery, leading to a partial Wallenberg syndrome as shown with MRI (b). Complete reca-
nalization occurred after anticoagulant treatment (c) but the right PICA remained partially occluded (courtesy Ton van der Vliet, Groningen)

a b

c
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2.12  Arterial Supply of the Spinal Cord

The spinal cord is vascularized by three longitudinal spinal 
arteries that extend from the medulla oblongata to the conus 
medullaris: the anterior spinal artery in an anterior median 
position and the paired posterior spinal arteries placed poste-
rolaterally (lazorthes et al. 1973; Domisse 1975; Thron 1988, 
2002; Pattany et al. 2003; Fig. 2.30). All three channels are 
supplied by branches of the segmental, spinal arteries. The 
anterior spinal artery is formed by the union of two branches, 
one from each VA, and roughly supplies the anterior two-
thirds of the cord. The posterior spinal arteries stem from 
the VA or the PICA. In addition, the three spinal arteries are 
supplied by medullary or radicular arteries, which take 

their origin from the vertebral, intercostal and lumbar arteries. 
On an average, there are 8 anterior and 12 posterior “feeders” 
(Domisse 1975). A particular large anterior feeder, the great 
radicular artery (the artery of Adamkiewicz; Bowen et al. 
1996; Yamada et al. 2000; Nijenhuis et al. 2004, 2006; 
Nijenhuis 2007; Backes and Nijenhuis 2008), is often present 
on the left side, enters at thoracic levels 7–12 and may supply 
the entire lumbosacral spinal cord. From the longitudinal spi-
nal arteries, tiny branches enter the spinal cord. The artery of 
Adamkiewicz may be damaged during surgery for thoracoab-
dominal aorta aneurysms. Infarction of the spinal cord is 
uncommon compared to cerebral stroke, yet small infarcts in 
the spinal cord may have very disabling consequences 
(Cheshire et al. 1996; see Clinical case 2.13).

Clinical Case 2.12 lacunar Infarct of the Pons

Case report: A 70-year-old female, who was treated for 
diabetes and hypertension, was seen because of weakness 
of the right part of the body, involving the arm, the face 
and the leg uniformly (MRC grade 4/5 for distal mus-
cles). She only noted this when standing up from her bed 
at night for a toilet visit. There were no somatosensory, 
cerebellar or other brain stem signs. The right tendon 

reflexes were slightly elevated with a Babinski extensor 
response. There was some dysarthria because of weak-
ness of the right facial muscles. MRI showed an ischae-
mic lesion in the ventral part of the pons (Fig. 2.29). She 
recovered nearly completely in the course of a few 
weeks.

This case was kindly supplied by Peter van Domburg 
(Department of Neurology, Orbis Medical Centre, Sittard).

Fig. 2.29 Coronal (a) and axial (b) MRIs of a lacunar infarct of the pons (courtesy Peter van Domburg, Sittard)
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a b

Fig. 2.30 The vascularization of the spinal cord: (a) Postmortem spi-
nal cord specimen. The artery of Adamkiewicz (white arrow) and the 
anterior spinal artery (white arrow heads) are shown on the right and 
the anterior median vein (black arrowheads) and the great anterior 
radiculomedullary vein (black arrow) are shown on the right (from 
Bowen et al. 1996, with permission from the American Society of 

Neuroradiology); (b) microangiogram of a transverse section of the 
l2 segment (from Thron 1988). Branches (large arrow) of the anterior 
spinal artery reach central regions of the cord. Branches (arrowheads) 
of the posterior spinal artery supply the posterior columns and partici-
pate with anterior spinal branches (small arrow) in the supply of the 
dorsal horn

Clinical Case 2.13 Spinal Cord Infarction due to a Cervical 

Tumour

Case report: A 66-year-old male presented with a cervical 
tumour growing into the spinal canal and leading to compres-
sion of the spinal cord in the lower cervical and upper tho-
racic spine. On admittance, hemiparesis of first his right arm 

and later also his right leg was noted. Twenty-four hours 
later, a complete paralysis of both legs became evident, which 
gradually improved but did not disappear in the following 
days. MRI showed a spinal cord infarction at the level of 
C6-T1, probably caused by occlusion of one of the segmental 
radicular arteries by the growing tumour. MRIs made after 
decompressive surgery are shown in Fig. 2.31.
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2.13  Venous Drainage

The development of the human cranial venous system is 
summarized in Fig. 2.32. Padget (1957) distinguished vari-
ous venous stages. During venous stage 1, capital venous 
plexuses and the capital vein are forming (Fig. 2.32a). By 
venous stage 2, three relatively constant dural stems, ante-
rior, middle and posterior, are present draining into a pri-
mary head sinus (the capital or “head” vein) that is 
continuous with the anterior cardinal vein. During venous 
stages 3 and 4, the dural venous channels come to lie more 
laterally as the cerebral hemispheres and the cerebellar 
anlage expand and the otic vesicles enlarge (Fig. 2.32c). The 
head sinus and the primitive internal jugular vein also migrate 
laterally. By venous stage 5, the head sinus is replaced by a 
secondary anastomosis, the sigmoid sinus. Moreover, more 
cranially the primitive transverse sinus is formed. During 
venous stage 6, the external jugular system arises (Fig. 2.32d). 
Most parts of the brain, except for the medulla, drain into the 
junction of the sigmoid sinus with the primitive transverse 
sinus. Meanwhile, the Galenic system of intracerebral drain-
age emerges as the result of the accelerated growth of the 
ganglionic eminences. Subsequent venous changes depend 
largely upon the expansion of the cerebral and cerebellar 
hemispheres and the relatively late ossification of the skull 

(Fig. 2.32e, f). One of the most common malformations of 
the cerebral venous system is the vein of Galen malforma-
tion (see Clinical case 2.14).

The cerebral venous system comprises the superficial 
cerebral veins and the deep cerebral veins (Stephens and 
Stilwell 1969; lang 1985; Rhoton 2002c; Figs. 2.33 and 
2.34). These two venous systems are very richly anastomosed. 
The superficial cerebral veins drain the blood from the cere-
bral cortex and the subcortical white matter to the superior 
longitudinal sinus or the sinuses at the base of the brain. The 
deep cerebral veins drain the diencephalon, the basal gan-
glia, the deep white matter and the choroid plexuses into the 
internal cerebral veins and the great cerebral vein. Cerebral 
venous thrombosis usually affects the superior sagittal sinus, 
the lateral sinuses or the straight sinus (see Clinical cases 
2.15 and 2.16).

The superficial cerebral veins form an extensive, highly 
variable network in the pia mater and then converge to form 
larger confluents, which empty into the dural sinuses. 
Superficial veins on the lateral and medial aspects of the 
cerebral hemispheres drain into the superior sagittal sinus. 
Before the veins enter this sinus, there is usually a free seg-
ment of vein, 1 or 2 cm in length, in the subdural space. 
These free segments are called “anchor veins”. Some of the 
veins on the medial aspect of the cerebrum may drain into 
the inferior sagittal sinus. The veins on the basal aspect of 

Fig. 2.31 Sagittal (a) and axial (b) MRIs of a spinal cord infarction (courtesy Ton van der Vliet, Groningen)
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the cerebrum drain into the transverse sinus. The largest 
veins on the lateral surface of the cerebrum are the middle 
cerebral or superficial Sylvian vein, the superior anasto-
motic vein of Trolard and the inferior anastomotic vein of 
labbé. The superficial Sylvian vein courses in the lateral sul-
cus and ends in the sphenoparietal sinus, more seldom in the 
cavernous sinus. The vein of Trolard connects the veins 
along the Sylvian fissure with the superior sagittal sinus, 
whereas the vein of labbé connects the veins along the 
Sylvian fissure with the transverse sinus. One or two of these 
three veins may predominate (Rhoton 2002c).

The deep venous system of the cerebrum collects into 
channels that converge on the paired basal and internal cere-
bral veins and the unpaired great cerebral vein of Galen. The 
basal vein of Rosenthal begins at the medial aspect of the 
temporal pole, where it is formed by the union of the anterior 
cerebral vein, which accompanies the ACA, and the deep 
middle vein. The latter vein receives the insular veins from 
the insula and the inferior striate veins. The two basal veins 

course posteriorly around the cerebral peduncle towards the 
splenium of the corpus callosum, where they join the internal 
cerebral veins to form the unpaired great cerebral vein of 
Galen. The basal veins drain the optic chiasma, the optic 
tracts and the hypothalamus. The paired internal cerebral 
veins are found in the tela choroidea of the roof of the third 
ventricle, a folding of the pia mater known as the velum inter-
positum. They extend from the interventricular foramen of 
Monro over the thalamus to reach the upper part of the quad-
rigeminal cistern, where they form the great cerebral vein of 
Galen. This vein follows a concave upward course to end in 
the straight sinus (the sinus rectus). The following veins drain 
into the internal cerebral veins: (1) the thalamostriate vein, 
found in the groove between the caudate nucleus and the thal-
amus; (2) the choroidal vein, which drains the choroid plexus 
of the lateral ventricle and the adjacent parts of the hippocam-
pus; (3) the septal vein, which drains the  rostral portion of the 
corpus callosum and the septum  pellucidum and (4) the epi-
thalamic vein. Ventral parts of the diencephalon drain into the 
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Fig. 2.32 Development of the venous system of the human brain in 
embryonic stages 12 (a), 14 (b), 17 (c), 21 (d), the first fetal week (e) 
and in a neonate (f). Veins are in grey, early arteries in red. Abbreviations: 
a anterior capital plexus; ACV anterior cardinal vein; CavS cavernous 
sinus; CCV common cardinal vein; ev eye vesicle; fm foramen mag-
num; GVG great vein of Galen; ICV internal cerebral vein; IJV internal 

jugular vein; m, p middle and posterior capital plexuses; PHS primary 
head sinus; PTS primitive transverse sinus; RA right atrium; SagS sagit-
tal sinus; SCVs superior cerebral veins; SS sigmoid sinus; StrS straight 
sinus; SV sinus venosus; tent tentorial plexus; TeS tentorial sinus; TS 
transverse sinus; II second aortic branch; 1, 2, 3 pharyngeal arches 
(after Padget 1957; from ten Donkelaar and van der Vliet 2006)
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a b

Fig. 2.34 Venous drainage as shown in sagittal (a) and anteroposterior (b) MRAs (courtesy Ton van der Vliet, Groningen)
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Fig. 2.33 Overview of venous drainage. The various 
venous structures are indicated by numbers: 1 superior 
sagittal sinus; 2 superior cerebral veins; 3 inferior sagittal 
sinus; 4 straight sinus; 5 great cerebral vein; 6 internal 
cerebral vein; 7 superior thalamostriate vein; 8 superior 
choroid vein; 9 confluens sinuum; 10 transverse sinus; 
11 sigmoid sinus; 12 internal jugular vein; 13 cavernous 
sinus; 14 superior petrous sinus; 15 inferior petrous sinus; 
16 basal vein; 17 deep middle cerebral vein; 18 superfi-
cial middle cerebral vein (after ten Donkelaar et al. 2007)
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pial venous plexus of the interpeduncular region. As already 
mentioned above, the great cerebral vein of Galen is formed 
by the union of the paired internal cerebral veins and the 
paired basal veins. It further receives the paired occipital 
veins, which drain the medial aspect of the occipital and adja-
cent parietal lobes, and the posterior callosal vein, which 
drains the splenium of the corpus callosum and adjacent 
areas. The short great cerebral vein is located beneath the 
splenium and drains into the sinus rectus.

The venous drainage of the cerebellum includes veins on 
the superior, inferior and anterior cerebellar surfaces (Duvernoy 
1995). The veins of the superior and inferior cerebellar sur-
faces are the vermian and hemispheric veins. The superior 
vermian veins drain into the precentral and the great cerebral 
veins as well as into the confluens sinuum. The inferior verm-
ian veins drain into the confluens sinuum. The superior 
hemispheric veins reach the tentorium cerebelli and drain 
into the transverse and superior petrosal sinuses. The inferior 
hemispheric veins drain into the transverse sinus. The veins 

on the anterior cerebellar surface drain into the anterior cer-
ebellar vein, which via the superior petrosal vein drains into 
the superior petrosal sinus. The venous drainage of the brain 
stem has a pattern comparable to that of the arterial supply, 
although with many minor differences (see Duvernoy 1995).

The venous drainage of the spinal cord has a pattern 
comparable to that of the arterial supply. There are, however, 
three differences: (1) there are only two longitudinal spinal 
veins; one vein on the ventral side, the anterior spinal vein, 
in an anterior median position and one vein on the dorsal 
side, the posterior spinal vein, just superficial to the 
 posterior median sulcus; (2) the radicular veins, which con-
nect the spinal veins with the vertebral, posterior intercostal 
and lumbar veins are fewer in number than the correspond-
ing “arterial feeders” and (3) the radicular veins have also 
communications with the internal spinal venous plexus in 
the epidural space and the external spinal venous plexus on 
the external surface of the vertebrae that may be instrumental 
in the haematogeneous spreading of metastases.

Clinical Case 2.14 V. Galeni Magna Aneurysm

Case report: An à terme male neonate was delivered by 
 caesarian section and had starting problems and a decrease in 
his saturation 30 min after birth. There was a cardiac murmur, 
indicating a severe tricuspid insufficiency that was confirmed 
by ultrasound. In the following hours, he developed seizures 

that resolved spontaneously. Because of the respiratory insuf-
ficiency, he was intubated. Pulmonary hypertension and sys-
temic hypotension developed. MRI of the brain revealed a 
severe vein of Galen malformation of the choroid type 
(Fig. 2.35; red arrows). The huge AV shunting led to convul-
sions and systemic hypotension. The baby deteriorated rapidly 
and died because of circulatory and respiratory insufficiency.

a b

Fig. 2.35 Sagittal (a) and axial (b) MRIs of a severe vein of Galen malformation (courtesy Ton van der Vliet, Groningen)
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Clinical Case 2.15 Sagittal Sinus Thrombosis

Case report: A 24-year-old female with a history of colitis 
ulcerosa, thrombosis of the superior mesenteric artery, 
thrombosis of the hepatic veins, factor V leiden deficiency 
and the use of oral anticoagulants, was admitted for severe 
headache and decreased awareness. In the following hours, 
she developed a left-sided hemiparesis. The next day she 
became unconscious and showed signs of tonsillar hernia-
tion. CT and CTA showed haemorrhagic infarctions based 
on venous congestion as a result of sagittal sinus thrombo-
sis and thrombosis of the left transverse sinus as well 
(Fig. 2.36). This was confirmed by angiography during a 
failed attempt for local thrombolysis. The patient died 48 h 
after admittance.

b

c

a

Fig. 2.36 CTA (a) and angiography (c) of a sagittal sinus thrombosis 
resulting in haemorrhagic infarctions based on venous congestion 
(b) as shown in the CT (courtesy Ton van der Vliet, Nijmegen)

Clinical Case 2.16 Straight Sinus Thrombosis

Case report: A 39-year-old female was admitted after she 
woke up in a confused state. She could hardly talk anymore 
and wandered aimless in her house. She seemed to under-
stand instructions from her husband, however, who brought 
her to a hospital emergency department. The preceding 
days she had suffered from headache. Her medical history 
was unremarkable and there were no vascular risk factors, 
but her mother had, however, suffered from deep venous 
thrombosis a few times. She used contraceptive medication 
but did not smoke and was in good health. On clinical 

examination, there were no focal neurological signs and 
she just stared around without talking. laboratory investi-
gations were normal. An MRI showed bilateral oedema of 
the thalamus and the caudate nucleus (Fig. 2.37a). On 
MRA, there was no visible signal of the straight sinus 
(Fig. 2.37c), suggesting venous thrombosis. She was treated 
with low-molecular-weight heparin subcutaneously and 
recovered nearly completely in the course of a month with 
some residual disturbances in the left caudate nucleus 
(Fig. 2.37b) but again an open sinus rectus (Fig. 2.37d).

This case was kindly provided by Peter van Domburg 
(Department of Neurology, Orbis Medical Centre, Sittard).
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a b

c d

Fig. 2.37 MRIs and MRAs of a straight sinus thrombosis before (a, c) and after (b, d) anticoagulant treatment (courtesy Peter van Domburg, 
Sittard)
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3.1  Introduction

In this introductory chapter, techniques for studying brain cir-
cuitry are discussed. Many features of the fibre connections 
of the human brain and spinal cord have been elucidated by 
the analysis of normal preparations stained by the Weigert-
Pal and Klüver-Barrera techniques to demonstrate the myelin 
sheaths around axons of neurons (Sect. 3.2). Brain circuitry 
can be studied with these myelin-staining techniques, the 
classic degeneration techniques and the more recent tract-
tracing techniques (Sect. 3.3), with immunohistochemistry 
(Sect. 3.4) as well as with various electrophysiological tech-
niques (Sect. 3.5). The development of modern imaging tech-
niques such as positron emission tomography (PET) and 
functional magnetic resonance imaging (fMRI) has greatly 
improved our knowledge of the circuitry of the human central 
nervous system (CNS) (Sect. 3.6). New developments in MR 
imaging such as diffusion tensor imaging (DTI; “tractogra-
phy”) allow the visualization of the major fibre connections in 
the human CNS. These various techniques are illustrated with 
examples on the corticospinal tract.

3.2  Tissue-Staining Techniques

Much of the organization of the CNS can be studied at the 
microscopical level by using specific tissue-staining tech-
niques. Franz Nissl’s technique, involving the use of basic 
aniline dyes to stain sections fixed in alcohol, remains the rou-
tine technique for studying the cytoarchitecture of the CNS 
(Nissl 1885, 1894). Enzyme histochemistry and immunohis-
tochemistry allow a further, more functional subdivision of the 
CNS. Acetylcholinesterase-staining, for example, has demon-
strated the subdivision of the striatum into striosomes and 
matrix (Graybiel and Ragsdale 1978), whereas cytochrome 
oxidase and calcium-binding proteins have been used as mark-
ers in various sensory systems (see Sect. 3.4). The intraneural 
accumulation of lipofuscin pigment was used by Heiko Braak 
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to study the pigmentoarchitecture of the cerebral cortex (Braak 
1980). This technique has also been applied to subcortical 
structures such as the amygdala (Braak and Braak 1983) and 
the substantia nigra (Braak and Braak 1986; van Domburg and 
ten Donkelaar 1991).

The main fibre connections of the human CNS have been 
elucidated by staining the myelin sheaths around axons of 
neurons. Ever since Carl Weigert discovered that myelin 
treated in potassium dichromate stains bright red with acid 
fuchsin (Weigert 1884; Pal 1887), staining of myelin sheaths 
around axons has been of great value in neuroanatomical and 
neuropathological studies (Lowe and Cox 1990). Modifications 
of the Weigert-Pal technique are the procedures described 
by Loyez (1920), Weil (1928) and Woelcke (1942). These 
techniques, however, involve chromate treatment, which is 
incompatible with the use of cresylviolet counterstaining for 
the mapping of cell bodies. The discovery that Luxol Fast 
Blue (LFB) stains the myelin without requiring previous 
chromation of the sections was therefore of great value 
(Klüver and Barrera 1953).

The Klüver-Barrera technique combines the LFB stain 
with a cresylviolet staining of cell bodies and is the method 
of choice for the simultaneous visualization of neurons and 
myelinated fibres. Bürgel and collaborators used a modified 
Heidenhain–Woelcke technique for myelin to visualize long 
fibre tracts in the white matter of adult human brains (Bürgel 
et al. 1997, 1999, 2006; Rademacher et al. 2001, 2002). Their 
modification yields increased contrast between heavily and 
less heavily myelinated pathways, facilitating identification 
and tracing of single fibre tracts. Paul Flechsig identified sev-
eral fibre tracts in foetal and neonatal brains with silver 
impregnation techniques (Flechsig 1901, 1920). Since dur-
ing development myelination of fibre tracts starts at varying 
times, one can recognize those that have already developed a 
myelin sheath. Clear separation between fibre tracts disap-
pears when the process of myelination in the developing 
brain is completed. Unmyelinated fibres can be stained by 
various silver-impregnation techniques, introduced in 1904 
by Ramón y Cajal and Bielschowsky, independently of each 
other. Bodian’s (1936) modification of Bielschowsky’s tech-
nique has proved to be the method of choice. The Häggqvist 
technique for staining axons and their fibre sheaths has been 
used in particular by the Leiden group (Usunoff et al. 1997; 
Marani and Schoen 2005).

The morphology of individual neurons can be best studied 
with Golgi’s silver staining technique and with the more 
recent intracellular staining techniques. Camillo Golgi’s 
(1873) original (“slow”) method was to harden fresh tissue in 
potassium dichromate, followed by immersion in weak silver 
nitrate. In a later modification (Golgi 1875), osmium tetroxide 
and potassium dichromate were used for hardening the tissue 
(“rapid Golgi”). The value of the Golgi technique is that it 
reveals only a small number (5–10%) of the neurons in an 

area, but it impregnates these neurons with their dendrites in 
full detail (Ramón-Moliner 1970; Valverde 1970; Braak and 
Braak 1985), although less so their axons. Individual neurons 
can also be visualized with intracellular staining techniques. 
Introduced into a neuron by intracellular injection, such stains 
provide a means for correlating a neuron’s morphology with 
its physiological properties. Intracellular stains include fluo-
rescent dyes such as Lucifer Yellow (Stewart 1978) and light-
absorbing stains such as horseradish peroxidase (HRP) (Kitai 
and Bishop 1981) and biocytin (Horikawa and Armstrong 
1988). These stains can also be applied in fixed human brain 
slices (Buhl and Lübke 1988; Einstein 1988).

3.3  Tract-Tracing Techniques

3.3.1  Fibre Dissection

Much of our knowledge of the fibre connections of the human 
CNS comes from the classic studies of Vieussens, Vicq 
d’Azyr, Bell, Reil, Mayo, Rolando, Foville, Edinger, Dejerine, 
Flechsig, Meynert and many others who painstakingly exam-
ined fresh and later fixed brains and laid down the framework 
for the main circuits in the brain and spinal cord (see Clarke 
and O’Malley 1996, and Schmahmann and Pandya 2006 for 
reviews). With a special freezing and dissecting technique, 
Josef Klingler (1935; Ludwig and Klingler 1956, Klingler 
and Gloor 1960) demonstrated many tracts and fascicles of 
the human brain (Fig. 3.1). His fibre dissecting technique has 
been revitalized by Türe and co-workers to study the complex 
internal structure of the cerebral cortex (Türe et al. 1997, 
1999, 2000; see Chaps. 1 and 15).

Fig. 3.1 Klingler’s fibre dissection technique. In this preparation, the 
course of the corticospinal tract can be followed from the internal cap-
sule to the rostral spinal cord (from Ludwig and Klingler 1956; with 
permission from S. Karger, Basel)



1093.3 Tract-Tracing Techniques

3.3.2  The Classic Degeneration Techniques

Much of our present-day knowledge of the fibre connections 
of the human CNS has been obtained by analysis of the degen-
eration, which occurs following lesions in the nervous system. 
An English physician, Augustus Waller, is usually credited for 
first describing the process of anterograde (Wallerian) degen-
eration in the peripheral nervous system of frogs (Waller 
1850). The first person, however, to realize that anterograde 
degeneration could be used as a tracing technique was Ludwig 
Türck, a Viennese neurologist, who in the 1850s described his 
findings in autopsy material of humans who had suffered spi-
nal cord compression. In 1849, Türck published a preliminary 
report (Türck 1849; see Schmahmann et al. 1992; Clarke and 
O’Malley 1996). He suggested that the direction of conduc-
tion in spinal cord tracts could be predicted by tracing the 
presence of disease (so-called “compound granular cells”) 
along the severed tracts. Santiago Ramón y Cajal (1928) noted 
that peripheral axons that were transected seemed to dissolve 
and then to coalesce into droplets, which were highly sensitive 
to silver impregnation (degeneration argyrophylia). For a dis-
cussion of axon degeneration mechanisms and molecular 
aspects, see Griffin et al. (1995), Coleman (2005), Luo and 
O’Leary (2005) and Vargas and Barres (2007).

The changes in a neuron which follow transection of its 
axon are shown in Fig. 3.2. Effects confined to the parts of 
a damaged neuron distal to the lesion are called antero-
grade, those affecting the soma and axon proximal to the 
lesion retrograde. Changes in undamaged neurons con-
nected synaptically with the damaged one are transneu-
ronal or transsynaptic changes (Cowan 1970; Brodal 1981). 
If an axon is transected, its peripheral parts, including its 
terminal ramifications and boutons degenerate. The degen-
eration also affects the myelin sheaths of the transected 
fibres. The degenerating myelin sheaths can be demon-
strated with Vittorio Marchi’s technique (Marchi and Algeri 
1885). The Marchi technique is based on the phenomenon 
that degenerating myelin becomes impregnated by an osmic 
acid solution when it has previously been treated with 
potassium dichromate. These changes reach their maxi-
mum 10–20 days after the injury. Marion Smith showed 
that the Marchi method can also be used in the postmortem 
human brain and spinal cord for tracing degenerating fibres 
after intervals of up to 13 months after damage to the fibre 
tracts, including material fixed in formalin (Smith 1951, 
1956a, b; Smith et al. 1956). Although the Marchi tech-
nique has been widely used, by Peter Nathan and collabora-
tors in particular (Nathan and Smith 1982; Nathan et al. 

Fig. 3.2 The changes  
in a neuron which follow 
transection of its axon: (a) the 
normal situation; (b) the changes 
appearing some days after  
the lesion, central to the lesion 
(retrograde degeneration),  
and peripheral to it (anterograde 
degeneration); (c) transneuronal 
changes (after Brodal 1981)
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1990, 1996; Fig. 3.3), it has two important limitations: it 
cannot identify the terminal field of tracts, because axons 
lose their myelin sheaths before they terminate, and unmy-
elinated fibres, of course, cannot be traced in this way.

Paul Glees (1946) and Walle Nauta (1950; Nauta and Gygax 
1951, 1954) developed selective silver impregnation tech-

niques for staining terminal structures and unmyelinated fibres. 
Albrecht and Fernstrom (1959) modified the Nauta–Gygax 
technique for the human brain and spinal cord. Anterograde 
degeneration techniques have two major disadvantages. The 
techniques are useful mainly when a single tract or homoge-
neous group of neurons is selectively damaged. If fibres from 

Fig. 3.3 Marchi-staining of degenerating pyramidal tract fibres in a 69-year-old male, following an extensive infarct in the territory of the right 
middle cerebral artery, 17 days before death (kindly provided by the late Peter Nathan, London)
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other sources pass through the injured region, one cannot 
unequivocally identify the origin of a particular pathway. 
Furthermore, the terminal arborizations degenerate more rap-
idly than the axon itself. Among the numerous modifications of 
the Nauta technique, the two procedures described by Fink and 
Heimer (1967) appear to be the most widely used. With their 
techniques, the terminal boutons are usually clearly impreg-
nated. Electron microscopic studies of degenerating boutons 
can establish the synaptic relationship of fibre systems in great 
detail. Unfortunately, the Nauta technique or its modifications 
were not routinely applied in neuropathological studies, apart 
from those by pioneers such as Jaap Schoen (Schoen 1969). 
Most of his careful work on corticofugal projections, cerebellar 
connections, the trigeminal system and the medial lemniscus in 
the human brain was published after his death (see Voogd et al. 
1990; Usunoff et al. 1997; Marani and Schoen 2005). Some of 
his cases on somatosensory and motor projections are shown in 
Chaps. 4 and 9. For the human brain, the optimal survival time 
for using the Nauta method was found to be between 9 days 
and 5 months (Mesulam 1979; Miklossy et al. 1991). In cases 
with longer survival times – up to 20 months – the Nauta tech-
nique and a polarizing technique, showing birefringent break-
down products of myelin (Miklossy and Van der Loos 1991), 
may be used as complementary methods. Observations by 
Grafe and Leonard (1980) on degenerating axons are still visi-
ble with the Nauta method after survival times as long as six 
and 12 years could not be confirmed by others.

Anterograde transneuronal degeneration is most clearly 
seen in the visual pathway (Le Gros Clark and Penman 1934; 
Glees and Le Gros Clark 1941; Matthews et al. 1960; 
Cowan 1970). Selective lesions of the monkey retina result in 

degeneration not only of the nerve fibres of the injured retinal 
ganglion cells coursing to the lateral geniculate body, but also 
of the geniculate neurons with which these fibres form syn-
apses. The same appears to be the case in humans (Kupfer 
1965; Brodal 1981; see Fig. 3.4 and Clinical case 8.4). 
Recently, Boucard (2006; Boucard et al. 2009) showed that 
long-standing retinal visual field defects may result in retino-
topic-specific neuronal degeneration of the visual cortex. 
Lesions of the hippocampus or of the fornix result in ipsilat-
eral anterograde atrophy of the mammillary body (see Clinical 
case 14.4). Atrophy of the pontine nuclei following long-
standing lesions of the cerebral cortex, the internal capsule or 
the cerebral peduncle with damage to the corticopontine fibres 
is frequently observed and can also be interpreted as examples 
of transneuronal degeneration (Masuda 1914; Beck 1950; 
Brodal 1981). Atrophy of intrinsic hand muscles after parietal 
lesions may also be viewed as transneuronal (Op de Coul 
1970; see Clinical case 9.4).

The retrograde changes that occur in the perikaryon of a 
cell after injury have been of great value for studying the site 
of origin of connections of the nervous system. The typical 
retrograde changes include (Fig. 3.5): (1) an obvious dissolu-
tion of the large Nissl bodies (chromatolysis) – in certain cells 
a residual amount of Nissl substance remains, largely confined 
to a narrow peripheral zone (Lieberman 1971); (2) swelling of 
the perikaryon and (3) a peripheral displacement (eccentricity) 
of the nucleus. These changes were described as “primäre 
Reizung” by Nissl (1892, 1894) or as “réaction à distance” by 
Marinesco (1898). Early changes after severance of the axon 
can vary considerably in intensity. Usually, they are clearer in 
very young animals than in adults (von Gudden 1870; Brodal 

Fig. 3.4 An example of anterograde transneuronal degeneration in the 
lateral geniculate body (LGB; courtesy Akira Hori, Toyohashi, Japan). 
In (a), 8 years after enucleation no obvious transneuronal degeneration 
was found, whereas in (b) a case with an interval of 45 years between 

enucleation, laminar loss was observed in the second, third and fifth 
layers of the ipsilateral LGB and in the first, fourth and sixth layers of 
the contralateral LGB (for further discussion, see Clinical case 8.4)
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1939, 1940). Another limitation of retrograde degeneration 
techniques lies in the apparent resistance of a neuron to sever-
ance of its axon if collateral branches are present proximal to 
the site of the lesion. These collaterals are thought to be capa-
ble of protecting the cell against the harmful effect of losing a 
substantial portion of its cytoplasm (Ramón y Cajal 1928; 
Cragg 1970; Lieberman 1971). Retrograde transneuronal 
degeneration, such as the late occurrence of optic atrophy in 
patients with damage to the visual cortex, may be the result of 
secondary degeneration of retinal ganglion cells after degen-
eration of the lateral geniculate body (Walsh 1947; Haddock 
and Berlin 1950; Van Buren 1963a, b).

3.3.3  Modern Tract-Tracing Techniques

The limitations inherent to the anterograde and retrograde 
degeneration techniques were mostly solved with the intro-
duction of the axonal transport techniques. Axonal trans-
port is a complex bidirectional process that involves many 
motor proteins (Hirokawa and Takemura 2005). Although 
used in animal research in particular, some of these tech-
niques can be applied in postmortem human material as well. 
The axonal transport techniques depend on the physiological 
activity of neurons. Weiss and Hiscoe (1948) first demon-
strated the phenomenon of axonal transport. Following liga-
tion of a peripheral nerve, “damming” of axoplasm was 
found proximal to the constriction (Fig. 3.6a). Neurons con-
tinuously produce proteins and other materials and transport 
them at a rate of about 1 mm/day to their terminals. This 
phenomenon was employed in the autoradiographic tech-
nique, making use of tritiated amino acids (Lasek et al. 1968; 
Hendrickson 1969; Cowan et al. 1972). Lubínska (1964) 

demonstrated the presence of retrograde transport in axons, 
whereas Ochs and Burger’s (1958) studies with labelled 
amino acids led to the discovery of the fast phase of antero-
grade axonal transport (Fig. 3.6b). Membranous organelles 
are transported by fast axonal transport, whereas cytosolic 
and cytoskeletal proteins are transported by slow axonal 
transport (Fig. 3.6c). Anterograde tracing techniques making 
use of plant lectins and bacterial toxins (Trojanowski et al. 
1982; Sawchenko and Gerfen 1985) and of the more recently 
introduced fluorescent or biotinylated dextran amines such 
as FDA and BDA (Glover et al. 1986; Nance and Burns 
1990; Schmued et al. 1990; Veenman et al. 1992) have con-
siderable advantages over the previously used autoradio-
graphic techniques. BDA has been shown to be an effective 
anterograde pathway tracer, which can easily be combined 
with immunohistochemistry (Veenman et al. 1992).

The introduction of HRP as a retrograde tracer (Kristensson 
and Olsson 1971; LaVail and LaVail 1972) has greatly accel-
erated and improved our understanding of connectivity in the 
vertebrate nervous system. HRP was first used for retrograde 
mapping of long-distance neuronal projections, but it can 
also be used as an effective anterograde tracer and as an 
intracellular marker. Moreover, it can be applied in postmor-
tem human material (Beach and McGeer 1987, 1988). 
Limitations, however, are the difficulty of combining HRP 
with other tracers for double-labelling studies, and its limited 
use in in vitro studies. Therefore, Hans Kuypers introduced 
fluorescent molecules, such as Fast Blue and Nuclear Yellow 
as retrograde tracers (Kuypers et al. 1980). Fluorescent dex-
tran amines and lipophilic carbocyanine tracers such as DiI 
and DiO, originally developed to study cell lineage (Gimlich 
and Braun 1985) and as markers in cell cultures (Honig and 
Hume 1986), respectively, are now widely used as neuronal 
tracers (Fig. 3.7). Carbocyanine dyes can also be used to 
label axonal projections in fixed tissue (Godement et al. 
1987; Mufson et al. 1990) and in in vitro preparations (Glover 
et al. 1986; Luksch et al. 1996).

Tracing chains of neurons requires the use of transneu-
ronal tracers, which are transferred between connected neu-
rons (Fig. 3.7). Transneuronal labelling can be obtained 
with tetanus toxin fragments (Schwab and Thoenen 1976), 
wheat germ agglutinin (WGA; Ruda and Coulter 1982) and 
the WGA-HRP conjugate (Harrison et al. 1984). However, 
such transneuronal labelling is relatively weak and can be 
detected only in some of the synaptically connected neurons. 
Live neurotropic viruses such as herpes simplex virus type 1 
and herpes virus suis (pseudorabies) appeared to be more 
powerful tools for demonstrating neuronal connections across 
synapses, for example between peripheral nerves and neu-
rons in the brain (Ugolini et al. 1987; Kuypers and Ugolini 
1990; Strack and Loewy 1990; Blessing et al. 1994; Graf 
et al. 2002; Callaway 2008; Fig. 3.8). These viruses are 
 replicated in recipient neurons after transneuronal labelling. 

Fig. 3.5 Example of chromatolysis of motoneurons in the sacral spinal 
cord in a case of Guillain–Barré syndrome (courtesy Mari Yoshida, 
Aichi Medical University, Aichi, Japan)
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In juvenile cebus monkeys (Cebus apella), Peter Strick and 
collaborators used retrograde transneuronal transport of her-
pes simplex virus type 1 to reveal the organization of the out-
put of the basal ganglia and the cerebellum to the primary 
motor cortex (Hoover and Strick 1999; Kelly and Strick 2000, 
2003, 2004; Fig. 3.9; see Chaps. 10 and 11). After 2–3 days, 
the first-order projection neurons in the motor thalamus were 
demonstrated, after 4–5 days the second-order projection 
neurons in localized regions of the output nuclei in the basal 
ganglia, the internal segment of the globus pallidus in particu-
lar, and after 1 week the third-order projection neurons in the 
putamen and external segment of the globus pallidus. A simi-
lar sequence was found for cerebellar projections.

The role of axonal and transneuronal transport in the 
transmission of neurological disease has been discussed 
(Griffin et al. 1995; Luo and O’Leary 2005) and a potential 

role has been suggested in systems degenerations such as 
Parkinson disease and Alzheimer disease (Saper et al. 1987; 
Braak and Braak 1991; Braak et al. 1997, 2003; Su et al. 
1997; Tsai et al. 2004; Roy et al. 2005; see Chaps. 11 and 14, 
respectively). Synapses appear to constitute primary patho-
logical targets in a wide range of neurodegenerative diseases 
(Wishart et al. 2006). Spires-Jones et al. (2009) presented a 
putative model of cell-death pathways and disruption of neu-
ronal circuits in tauopathies (see Chap. 15).

3.4  Immunohistochemical Techniques

Immunohistochemical techniques are used for the light- 
and electron microscopic identification of chemically distinct 
neurons within the CNS. Two standard immunohistochemical 

Fig. 3.6 Axonal transport 
mechanisms: (a) Weiss and 
Hiscoe’s (1948) first demonstra-
tion of the axonal transport 
phenomenon; (b) the mechanism 
for fast anterograde and 
retrograde transport; (c) the 
mechanism for slow anterograde 
transport (b and c based on 
Lasek and Katz 1987, and 
Hammerschlag et al. 1994)
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techniques have proved successful for light- as well as elec-
tron microscopy, i.e. the peroxidase-anti-peroxidase tech-
nique (Sternberger 1979) and the avidin-biotin-peroxidase 
technique (Hsu et al. 1981). With antibodies directed against 
neurotransmitters (or their synthesising enzymes) or against 
neuropeptides, it is possible to characterize those neurons 
expressing the transmitter or peptide, to analyze their synaptic 
input and to study their efferent projections. Descriptions of 
the techniques involved and the underlying problems can be 
found in various handbooks (Björklund and Hökfelt 1983; 

Cuello 1983, 1993; Steinbusch 1987) and in a large number of 
manuals. The distribution in the CNS of monoamines, other 
neurotransmitters such as GABA and glycine, and of various 
peptides and calcium-binding proteins has been extensively 
described in the various volumes of the Handbook of Chemical 
Neuroanatomy (Elsevier, Amsterdam), particularly for mam-
mals. The distribution of calcium-binding proteins such as 
parvalbumin, calbindin D-28K and calretinin has been used to 
further characterize and delimit subterritories of various parts 
of the human brain such as the thalamus (Morel et al. 1997) 
and the basal ganglia (Holt et al. 1997; Karachi et al. 2002; 
Morel et al. 2002; Morel 2007; see Chap. 11). The distribution 
patterns of neurotransmitter receptors can be assessed 
using quantitative in vitro receptor autoradiography. This 
technique is based on the binding of radioactively labelled 
ligands selective for binding sites of a receptor type or sub-
type, and subsequent analysis of binding site densities. 
Receptor autoradiography has been used to study the 
regional and laminar distribution patterns of neurotransmitter 
receptor types and subtypes in the human cerebral cortex 
(Zilles 1995; Geyer et al. 1996, 1997; Zilles et al. 2002, 2004; 
Geyer 2004).

3.5  Electrophysiological Techniques

Anatomists are on their way to reveal the seemingly endless 
varieties and intricacies of neuronal structure and interconnec-
tions. Electrophysiological techniques had to be developed to 
intercept and analyze the electric signals functionally connect-
ing nerve cells, connecting nerve cells with sensory input and 
being part of output units such as the motor unit. As early as 
1850, Hermann von Helmholtz recorded the conducted action 
potential from the exterior of muscle, and this era culminated 
in the detailed studies of Erlanger and Gasser (1937) and their 
collaborators on conduction in peripheral nerve bundles. Hans 
Berger (1929) detected electrical signals measuring 10–100 mV 
from the human scalp, the birth of electroencephalography 
(EEG), still a widely employed clinical tool and more recently 
an increasingly popular neuroscientific tool. Because electri-
cal currents generate magnetic fields, the development of the 
Josephson junction in superconductivity allowed the record-
ing of very small magnetic fields from active brain structures. 
Among others, this led to the method known as magne-
toencephalography (MEG), pioneered by David Cohen who 
reported the magnetic alpha rhythm with a single channel 
induction coil magnetometer (Cohen 1968).

In 1951, Dawson introduced a summation and averaging 
technique for detecting small signals induced by a sensory 
stimulus (Dawson 1951). Since then, the measurements of 
evoked potentials (EPs) and evoked magnetic fields represent 
powerful non-invasive electrophysiological techniques for 
evaluating the integrity of human sensory processing systems 

Fig. 3.7 Modern tract-tracing techniques: (a) anterograde transport 
from uptake sites in neuronal soma (e.g., isotopically labelled amino 
acids, lectins, BDA); (b) retrograde transport from terminal uptake sites 
(e.g., HRP); (c) multiple labelling technique to show axonal collateral-
ization with fluorescent tracers; (d) retrograde labelling of membranes 
by externally applied lipophilic dyes such as DiI; (e) retrograde 
transneuronal transport of WGA-HRP; (f) retrograde transneuronal 
transport of neurotropic viruses such as HSV1 (based on Kuypers and 
Ugolini 1990, and other sources)
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(Baumgartner et al. 1991; Chiappa 1997; Dumitru et al. 2002). 
The introduction of transcranial electrical stimulation of the 
cerebral cortex (Merton and Morton 1980) and the painless 
alternative transcranial magnetic stimulation (TMS; Barker 
et al. 1985) provided two non-invasive techniques to study 
the output circuitry of the motor system. TMS is now widely 
used both experimentally and clinically to measure the con-
duction velocity and spatial characteristics of central motor 
pathways (Rothwell 1997; Cheney 2002; Pascual-Leone and 
Walsh 2002; Sack 2006; Edwards et al. 2008). Recent techni-
cal developments made that the TMS technique can offer 

repetitive stimulation protocols to induce modulations of cor-
tical excitability. This development has led to potential thera-
peutic applications (Wassermann and Lisbanby 2001).

3.5.1  EEG and MEG

Magnetoencephalography (MEG) as well as EEG allows 
real-time, direct assessment of brain electrophysiology. MEG 
is an important complement to other imaging techniques and 
has certain advantages over EEG (Hari 1993; Hämäläinen 
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and Hari 2002). In particular, neuromagnetic signals pene-
trate the skull and the scalp without the significant distortion 
(“blurring”) caused by the high impedance of the skull for 
electric currents. For both MEG and EEG, mathematical 
analyses of the spatial pattern of the potential field or the 
neuromagnetic field can offer spatial localization of neurons 
responsible for generating these fields. In that respect, the 
spatial resolution of MEG is higher than that of EEG, 
although EEG also has its specific advantages (Darvas et al. 
2004; Srinivasan et al. 2006). MEG and EEG sources are 
usually modelled as a number of equivalent current dipoles. 
Despite various disadvantages of both EEG and MEG, 
related to the spatial ambiguity of the signal generators, in 
the time domain both techniques deliver an instant reflection 
of the ongoing neurophysiological processes with a virtually 
unlimited bandwidth.

In modern MEG equipment, data are gathered using a 
biomagnetometer made up of wire induction coils arranged 
in an array covering the entire head (Hämäläinen et al. 1993). 
The magnetic fields produced by neural activity induce elec-
tric currents in these coils and can be used to reconstruct an 
image of the distribution of evoked neural electrical activity 
of brain-function in real time. Since the electrical current 
generated by the magnetic field is very small, superconduc-
tors together with the Josephson junctions must be used to 
overcome the impedance of the recording wire and to quan-
tify the magnetic field strength. MEG has been successfully 
used for studies on the somatosensory homunculus (Hari 
et al. 1993; Nakamura et al. 1998; Hämäläinen and Hari 
2002; see Chap. 4). When MEG is used for functional 
 mapping, a stimulus task has to be presented multiple times. 

The resulting evoked neuromagnetic field signals are aver-
aged over up to hundreds of trials to separate the signal pro-
duced by a focal population of active neurons from 
background activity (Pizzella and Romani 1990; Hari 1993). 
Since MEG scanners are very expensive, their use is restricted 
to research centres and most studies on electric brain sources 
are based on EEG studies. In neurosurgery, MEG is used for 
the presurgical localization of key cortical areas such as the 
somatosensory and motor cortices (Mäkelä et al. 2001), lan-
guage localization (Papanicolaou et al. 2004) and epileptic 
foci (Mäkelä et al. 2006).

3.5.2  Evoked Potentials

For each of the three major sensory modalities – somatosen-
sation, vision and audition – associated evoked responses, 
derived from the EEG signal, are characterized by a series of 
specific positive and negative deflections of which the latency 
and amplitude of particular waveform peaks are relatively 
invariant across normal subjects.

Short-latency somatosensory-evoked potentials (SEPs) 
with latencies less than 100 ms can be used to confirm lesions 
in the somatosensory system (Dumitru et al. 2002). The com-
ponents of the so-called middle and long-latency EPs have a 
complex neurodynamical background, which places them 
beyond the scope of this chapter. After applying painless 
electrical stimuli, for instance 5-per-second, over the median 
nerve, the EPs are recorded over Erb’s point above the clavi-
cle (Fig. 3.10), over the C2 spine and over the contralateral 
parietal cortex. For the lower limb, such stimuli are applied to 
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the peroneal or tibial nerves and EPs are recorded over the 
lumbar and cervival spines as well as over the contralateral 
parietal cortex. The impulses generated in large-diameter 
touch fibres can be traced through the peripheral nerves, spi-
nal roots and posterior columns to the dorsal column nuclei. 
From here via the medial lemniscus to the contralateral thala-
mus, and subsequently to the somatosensory cortex in the 
parietal lobe. Delay between the stimulus site and Erb’s point 
or the lumbar spine to C2 implies an abnormality in the 
appropriate nerve roots or in the posterior column. The pres-
ence of lesions in the medial lemniscus and the thalamopari-
etal pathway can be inferred from delays of subsequent waves 
recorded from the somatosensory cortex. Woolsey et al. 
(1979) used direct recording of EPs to map the somatosen-
sory areas of the human cerebral cortex (see Chap. 4).

A clear example of a nerve propagation blockade between 
subcortical and cortical structures, caused by lacunar infarcts, 
is given in Franssen et al. (1992; Fig. 3.11a, b). By well-
chosen dense electrode placement, it is possible to identify 
the generating structures of many of the somatosensory sig-
nal generators (Emerson et al. 1984; Fig. 3.11c). Some of 
these EP “generators” are not related to the neural circuitry 
per se, but rather caused by external, mostly anatomical, fac-
tors such as, for instance the passage of propagating neural 
activity through high impedance bony structures (Stegeman 
et al. 1997).

3.5.3  Transcranial Electrical and Magnetic 
Stimulation

The development of techniques to stimulate the motor cortex 
through the intact scalp and skull allows studies of corti-
cospinal tract function in intact co-operative human sub-
jects, and has led to new diagnostic and even therapeutic 

procedures. In awake subjects, almost exclusively magnetic 
stimulation is now used to stimulate transcranially. The dis-
comfort is minimal compared to that caused by electrical 
stimulation. In TMS, a current is discharged into an electro-
magnetic coil held over the cranium (Fig. 3.12a). This dis-
charge creates a magnetic field that induces an electric field 
in opposite direction to the coil current. The field is con-
ducted through the living tissues of the skin and cranium and 
produces an electric current in the cortex. TMS activates a 
mixture of neurons beneath the coil. Most of our knowledge 
of the action of TMS on the human cerebral cortex comes 
from studies of the primary motor cortex (Day et al. 1989a, 
b; Rothwell et al. 1991; Rothwell 1997; Pascual-Leone and 
Walsh 2002; Pierrot-Deseilligny and Burke 2005; see 
Chap. 9). Here, stimulation evokes activity in muscles on the 
opposite side of the body which can be measured with elec-
trophysiological techniques. This may apply to mass muscu-
lar responses recorded with surface electrodes known as 
motor evoked potentials (MEPs), but can also apply to more 
detailed studies of firing single motor units recorded with 
intramuscular needle or wire electrodes (Fig. 3.12b). Studies 
in monkeys and humans in which the descending corticospi-
nal volley was directly recorded from the dorsolateral fascicle 
of the spinal cord showed that TMS elicits a D-wave corre-
sponding to direct activation of corticospinal neurons 
(Amassian et al. 1990, 1992; Edgley et al. 1990; Thompson 
et al. 1991; Houlden et al. 1999). With increasing intensities 
of stimulation, I-waves are also evoked corresponding with 
transsynaptic activation of corticospinal neurons. The I-waves 
are followed by a longer (100–200 ms) period in which activ-
ity is suppressed. This is probably due to long-lasting GABA-
mediated inhibitory input that follows the initial discharge 
(Werhahn et al. 1999; Ziemann 2003) and suppresses ongo-
ing voluntary activity in the EMG. In mapping experiments, 
TMS has been used to evoke EMG potentials in various 
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 muscles (Wassermann et al. 1992). In Fig. 3.13 maps of 
motor-evoked potential amplitudes are shown for four arm 
muscles in one subject. By contrast, stimulation of most other 
parts of the cerebral cortex, at least with single pulses, has no 
obvious effects. The only exception is the visual cortex, stim-
ulation of which can elicit bright spots of light (phosphenes) 
in the visual field.

With single TMS pulses up to the maximal equipment 
output, it is possible to activate virtually all central and upper 
motoneurons. This has been concluded from a special tech-
nique, called triple stimulation technique (TST; Magistris 
et al. 1998). This technique uses peripheral conduction colli-
sions by combining TMS of the motor cortex and peripheral 
stimulation. This results in a higher sensitivity in detecting 
corticospinal problems (Magistris et al. 1999; Fig. 3.14). 
This appears to be a valuable tool in the diagnosis of amyo-
trophic lateral sclerosis (ALS) (Kleine et al. 2009).

Repetitive TMS (rTMS) can be used not only as a “vir-
tual brain lesion” technique (Pascual-Leone et al. 1999; 
Edwards et al. 2008), but also has its potential in therapeutic 
applications (Wassermann and Lisbanby 2001). A problem 
with rTMS is the large variety of available stimulation 
parameters. With lack of a detailed understanding of the 
mechanisms involved, optimizing stimulation protocols is a 
difficult task. Nevertheless, based on arguments including 
the importance of a brain rhythm, recently a new class of 
protocols, theta burst stimulation (TBS), was introduced. 
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Fig. 3.11 Examples of pathological SEPs: (a) At the left, the topogra-
phy over the scalp of SEP components N20/P20 and P25, respectively; 
and at the right a schematic visualization of the tangential (T) and the 
radial (R) source components of the SEP in a section through the hand 
area (postcentral at the left, Brodmann areas 3b and 1, respectively). 
The tangential source causes the N20/P20 component, the radial source 
causes the slightly later P25 component (after Franssen et al. 1992). (b) 
Example of the result of a source characterization study of the earliest 
SEP components of a patient with a unilateral infarct located in thal-
amocortical radiation. B denotes the temporal profile of a source located 
in the brain stem. At the non-affected side, there is a normal presence of 
the T and R components, responsible for N20/P20 and P25, respectively 
(latencies at the arrows), whereas at the affected side both components 
appear to be completely absent. The brain stem component, responsible 
for SEP component P14, is present at both sides. (c) A left median 
nerve, SEP recorded from electrodes over the midline of the dorsal 
(SC5-7) and ventral (I–III) cervical spine. The dotted line shows that 
the cervically generated N13 is synchronous with the P13 at the oppo-
site side. A dorsal column volley (DCV) is apparent in both ventral and 
dorsal electrodes, although it tends to merge with the cervical N13. The 
lower trace shows the volley arriving earlier at Erb’s point (a, b after 
Franssen et al. 1992; c after Emerson et al. 1984)
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It showed faster and longer lasting effects than the already 
existing rTMS protocols (Huang et al. 2005). That the com-
plex anatomical and functional structure of the central and 
peripheral motor systems and their interaction may lead to an 
oversimplifistic interpretation of TMS motor effects has 
recently been pointed out by Burke and Pierrot-Deseilligny 
(2010).

3.5.4  Electrophysiological Methods  
for Mapping Brain Motor  
and Sensory Circuits

Electrophysiological recording methods provide the greatest 
resolution for mapping the localization of function within the 
brain because such maps can use single neurons as their basis 

Fig. 3.12 (a) Transcranial magnetic stimulation follows Faraday’s prin-
ciple of electromagnetic induction. A short electric current in the stimula-
tion coil (top) produces a magnetic field (1–4 Tesla, large vertical arrows). 
This changing magnetic field induces an electric current in nearby con-
ductors, including human (brain) tissue. TMS is painless. The advantage 
of using a magnetic over an electric field for stimulation lies in the pres-
ence of the high impedance of the skull. High painful transcranial voltages 
are needed to reach sufficient current density in direct electric stimulation 

of the brain tissue. The skull is transparent for the magnetic field. (b) The 
magnetically induced current may directly excite corticospinal neurons. 
(c) The descending volleys to motoneurons can be detected as motor-
evoked potentials in the muscle using surface EMG electrodes (MEPs; 
left), but also as single spinal motoneuron firings detected as motor unit 
potentials by an intramuscular needle electrode (right). Thereby, it appears 
that the motor units that are first stimulated are also among the first ones 
that are recruited by voluntary effort (b, c adapted from Mills 1991)
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Fig. 3.13 Maps of motor-
evoked potential amplitudes for 
four muscles in one subject. 
Squares represent stimulation 
sites located 1 cm apart on the 
scalp. Shading indicates the 
magnitude of the motor-evoked 
potential over three trials and 
espressed as a percentage of the 
maximal compound motor action 
potential evoked by peripheral 
nerve stimulation. Maps for 
proximal muscles (deltoid and 
biceps) show lower amplitudes 
and fewer excitable positions 
than those for two distal muscles, 
the flexor carpi radialis (FCR) 
and the abductor pollicis brevis 
(APB; adapted from Wassermann 
et al. 1992)
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Fig. 3.14 Triple stimulation (TST) using an elegant paradigm based on 
collision of responses from TMS and peripheral nerve stimulation. The 
figure shows recordings from the abductor digiti minimi in a normal 
condition and in a patient with conduction disturbances detected by the 
use of conventional MEPs (upper parts, providing the central motor con-
duction time, CMCT) and the TST (lower parts, providing a measure of 
conduction failure). In the upper panels, recordings after stimulation at 
the wrist, at Erb’s point and on the motor cortex are superimposed. In the 
lower panels, TST recordings are shown. Superimposed are the TST test 

curve, the TST control curve at Erb’s point and an early response to wrist 
stimulation. A good superimposition (as in the left panel) is normal and 
indicates that 100% of the alpha-motoneurons are recruited by the mag-
netic stimulus as they are by the control stimulus at Erb’s point. In the 
patient (right panels), it was shown that the CMCT was normal (upper 
part), but that there was a substantial deficit in the presence of higher 
motoneurons or their normal recruitment. This shows in the lower part 
when comparing the TST test curve (smaller late response) with the con-
trol stimulus at Erb’s point. (based on Magistris et al. 1999)
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(Cheney 2002). In sensory maps, responses of single neurons 
to various modalities of sensory stimuli can be investigated 
(for examples on the somatosensory cortex, see Chap. 4), 
whereas in motor maps the target muscles of individual output 
neurons can be determined. The disadvantages of electrophys-
iological mapping methods are: (1) that they are invasive 
methods that can be applied in humans only under circum-
stances such as during surgery for intractable epilepsy or the 
removal of a tumour; and (2) brain mapping with these meth-
ods is tedious and time consuming. In contrast, various types 
of non-invasive imaging such as fMRI and PET can provide a 
complete picture of brain activity using a particular behaviour 
of interest but especially the poor time resolution, compared 
to the speed of the neural processes involved, is a weakness of 
these brain imaging methods compared to EEG and MEG.

Electrical stimulation of the cortical surface dates back to 
the early studies by Fritsch and Hitzig (1870), Ferrier (1876) 
and Sherrington (1906). Ferrier produced the first motor map 
of the primate brain and transferred the centres to an outline of 
the human brain. Sherrington’s motor map of the left hemi-
sphere of a chimpanzee is shown in Fig. 3.15. The more recent 
studies in monkeys by Woolsey and colleagues and in humans 
by Foerster and Penfield and Rasmussen are discussed in 
Chap. 9. The introduction of intracranial microstimulation 
(ICMS) by Amassian and Sakata (1967) provided a substan-
tial improvement in resolution for mapping studies of the 
motor cortex and other CNS output structures. Mapping motor 
output with spike-triggered averaging of EMG activity from 

single neurons was introduced by Fetz and Cheney (1980) and 
provides a method of identifying the target muscles of corti-
cospinal and other premotoneuronal cells. This method allows 
in awake animals the investigation of the relations between the 
discharge of a neuron and movement. Also, the organization 
of the cell’s synaptic output effects on motoneurons of agonist 
and antagonist muscles comes into view. The basic features of 
the motor cortex output map derived from such studies are 
shown in Fig. 3.16 (Cheney and Fetz 1985).

3.6  Non-invasive Imaging Techniques

Non-invasive imaging technologies such as computed tomog-
raphy (CT), magnetic resonance imaging (MRI) and PET 
provide a unique window on the morphology and function of 
the CNS. CT and CT angiography (CTA) are particularly use-
ful to study the vascularization of the brain and its disorders 
(see Chap. 2). MRI is especially sensitive to soft tissue differ-
ences and abnormalities. DTI allows the analysis of axonal 
tracts within the CNS (“tractography”; see Mori et al. 2005). 
fMRI is based on the variation of the MRI signal in relation to 
neuronal activity and has rapidly become the most widely 
used approach to study human brain function (see Frackowiak 
et al. 2003). In PET, radiolabeled molecular probes are used 
that provide sensitive arrays of a range of metabolic processes 
and neuroreceptor activity with a high signal-to-noise ratio. 
It has, however, a somewhat limited spatial resolution.

Fig. 3.15 Sherrington’s motor 
map of the chimpanzee (from 
Sherrington 1906)
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3.6.1  MR Imaging

In modern MRI, the spatial resolution (voxel size) is in the 
order of 1–3 mm or even smaller, revealing brain anatomy in 
great detail. Contrast is created by differences in pixel inten-
sities among different areas of the brain. MR contrast is usu-
ally based on differences in tissue water relaxation times T1 
and T2, which can be used to distinguish various brain 
regions such as the cerebral cortex, the deep grey matter and 
the white matter (Fig. 3.17). Conventional MR usually is not 
successful in providing good contrast within the white mat-
ter. Some large fibre bundles such as the corpus callosum and 
anterior commissure are clearly visible in midsagittal sec-
tions. But even with conventional MRI, certain fibre tracts 
can be analyzed. Axon degeneration after damage to fibre 
tracts is accompanied by myelin breakdown, which leads to 
changes in its magnetic resonance properties. Danek et al. 
(1990) were among the first to trace the human pyramidal 
tract with MRI. In two patients with pure motor strokes due 
to small ischaemic lesions restricted to the internal capsule, 
MRI showed a narrow band of pathological signal increase, 

descending band-like into the brain stem and ascending to 
the precentral gyrus. This corresponds to the trajectory of the 
pyramidal tract (Fig. 3.18). These findings suggest that 
anterograde and possibly also retrograde fibre degeneration 
can be traced in vivo by conventional MRI. Critical condi-
tions are the presence of small, strategically located lesions, 
appropriate choice of imaging plane (such as the commis-
sural-obex reference plane; see Tamraz and Comair 2000), 
and the interval between the time of the lesion and the time 
of imaging. Most other fibre bundles cannot be individually 
identified by MRI or even in postmortem brain slices when 
not specifically prepared such as with Klingler’s dissection 
technique.

Tracing of neuronal connections in the human brain by 
MRI has become possible with the development of DTI, a 
more sophisticated way of diffusion-weighted imaging 
(DWI) (Le Bihan and Breton 1985; Le Bihan et al. 2001; 
Mori et al. 1999; Melhem et al. 2002; Johansen-Berg and 
Behrens 2009). DWI is the simplest form of diffusion imag-
ing. It depicts the overall diffusability of water molecules 
in three dimensions by the application and averaging of 
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Fig. 3.16 Model illustrating 
basic features of the output map 
of the motor cortex derived from 
studies with spike- and stimulus-
triggered averaging. 
Corticomotoneuronal cells occur 
as clusters or aggregates in which 
each cell of the aggregate has the 
same or similar muscle field 
(after Cheney and Fetz 1985)
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three orthogonal diffusion gradients. Greater signal inten-
sity is obtained from areas of decreased molecular motion 
or restricted diffusion as present in acute infarcts.

3.6.2  Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) may provide information 
regarding the orientation of white matter tracts in vivo based 
on the anisotropic properties of these tracts (Le Bihan 1995; 
Pierpaoli et al. 1996; Makris et al. 1997; Mori et al. 1999, 
2005; Le Bihan et al. 2001; Mori 2002). This technique is 
based on inhomogeneous diffusion, in this case the phenom-
enon that water molecules in axonal tracts are more likely to 
diffuse along the length of a tract than in directions perpen-
dicular to the tract (anisotropy). This is especially the case in 
myelinated fibre tracts in which the myelin sheaths surround-
ing axons are nearly impermeable in the transverse plane. In 
contrast, water of the grey matter and the CSF diffuses 
equally well in all directions (isotropy). DTI is more sensi-
tive than T2-weighted imaging in detecting secondary white 
matter (Wallerian) degeneration (Pierpaoli et al. 2001). In 
patients with small lacunar infarcts of the posterior limb of 

the internal capsule significant diffusion abnormalities were 
observed in each patient over the entire trajectory of the 
affected pathway. This suggests that mapping degenerating 
pathways with DTI is feasible. However, the interpretation of 
DTI data is complex and requires a priori information about 
the anatomy and architecture of the pathway in question.

Mori and collaborators published a DTI atlas of the 
human white matter (Mori et al. 2005). Ciccarelli et al. 
(2003) studied “diffusion-tractography-based” group map-
ping of three major white-matter pathways in the human 
brain (the anterior callosal fibres, optic radiations and pyra-
midal tracts; see also Bürgel et al. 2006). Some examples are 
shown in Figs. 3.19 and 3.20. Combined fMRI and tractog-
raphy was used by Guye et al. (2003) to demonstrate the 
connectivity of the human primary motor cortex in vivo (see 
also Newton et al. 2006). In neurosurgery, tractography may 
be used to trace, for instance, the corticospinal tract in cases 
in which deep-seated lesions adjacent to this tract must be 
resected (Kamada et al. 2005). For the corticospinal tract, 
Bürgel et al. (2009) compared four different fibre tracking 
software applications. None of the programmes was able to 
display the corticospinal tract in its full extent. Especially 
the lateral precentral areas were not pictured. Surprisingly, 

a b

Fig. 3.17 (a) T1- and (b) T2-weighted coronal sections through the human brain. Note the corticospinal tract at the outside of the mesencephalon 
(courtesy Ton van der Vliet)
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Fig. 3.18 Diagram (a) and T2-weighted MRI (b) showing a hyperin-
tense band  that could be followed from the posterior limb of the inter-
nal capsule down to the brain stem pyramid and across the pyramidal 

decussation in a 19-year-old male with an ischaemic lesion in the pos-
terior limb of the internal capsule (kindly provided by Adrian Danek, 
Munich, Germany)
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the application of the four distinct fibre tracking tools did 
not lead to comparable tracking results. The tract extension 
obtained with the StealthDTI software comes close to the 
anatomical template (Fig. 3.21). Some other examples of the 

optic radiation and long association pathways are shown in 
Chaps. 8 and 15, respectively.

So far, only the macroscopic anatomy of large white matter 
tracts can be observed. Catani and colleagues studied the con-
nectivity of language networks (Catani et al. 2005; Catani and 
ffytche 2005; Catani 2006; see Chap. 15). Frequent criticism 
addresses the lack of objective validation of DTI (Ciccarelli 
et al. 2008). A first way of validation is the comparison with 
tracing data in non-human primates (e.g., Dauguet et al. 2007). 
Currently, many new approaches alternative to the tensor-
based method are being proposed, which can extract more 
anatomical information. Diffusion spectrum imaging (DSI) 
directly measures water diffusion in all directions and at dif-
ferent gradient strengths (Wedeen et al. 2005). DSI has been 
used to study association fibre pathways in the macaque brain 
(Schmahmann et al. 2007; see Chap. 15). In contrast to DTI, 
this technique overcomes the problem of not depicting cross-
ing fibres, one of the drawbacks of “plain” DTI.

3.6.3  Functional MRI

Brain fMRI relies mainly on the blood-oxygen-level-depen-
dent (BOLD) contrast mechanism, which was found in rat 
studies using high magnetic fields (Ogawa et al. 1990). Its 
rationale is based on a much earlier observation that a change 
in the oxygenation of haemoglobin results in a change in its 
magnetic properties (Pauling and Coryell 1936). Ogawa 
et al. (1990) found that MRI was sufficiently sensitive to 
show differences between the magnetic properties of oxy-
haemoglobin and deoxyhaemoglobin, so that BOLD signal 
changes could be detected in vivo. In 1992, the applicability 
of BOLD-based fMRI was demonstrated for the study of the 
human brain in simple visual and motor tasks (Kwong et al. 
1991; Bandettini et al. 1992; Ogawa et al. 1992). For an over-
view of the fMRI technique, see Mandeville and Rosen 
(2002). The literature on fMRI until 2002 has been summa-
rized by Frackowiak et al. (2003).

3.6.4  Positron Emission Tomography

Positron emission tomography (PET) is a powerful molec-
ular tool to study regional brain function in a fully quantita-
tive and non-invasive way (Cherry and Phelps 2002). PET 
uses radioactively labelled probes that are specific to bio-
chemical pathways or molecular targets to perform in vivo 
assays. PET has been widely applied in both research and 

Fig. 3.20 Coronal DTI with the corticospinal tract in blue (courtesy 
Ton van der Vliet, Groningen)

Fig. 3.21 3D-reconstruction of the corticospinal tract in red with the 
StealthDTI V1.2 software (developed by Visage Imaging for Medtronic 
Navigation, Louisville, CO), kindly provided by Uli Bürgel (Department 
of Neurosurgery, St. Antonius Hospital, Kleve, Germany)

Fig. 3.19 Two examples of horizontal DTIs with the DTIStudio soft-
ware programme developed by Susumu Mori (Radiology Department, 
Johns Hopkins University, Baltimore, MD). Note in (a) and (b) the cor-

pus callosum in red, long corticofugal projections in blue and long asso-
ciation fibre bundles in green (courtesy Ton van der Vliet, Groningen)
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clinical studies to explore the functional organization of the 
intact and damaged brain. PET has been used for many years 
to identify epileptogenic foci (Cummings et al. 1995) but 
more in particular in movement disorders (see Chap. 11) and 
dementia (see Chap. 15). Its crucial advantage over fMRI is 
the possibility to tune into the specific biochemical pathways, 
for instance by labelling specific neurotransmitters like it has 
been applied for dopamine in Parkinson disease (see Chap. 11). 
Single-photon-emission computed tomography (SPECT) 
offers a more widely applicable technique. Although PET still 
provides the highest resolution tomographic images of brain 
function, modern SPECT images have similar resolution 
(Devous 2002) and SPECT is extensively used in movement 
disorders (see Chap. 11) and dementia (see Chap. 15).
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4.1  Introduction

The somatosensory system has by far the largest number of 
receptor types of any of the primate sensory systems, includ-
ing mechanoreceptors, chemoreceptors, nociceptors and 
thermoreceptors. The sensation of touch is mainly mediated 
by mechanoreceptors, but there are a number of other pro-
cessing channels within the somatosensory system for prop-
rioception, pain and temperature. The classic view of two 
independent channels for somatosensory information from 
the trunk and the extremities, i.e. the dorsal column-medial 
lemniscus system for tactile sensitivity and position sense 
and the anterolateral or spinothalamic system for pain and 
temperature sensitivity, has been modified through the dis-
covery of additional spinal pathways for the transmission of 
sensory impulses to the brain (Willis and Coggeshall 1991) 
and by new views on pain mechanisms. Somatosensory 
information from the face is transmitted via the trigeminal 
nerve. Pain is conventionally viewed as a submodality of 
cutaneous sensation. Functional, anatomical and imaging 
data suggest that pain impulses are conveyed by specific 

Hans J. ten Donkelaar, Antoine Keyser, and Peter van Domburg 

The Somatosensory System 4

H.J. ten Donkelaar (*) 
935 Department of Neurology, Radboud University  
Nijmegen Medical Centre, P.O. Box 9101, 6500 HB Nijmegen,  
The Netherlands 
e-mail: h.tendonkelaar@neuro.umcn.nl

Contents

4.1  Introduction .........................................................................  133

4.2  Receptors and Peripheral Pathways .................................  134
4.2.1  Receptors ..............................................................................  135
4.2.2  Segmental Innervation of the Skin ........................................  137
 Clinical Case 4.1 Meralgia Paraesthetica..............................  143
4.2.3  Peripheral Pathways ..............................................................  144
 Clinical Case 4.2 Sensory Neuronopathies/Neuropathies ....  145
4.2.4  Lesions of the Dorsal Roots ..................................................  146
 Clinical Case 4.3 Neuralgic Amyotrophy .............................  151

4.3  The Large-Fibred Dorsal (Posterior)  
Column-Medial Lemniscus Pathway ................................  152

4.3.1  Dorsal Column Projections ...................................................  152
 Clinical Case 4.4 Lateral Medullary Lesion Affecting  

the Decussating Medial Lemniscus ......................................  155
4.3.2  Sensory Pathways in the Dorsolateral Funiculus ..................  156
4.3.3  The Somatosensory Thalamus ..............................................  157
4.3.4  Somatosensory Cortical Projections .....................................  159
4.3.5  Sensorimotor Transition ........................................................  164
4.3.6  Lesions of the Dorsal Column-Medial Lemniscus System ..  165
 Clinical Case 4.5 Sensory Effects of Lesions  

of the Posterior Columns ......................................................  167
 Clinical Case 4.6 Lesions of the Medial Lemniscus .............  168
 Clinical Case 4.7 The Control of Hand Movements in  

a Case of Hemianaesthesia Following a Parietal Lesion ......  170
 Clinical Case 4.8 Isolated Loss of Stereognosis ...................  171

4.4  The Small-Fibred Sensory Pathways  
in the Ventral Quadrant .....................................................  172

4.4.1  The Anterolateral or Pain System .........................................  172
 Clinical Case 4.9 Distribution of Anterogradely  

Degenerating Fibres Following Anterolateral  
Cordotomy ............................................................................  173

4.4.2  Brain Stem Projections .........................................................  178
4.4.3  Thalamic and Hypothalamic Projections ..............................  180
4.4.4  Cortical Targets .....................................................................  181
4.4.5  Descending Pain Modulatory Systems .................................  182

4.4.6  Lesions of the Anterolateral System .....................................  182
 Clinical Case 4.10 Central Neuropathic Pain  

in Spinal Cord Lesions ..........................................................  185
 Clinical Case 4.11 Lesions of the Pain System  

from Medulla to Thalamus ...................................................  186
 Clinical Case 4.12 Central Post-stroke Pain  

Following a Cortical Infarct ..................................................  188

4.5  The Trigeminal Somatosensory System ............................  189
4.5.1  Trigeminal Afferents .............................................................  189
4.5.2  Brain Stem Trigeminal Sensory Nuclei ................................  190
4.5.3  Thalamic Projections ............................................................  192
4.5.4  Cortical Targets .....................................................................  193
4.5.5  Lesions of the Trigeminal Somatosensory System ...............  193
 Clinical Case 4.13 Trigeminal Neuralgia ..............................  194
 Clinical Case 4.14 Trigeminal Ganglion  

or Root Compression ............................................................  195
 Clinical Case 4.15 Wallenberg Syndrome ............................  197

References ......................................................................................  198



134 4 The Somatosensory System

 sensory channels that ascend in a central homeostatic affer-
ent pathway (Craig 2003a, b).

Henry Head proposed that the cutaneous senses can be 
divided into two broad categories (Head 1920): the proto-
pathic system for the mediation of pain and the extremes of 
temperature sensation, and the epicritic system for touch, 
size and two-point discrimination and detection of small ther-
mal gradients. This terminology has also been applied to 
somatosensory pathways such as the spinothalamic tract and 
the dorsal column pathway. Head’s notion that the somatosen-
sory functions can be described in terms of a dual system of 
epicritic (or gnostic) and protopathic (or vital) sensory mech-
anisms has been superseded by two other dualities: lemniscal 
versus non-lemniscal systems and large- versus small-fibre 
systems, each of which may be applied within its own limita-
tions. Willis and Coggeshall (1991) introduced the term sen-
sory channel for each modality of sensation: a sensory 
channel is the sensory mechanism responsible for conveying 
the information needed for recognition of a sensory modality. 
Each sensory channel includes one or more sets of sensory 
receptors, one or more ascending pathways, specific regions 
of the thalamus and cerebral cortex and descending pathways 
that may modify the ascending pathway. Mountcastle (2005) 
used the terms large- and small-fibred, for want of a better 
pair. The large-fibred somatic afferent system deals with the 
discriminative-sensory aspects of somaesthesis, and the 
small-fibred system with the affective-vegetative components 
of the perceptions evoked by all but the blandest of somatic 
stimuli (Millan 1999). The discriminative-sensory systems 
include those of the dorsal and dorsolateral columns and the 
trigeminal lemniscal system that deal with the mechanore-
ceptive aspects of somaesthesis. The affective-vegetative 

systems convey somatosensory information from all the spi-
nal columns, especially from the ventral quadrants, and from 
the spinal trigeminothalamic tract, which not only converge 
on the relay nuclei of the discriminative-sensory systems but 
also have their own channels to frontal, lateral and limbic cor-
tical circuits to deal with affect and emotional reactions 
(Mountcastle 2005).

In this chapter, after a brief description of receptors and 
peripheral pathways (Sect. 4.2), the following somatosen-
sory systems will be discussed: (1) the large-fibred dorsal 
column-medial lemniscus system and sensory pathways in 
the dorsolateral funiculus (Sect. 4.3), (2) the small-fibred 
sensory pathways in the ventral quadrant of the spinal cord 
(the anterolateral or pain system; Sect. 4.4), and (3) the 
trigeminal somatosensory system (Sect. 4.5).

4.2  Receptors and Peripheral Pathways

In humans, the hand is the most important tactile organ for 
exploring the environment (Darian-Smith 1984; Darian-Smith 
et al. 1996; Mountcastle 2005). Physiological,  psychophysical 
and anatomical studies in humans and other primates suggest 
that touch from the glabrous skin of the hand is almost com-
pletely mediated by four different types of myelinated, rapidly 
conducting mechanoreceptive afferent fibres (Johansson and 
Vallbo 1979, 1983; Vallbo et al. 1979, 1984; Westling and 
Johansson 1987; Bolanowski et al. 1988, 1994). According to 
the four-channel model of cutaneous mechanoreception, tac-
tile experience depends on various combinations of activity 
in the four channels, with particular channels providing the 
critical information for some sensations (Fig. 4.1). The four 

Meissner

FAI 43%

Merkel

SAI 25%

Pacinian corpuscle

FAII 13%

Ruffini

SAII 19%

Fig. 4.1 Four-channel model 
of cutaneous mechanoreception 
in humans: Fast-adapting type 1 
(FA1) afferents innervate 
Meissner corpuscles, slow-
 adapting type 1 (SA1) afferents 
Merkel cells, fast-adapting type 2 
(FAII) afferents Pacinian 
corpuscles and slow-adapting 
type 2 (SAII) afferents Ruffini 
corpuscles. At the left, the 
receptive field size is shown in 
red and at the right the innerva-
tion density in light red (after 
Vallbo and Johansson 1984)
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cutaneous mechanoreceptive afferent neuron types that inner-
vate the glabrous skin are: (1) slow-adapting type 1 (SAI) 
afferent fibres that end in Merkel cells; (2) fast-adapting type 
1 (FAI) afferents that end in Meissner corpuscles; (3) Pacinian 
corpuscles (PCs) or fast-adapting type 2 (FAII) afferents that 
end in PC and (4) slow-adapting type 2 (SAII) afferents that 
end in Ruffini corpuscles (Darian-Smith 1984; Johnson 2001). 
For macaque monkeys, usually the subdivision by Talbot et al. 
(1968) into slowly adapting and rapidly adapting types is used. 
Moreover, Ruffini corpuscles appear not to be present in the 
glabrous skin of the monkey hand (Paré et al. 2003). There is 
a sharp division of function among these four cutaneous affer-
ent systems or channels that innervate the human hand 
(Johnson 2001; Kaas 2004; Mountcastle 2005). Receptors are 
discussed in Sect. 4.2.1.

The sensory axons in peripheral nerves can be subdi-
vided into myelinated and unmyelinated classes (Erlanger 
and Gasser 1937; Willis and Coggeshall 1991; Mountcastle 
2005): two broad classes of myelinated cutaneous and vis-
ceral afferent fibres (the Aab- or Ab- and the Ad-fibres 
with conduction velocities of 30–100 m/s and 4–30 m/s, 
respectively), and the unmyelinated C-fibres with conduc-
tion velocities less than 2.5 m/s. The muscle and joint 
nerves form three classes of myelinated axons (Lloyd and 
Chang 1948): groups I–III with conduction velocities of 
72–120 m/s, 24–71 m/s, and 6–23 m/s, respectively. The 
unmyelinated group IV axons have conduction velocities 
less than 2.5 m/s. The motor Aa-fibres innervate extrafusal 
muscle fibres, whereas the Ag-fibres innervate intrafusal 
muscle fibres within the muscle spindles. Primary afferent 
fibres enter the spinal cord via the dorsal roots, the cutane-
ous areas of which are the dermatomes (Sect. 4.2.2). Each 
fibre category terminates in specific layers of the spinal 
cord (Sect. 4.2.3). Lesions of the dorsal roots are discussed 
in Sect. 4.2.4.

4.2.1  Receptors

Cutaneous sensory receptors can be classified into mecha-
noreceptors, thermoreceptors and nociceptors (Darian-Smith 
1984; Willis and Coggeshall 1991; Mountcastle 2005). 
Morphologically, the skin receptors can be divided into two 
major groups (Halata 1975; Chouchkov 1978): unencapsu-
lated and encapsulated receptor terminals. Unencapsulated 
terminals include the free nerve endings, the Merkel discs 
and the associated Merkel cells. Encapsulated terminals 
include the Meissner corpuscles in the papillary layer of the 
dermis and the PCs and Ruffini corpuscles lying more deeply 
in the dermis and the underlying tissue.

The hairless glabrous skin of the palm and digits in 
humans and monkeys has a relatively thick epidermis with a 
pattern of ridges on the surface and below the epidermis 

(Fig. 4.2). The most prominent ridges, known as the glandu-
lar ridges, protrude into the dermis and correspond to the 
surface ridges, where the ducts of the sweat glands open. 
Between the glandular ridges, smaller “adhesive” or inter-
mediate ridges are found that correspond to the fine tissue 
lines on the surface. Many cross ridges connect the glandular 
and intermediate ridges. These epidermal protrusions subdi-
vide the superficial part of the dermis into an elaborate matrix 
of papillae within which lie many nerve terminals. The most 
important unencapsulated epidermal nerve ending in the pri-
mate glabrous skin is the complex composed of a specialized 
receptor cell (the Merkel cell) and the associated disc-like 
nerve terminal, first described by Merkel (1875). Merkel 
cells are oval or rounded and located among the basal layer 
cells of the epithelial glandular ridges. The associated nerve 
fibre terminal lies between the Merkel cell and the epithelial 
basement membrane (Iggo and Muir 1969). The afferent 
nerve fibres associated with Merkel cells are myelinated with 
a diameter of 7–12 mm. They are slow-adapting (type SAI) 
mechanoreceptive afferents, responding throughout a period 
of skin indentation. SAI afferents innervate the skin densely 
(about 100 per cm2 at the fingertips in humans and monkeys), 
have small, circumscribed receptive fields and seem espe-
cially responsive when the edge of an object indents the skin 
within the receptive field (Johnson et al. 2000). A single SAI 
afferent fibre connects to several Merkel receptors, spread 
over an area of roughly 10 mm2 in humans (Vega-Bermudez 
and Johnson 1999). The SAI afferent system or channel pro-
vides a high-quality neural image of the spatial structure of 
objects and surfaces that is the basis of form and texture 
 perception (Johnson 2001).
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Fig. 4.2 Receptors in the glabrous skin. a axon, Me Meissner corpus-
cle, Mk Merkel cell, Pa Pacinian corpuscle, Ru Ruffini corpuscle, (1) 
epidermis, (2) dermis, (3) subcutis (after Brodal 1981)
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Three types of encapsulated nerve terminals are found in 
the glabrous skin of primates: Meissner, Ruffini and Pacinian 
corpuscles. Meissner corpuscles (Meissner 1855) are very 
common in the ridged digital skin in primates (about 150 per 
cm2 at the fingertips in humans and monkeys: Andres and 
von Düring 1973; Johnson et al. 2000), less common in pal-
mar and plantar skin, and rarely found in hairy skin where 
they are replaced by FAI afferents related to hair shafts. 
These corpuscles are superficially located in the dermal 
papillae protruding upward into the epidermis, and are the 
predominant receptor afferents of the digit skin. Almost half 
of the tactile afferent fibres from the hand are of the FAI type 
(Johansson and Vallbo 1983). Most human Meissner cor-
puscles envelop the endings of two to six myelinated fibres 
that enter the corpuscle at its deeper pole (Cauna 1956; 
Halata 1975). The FAI system provides a neural image of 
motion signals from the whole hand. From this, the brain 
extracts information that is critical for grip control and infor-
mation about the motion of objects contacting the skin 
(Johansson and Westling 1984; Johnson 2001). The corpus-
cle density in ridged digital skin decreases quite dramatically 
beyond the age of about 30 years (Meissner 1855; Cauna 
1965): by the age of 10 years about 40–50 corpuscles/mm2 
are found in the skin of the distal phalanx, 30 per mm2 at 30 
years of age and only 10 per mm2 at about 50 years of age.

Ruffini corpuscles were first described in the human dig-
ital skin (Ruffini 1894), and have essentially the same struc-
ture as the Golgi tendon organs found at the musculotendinous 
junction. Ruffini corpuscles are located deeper in the skin 
than the Merkel discs. They are relatively large, uniform 
encapsulated structures (500–1,000 mm long and about 
200 mm in diameter). Each Ruffini corpuscle is innervated by 
one Ab-fibre, which may also innervate several other adja-
cent corpuscles. In the human hand, the SAII-type of afferent 
fibres accounts for about one-fifth of the tactile units 
(Johansson and Vallbo 1979; Torebjörk et al. 1987). SAII-
fibres have large, poorly defined receptive fields, often 
located near the nail bed or near skin folds on the digits or 
palm. These afferent fibres are extremely sensitive to skin 
stretch.

Pacinian corpuscles (PCs) were already seen by Vater in 
1741 but their fine structure and lamellation were first described 
by Pacini about 100 years later. They are much less common 
than other receptor endings in the skin of the hand (10–15%), 
and are also found in deeper tissues (Darian-Smith 1984). 
About 200 corpuscles are found in a human finger, distributed 
within the deeper layers of the dermis, in the subcutaneous fat, 
adjacent to the periost of the phalanges, between long flexor 
tendons and the phalanges, and in association with tendinous 
attachments of the ventral but not of the dorsal parts of the 
finger (Fig. 4.3). PCs are large oval structures (0.3–1.5 mm in 
length and 0.2–0.7 mm in diameter), and consist of a central 
nerve fibre surrounded by an inner core of some 60 layers of 

concentrically wrapped laminar cells, a fluid-filled space and 
an outer capsule of some 20–30 less densely packed lamellae. 
The fast-adapting (FAII) or PC (Pacinian) afferents allow the 
detection of distant events via the transmission of high-fre-
quency vibrations through objects and surfaces. The Pacinian 
channel provides a neural image of vibrations transmitted to 
the hand from objects contacting the hand or objects grasped 
in the hand (Johnson 2001)

The hairy skin also has SAI, SAII, FAI and FAII afferent 
fibres, although some modifications in the receptor mecha-
nisms exist. Merkel cell discs (SAI receptors) are often 
aggregated and form a Haarscheibe or Merkel touch spot, 
0.2–0.5 mm in diameter. The epidermis of the touch spot is 
somewhat thickened and elevated above surrounding skin. 
When the hairy skin is viewed under a dissection micro-
scope, individual touch spots can be identified by their eleva-
tion and slight pigmentation. A Merkel touch spot is 
innervated by a single, large (7–12 mm) myelinated fibre that 
branches to terminate in a number of discs associated with 
Merkel cells (Iggo and Muir 1969; see Fig. 4.4). Isolated 
Merkel cells are rare. Some FAI and SAI afferent fibres relate 
to the shafts of hairs. The hairy skin does not contain PCs, 
but relies on a scattering of PCs located in deep tissue around 
blood vessels and muscles (Bolanowski et al. 1994).

Two main types of cutaneous nociceptors are found in 
the human skin: Ad-mechanical nociceptors and C-polymodal 
nociceptors (Willis and Coggeshall 1991; Willis and Westlund 
2004; Caterina et al. 2005). Cutaneous thermoreceptors 
include cold and warm receptors. Cold receptors may be 
innervated by Ad- or C-fibres. Warm receptors are only 
 supplied by unmyelinated fibres. Mechanical nociceptors 
respond to strong mechanical stimuli, whereas various types 
of noxious stimuli, mechanical, thermal and chemical, can 
activate polymodal receptors. Human nociceptors have been 
studied extensively with microneurography (Van Hees and 
Gybels 1972, 1981; Torebjörk and Hallin 1973; Torebjörk 

Fig. 4.3 Distribution of Pacinian corpuscles (open circles) in the index 
finger of a 7-month-old human fetus (after Cauna and Mannan 1959)
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and Ochoa 1990; Torebjörk et al. 1996). The sudden applica-
tion of a painful stimulus can elicit two distinct forms of pain 
in the human skin: an initial sharp, “first” pain, followed by 
a burning, ‘second’ pain. Ad-nociceptors are responsible for 
first pain and C-fibres for second pain. Pain arising from tis-
sue that is deep to the skin is typically aching or cramping.

In muscles, stretch receptors (muscle spindles and Golgi 
tendon organs) and pressure-pain endings are present. 
Muscle spindles are complex sense organs with two types of 
sensory endings and at least two kinds of motor endings 
(Fig. 4.5). The primary endings are supplied by the largest 
type of sensory axons, the group Ia-afferent fibre. They are 
sensitive to the rate of stretch and to the length of the muscle. 
The sensitivity of the primary ending is set by dynamic 
fusimotor fibres (see Chap. 9). Secondary endings are inner-
vated by group II axons and they signal muscle length. Their 
sensitivity is controlled by static fusimotor axons. Golgi ten-
don organs are innervated by group Ib-axons and are located 
in tendons and aponeuroses (Bannister 1976). They respond 
to both muscle stretch and contraction. Group III muscle 
afferent fibres are pressure-pain endings, whereas group IV 
are probably nociceptors. Joints are innervated by mechano-
receptors and nociceptors. The mechanoreceptors include 
Ruffini endings, Golgi tendon organs, PCs and Golgi–
Mazzoni endings. Joint nociceptors have been well charac-
terized, and they may have group III and IV afferent fibres.

Viscera are supplied by mechanoreceptors and, at least in 
some organs, by nociceptors (see Willis and Coggeshall 
1991; Cervero 1994; Laird and Schaible 2005; see also Chap. 
12). Mechanoreceptors associated with the gastrointestinal 
tract respond to movements of the bowel or of the mesentery. 
Some mechanoreceptors in the wall of the urinary bladder 
respond to either distention or contraction of the bladder. 
Visceral nociceptors have been found in the heart, oesophagus, 

gallbladder and testis. Those in the testis are mostly supplied 
by Ad-axons and they respond to noxious mechanical, ther-
mal and chemical stimuli.

4.2.2  Segmental Innervation of the Skin

The cutaneous area supplied by the sensory fibres of the dor-
sal root of one spinal nerve is a dermatome. Typically, der-
matomes extend round the body from the posterior to the 
anterior midline. Dermatomes of adjacent spinal nerves 
overlap considerably, particularly in those segments least 
affected by the development of the limbs (the T2 to L1 der-
matomes). In regions where cutaneous nerves supplying 

Fig. 4.4 “Haarscheibe” or Merkel touch spot (after Iggo and Muir 
1969). A single myelinated fibre, AA non-myelinated nerve fibre, 
E thickened epidermis, T Merkel cells and associated Merkel discs, 
CF, FF collagen fibres

Fig. 4.5 A muscle spindle, a Golgi tendon organ and other receptors 
around the knee joint. ef extrafusal muscle fibre, G Golgi tendon organ, 
if intrafusal muscle fibre, jr joint receptor, nb nuclear bag fibre, nc 
nuclear chain fibre, Pa Pacinian corpuscle, (1) a-fibre, (2) type III and 
IV afferent fibres, (3) g-fibre, (4) type II afferent fibre, (5) Ia afferent 
fibre, (6) type II afferent fibre, (7) g-fibre, (8) Ib afferent fibre, (9) type 
III and IV afferent fibres, (10) type III afferent fibre (after Noback and 
Demarest 1975)
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adjoining areas are not from consecutive spinal nerves, 
such as the upper anterior thoracic wall, overlap is minimal. 
Therefore, when the second thoracic spinal nerve is dam-
aged, anaesthesia is sharply demarcated, although some 
overlap for painful and thermal sensitivity may exist. After a 
lesion of a peripheral nerve, the area of tactile loss is always 
greater than that for pain and thermal sensibilities, and the 
area of total anaesthesia and analgesia following section of 
peripheral nerves is always less than their anatomical distri-
bution suggests (Foerster 1933; see Fig. 4.13).

To understand the distribution of limb dermatomes, a 
few notes on the development of the limbs are appropriate 
(Fig. 4.6). Limb buds have ventral and dorsal surfaces and 
preaxial (cranial) and postaxial (caudal) borders. In the 
upper limb, the ventral branch of the fifth cervical nerve 
supplies a strip of skin on the ventral and dorsal surfaces 
along the preaxial border, whereas the ventral branch of the 
first thoracic nerve has a similar distribution along the post-
axial border. Intervening nerves supply parallel strips on the 
ventral and dorsal surfaces. As the upper limbs elongate, the 
central nerves of the brachial plexus (C6, C7 and C8) become 
buried proximally, and reach the skin only in distal parts. The 
nerves of the segments C4 and T2 and T3 are drawn in to 
supply proximal skin at the base of the limbs. During further 
development, the lengthening limb is rotated laterally through 
about 90º and adducted to the trunk. Now the preaxial border 
runs distally along the lateral aspect of a supinated limb to 
the thumb (the preaxial digit), whereas the postaxial border 
runs along the medial aspect to the little finger (the postaxial 
digit). Therefore, the cutaneous supply of the lateral aspect 

of the upper limb is from C4, than from C5 and C6, and that 
of its medial aspect from T2, T1 and C8 (Figs. 4.7 and 4.8). 
On the front of the upper limb, the areas supplied by C5 and 
C6 adjoin those supplied by T2, T1 and C8, but at their fron-
tier, the ventral axial line, overlap is minimal, since C7 is 
buried proximally and only reaches the skin proximal to the 
wrist. On the back of the upper limb the situation is similar 
but here C7 reaches the skin near the elbow, and the dorsal 
axial line ends more proximally.

Knowledge of the extent of individual dermatomes, espe-
cially in the limbs, is largely based on clinical evidence. 
Keegan and Garrett (1948) studied the area of hypalgesia 
following damage to individual nerve roots due to rupture of 
an intervertebral disc. Their charts of limb dermatomes 
show dermatomes as rather continuous strips extending 
from the trunk along the limbs. They suggested that during 
embryonic development, the sensory nerves grow spirally 
from the dorsal surface of each limb bud around its preaxial 
and postaxial borders, to meet anteriorly along the ventral 
axial line. They denied the existence of a dorsal axial line. 
The actual area supplied by a single nerve root is more 
extensive than the areas indicated in their diagrams. This has 
been demonstrated by using the method of remaining sensi-
tivity devised by Sherrington (1898). In monkeys, Sherrington 
showed that neighbouring dermatomes overlap to a greater 
or lesser extent. Foerster (1933) applied this method in humans 
in which several dorsal roots were sectioned to treat intractable 
pain (Fig. 4.7b). Other methods used to study the distribution 
of dermatomes are based on the application of strychnine to 
one or more dorsal roots, leading to a hypersensitivity in the 

T1

a b c

T7

T12

L2

Fig. 4.6 Development of the 
segmental innervation of the skin 
in the trunk and the extremities 
in an embryo of 6 weeks (a), an 
embryo of 8 weeks (b) and an 
adult (c). The thick lines in (b) 
indicate the ventral axial lines in 
the extremities (after various 
sources)
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Fig. 4.7 Arrangement of the human dermatomes: (a) Head’s zones, (b) dermatomes demonstrated by the method of remaining sensitivity (from 
Foerster 1936a). See text for further explanation
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related cutaneous areas (Dusser de Barenne 1916), and the 
distribution of herpetic vesicles in cases of herpes zoster 
(Head 1920; Hansen and Schliack 1962; Fig. 4.7a). The main 
principles are identical.

The peripheral nerves of the upper extremity arise from 
the brachial plexus, formed by the union of the ventral 
branches of the C5-T1 segments. The main peripheral nerves 
of the upper extremity are the axillary (C5, C6) and radial 
(C5-T1) nerves, arising from the posterior cord of the  brachial 

plexus, the musculocutaneous nerve (C5–C7) from its lateral 
cord, the ulnar nerve (C7-T1) from the medial cord with a 
contribution from the posterior cord, and the median nerve 
(C5-T1) from the union of the remaining parts of the lateral 
and medial cords (see Fig. 9.11). Their sensory branches are 
shown in Figs. 4.9 and 4.10. A lesion of a  spinal nerve will 
show a strictly segmental, dermatomal distribution of the sen-
sory deficit, whereas a lesion of a peripheral nerve (a monon-
europathy) will show a typical sensory deficit  distribution 

Fig. 4.8 Dermatome charts based on the results obtained after peripheral nerve lesions: (a) ventral view; (b) dorsal view (based on data by 
Medical Research Council 1943, after Lohman et al. 2007)
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Fig. 4.9 Overview of the sensory peripheral nerves and sensory loss 
following lesions of the peripheral nerves in the upper limb in ventral 
view (after Mumenthaler et al. 2003). Superficial nerves are in red; 
where their main branches are found more deeper, they are in black. 
The skin areas innervated by particular sensory nerves are marked in 
light red. At the right and below, the sensory loss following upper 
(UPL) and lower (LPL) brachial plexus lesions and for lesions of indi-
vidual peripheral nerves (LPN) and of the median (M) and ulnar (U) 
nerves are marked in red and light red (less involved skin areas). The 
following peripheral nerves are shown: (1) supraclavicular nerves, (2) 
anterior cutaneous branches of intercostal nerves, (3) intercostobrachial 
nerve, (4) lateral cutaneous branches of intercostal nerves, (5) lateral 
brachial cutaneous nerve (from axillary nerve), (6) musculocutaneous 
nerve, (7) medial brachial cutaneous nerve (from medial trunk), (8) 
posterior brachial cutaneous nerve (from radial nerve), (9) lateral ante-
brachial cutaneous nerve (from musculocutaneous nerve), (10) median 
nerve, (11) palmar branch of median nerve, (12) superficial branch of 
radial nerve, (13) palmar digital branches of median nerve, (14) medial 
antebrachial cutaneous nerve (from medial trunk), (15) ulnar nerve, 
(16, 17, 18) palmar, superficial and palmar digital branches of ulnar 
nerve. The sensory loss after individual peripheral nerve lesions is 
shown for: (a) the axillary nerve, (b) the lateral antebrachial cutaneous 
nerve (from the musculocutaneous nerve)
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Fig. 4.10 Overview of the sensory peripheral nerves and sensory loss 
following lesions of the peripheral nerves in the upper limb in dorsal 
view (after Mumenthaler et al. 2003). Superficial nerves are in red; 
where their main branches are found more deeper, they are in black. 
The skin areas innervated by particular sensory nerves are marked in 
light red. At the left and below, the sensory loss following upper and 
lower brachial plexus lesions and for lesions of individual peripheral 
nerves and of the median (M) and ulnar (U) nerves are marked in red or 
light red (less involved skin areas). The following peripheral nerves are 
shown: (1) supraclavicular nerves, (2) dorsal branches of spinal nerves, 
(3) intercostobrachial nerve, (4) lateral cutaneous branches of intercos-
tal nerves, (5) lateral brachial cutaneous nerve (from axillary nerve), (6) 
posterior brachial cutaneous nerve (from radial nerve), (7) radial nerve, 
(8) posterior antebrachial cutaneous nerve, (9) lateral antebrachial cuta-
neous nerve (from musculocutaneous nerve), (10) superficial branch of 
radial nerve, (11) dorsal digital branches of median nerve, (12) radial 
nerve, (13) axillary nerve, (14) medial brachial cutaneous nerve (from 
medial trunk), (15) medial antebrachial cutaneous nerve (from medial 
trunk), (16) ulnar nerve, (17) dorsal hand branch of ulnar nerve, (18) 
dorsal digital branches of ulnar nerve. The sensory loss after individual 
peripheral nerve lesions is shown for: (a) the axillary nerve, (b) the 
lateral antebrachial cutaneous nerve (from the musculocutaneous 
nerve), (c) the superficial branch of the radial nerve
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Fig. 4.11 Overview of the sensory peripheral nerves and sensory loss 
following lesions of the peripheral nerves in the lower limb in ventral 
view (after Mumenthaler et al. 2003). Superficial nerves are in red; 
where their main branches are found more deeper, they are in black. 
The skin areas innnervated by particular sensory nerves are marked in 
light red. At the right, sensory loss following lumbar (LPL) and sacral 
(SPL) plexus lesions and for peripheral nerve lesions are marked in red 
and light red (less involved skin areas). The following peripheral nerves 
are shown: (1) anterior cutaneous branch of iliohypogastric nerve, (2) 
genitofemoral nerve, (3) genital branch of femoral nerve, (4) scrotal/
labial nerves of ilioinguinal nerve, (5) lateral femoral cutaneous nerve, 
(6) femoral nerve, (7) anterior cutaneous branches of femoral nerve, (8) 
cutaneous branch of obturator nerve, (9) saphenous nerve, (10) infrapa-
tellar branch of saphenous nerve, (11) medial crural cutaneous branches 
of saphenous nerve, (12) deep peroneal nerve, (13) superficial peroneal 
nerve, (14) lateral sural cutaneous nerve (from common peroneal 
nerve), (15) medial dorsal cutaneous nerve, (16) intermediate dorsal 
cutaneous nerve, (17) lateral dorsal cutaneous nerve (from sural nerve), 
(18) dorsal digital nerves of foot, (19) saphenus nerve, (20) deep per-
oneal nerve. The sensory loss after individual peripheral nerve lesions 
is shown for: (a) the iliohypogastric nerve, (b) the ilioinguinal nerve, 
(c) the lateral femoral cutaneous nerve, (d) the obturator nerve, (e) the 
anterior cutaneous branch of the femoral nerve, (f) the saphenous nerve, 
(g) the sural nerve, (h) the common peroneal nerve, (i) the superficial 
peroneal nerve, (j) the deep peroneal nerve
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Fig. 4.12 Overview of the sensory peripheral nerves and sensory loss 
following lesions of the peripheral nerves in the lower limb in dorsal 
view (after Mumenthaler et al. 2003). Superficial nerves are in red; 
where their main branches are found more deeper, they are in black. The 
skin areas innervated by particular sensory nerves are marked in light 
red. At the left, sensory loss following lumbar and sacral plexus lesions 
and for peripheral nerve lesions are marked in red and light red (less 
involved skin areas). The following peripheral nerves are shown: (1) lat-
eral cutaneous branch of iliohypogastric nerve, (2) superior clunial 
nerves, (3) middle clunial nerves, (4) sciatic nerve, (5) inferior clunial 
nerves, (6) posterior femoral cutaneous nerves, (7) lateral cutaneous 
femoral nerve, (8) cutaneous branches of obturator nerve, (9) tibial 
nerve, (10) common peroneal nerve, (11) lateral sural cutaneous nerve, 
(12) sural nerve with lateral calcaneous (12a) and lateral dorsal cutane-
ous nerve (12b), (13) saphenous nerve, (14) medial crural cutaneous 
branches of saphenous nerve, (15) medial sural cutaneous nerve, (16) 
medial calcaneous branches of tibial nerve, (17) medial plantar nerve, 
(18) lateral plantar nerve, (19) superficial branch of lateral plantar nerve, 
(20) plantar digital nerves. The sensory loss after individual peripheral 
nerve lesions is shown for: (a) the iliohypogastric nerve, (b) the posterior 
femoral cutaneous nerve, (c) the obturator nerve, (d) the lateral femoral 
cutaneous nerve, (e) the saphenous nerve, (f) the sural nerve, (g) the 
common peroneal nerve, (h) the superficial peroneal nerve, (i) the tibial 
nerve, (j) the medial plantar nerve, (k) the lateral plantar nerve
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over the skin area innervated by that particular nerve. 
A mononeuropathy is usually due to compression, affecting 
the myelinated fibres first. Entrapment of the median nerve 
in the carpal tunnel is one of the most common forms of 
mononeuropathy. Classic symptoms include nocturnal paraes-
thesias in the thumb, index and middle fingers. A lesion of the 
brachial plexus will result in an atypical pattern of sensory 
loss, reflecting the localization of the trunks or cords that are 
affected (Mumenthaler et al. 2003). Any sensory defect will 
consist of impairments of both gnostic and vital modalities.

The skin of the lower limb is supplied by the spinal nerves 
T12–S3. The arrangement of the dermatomes of the lower 
limb is somewhat obscured by the rotation of the lower limbs 
during early development. Initially, the preaxial border fol-
lows the cranial border of the limb bud to the great toe (the 
preaxial digit) and the postaxial border follows its caudal 
margin to the little toe (the postaxial digit). The lower limb 
undergoes medial rotation, bringing the hallux to lie on the 
medial side of the foot. Since rotation occurs at the hip, the 
gluteal region retains its dorsal position. The resulting distri-
bution of lower limb dermatomes is shown in Figs. 4.7 and 

4.8. Ventral and dorsal axial lines course obliquely, the 
ventral one starting proximally at the medial end of the ingui-
nal ligament, descending along the posteromedial aspect of 
the thigh and leg to end proximal to the heel. The dorsal axial 
line begins in the lateral gluteal region and descends postero-
laterally over the thigh to the knee.

The peripheral nerves of the lower extremity arise from 
the lumbosacral plexus. The main peripheral nerves for the 
lower limb are the lateral femoral cutaneous nerve (L2, L3), 
the femoral nerve (L2–L4) and the obturator nerve (L3, L4) 
from the lumbar plexus, and the superior (L4-S1) and infe-
rior (L5-S2) gluteal nerves and the ischiadic nerve (L4-S3) 
from the sacral plexus (see Fig. 9.13). Their sensory branches 
are shown in Figs. 4.11 and 4.12. A lesion of the lumbar 
plexus may lead to sensory loss in the skin of the thigh, 
depending on the nerves involved. The sensory losses arising 
from lesions of individual lower limb peripheral nerves are 
summarized in Figs. 4.11 and 4.12. A typical example of a 
lower limb mononeuropathy is meralgia paraesthetica, a 
pure sensory entrapment neuropathy affecting the lateral 
femoral cutaneous nerve (see Clinical case 4.1).

Clinical Case 4.1 Meralgia Paraesthetica

The lateral femoral cutaneous nerve innervates the skin on 
the distal anterolateral part of the thigh (see Fig. 4.10) and 
has no motor function. Damage to this nerve results in 
sensory complaints of varying intensity, ranging from 
occasional paraesthesias to more permanently disturbing 
pain. This affection is known as meralgia paraesthetica. 
The lateral femoral cutaneous nerve is formed from the 
dorsal L2 and L3 roots and passes on the iliopsoas towards 
the inguinal ligament. Here, the nerve is located just 
medial to the anterior superior iliac spine where it passes 
through several fascial layers. Upon entering the upper 
limb, the nerve makes an acute angle, which makes it vul-
nerable to damage by a variety of causes. Increasing 
demands on the abdominal muscles by strenuous exercise, 
long marches or pregnancy are such provoking factors, but 
even a continuous stretch position of the hip joint in bed-
ridden patients or sleeping in a prone position may be 
involved. On examination, a typical distribution of hypaes-
thesia or analgesia may be found on the anterolateral sur-
face of the thigh. Often pressure on the nerve at its place 
of exit of the pelvis, about 2 cm medial to the anterior 
superior iliac spine, is painful. Hyperextension of the hip 
joint may increase the pain experienced by the patient 
(reverse Lasègue sign).

Case report: A 50-year-old obese man suffered for more 
than a year from recurrent pain, dysaesthesia and numbness 
over the lateral aspect of the thigh, particularly at the left 
side. There was no lumbar pain and the sensations remained 

restricted to the upper part of the leg. As a sales manager, he 
spent a lot of time driving a car. On clinical examination, 
there was sensory loss at a circumscribed area of the antero-
lateral part of the thigh supplied by the lateral cutaneous 
femoral nerve. The area of disturbed light touch was some-
what larger than that of anaesthesia (Fig. 4.13). In this case 
of meralgia paraesthetica, local injection of steroids and a 
light anaesthetic at the level of the inguinal ligament led to 
the disappearance of pain for a few days. Because of the 
recurrence of his complaints, surgical neurolysis was per-
formed after which he was free of complaints.

Fig. 4.13 Sensory loss in the anterolateral part of the thigh in a case 
of meralgia paraesthetica. The area of disturbed light touch (red bro-
ken lines) is somewhat larger than that of anaesthesia (blue broken 
lines; courtesy Peter van Domburg, Sittard)
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4.2.3  Peripheral Pathways

The majority of the primary afferent fibres enter the spinal 
cord through the dorsal roots. A few unmyelinated fibres 
enter through the ventral roots but most of them end blindly 
in the ventral root. Dorsal root fibres bifurcate on entering 
the spinal cord. At the dorsal root entry zone, each rootlet 
consists of a peripheral and a central segment (Sindou et al. 
1974; Fig. 4.14). The junction of the two portions (the pial 
ring) lies on average 1 mm distal to the penetration of the 
rootlet into the dorsolateral sulcus. Peripherally, the fibres 
have no particular organization, but in the neighbourhood of 
the pial ring the small fibres are situated under the rootlet 
surface, predominantly on its lateral side. In the central seg-
ment, they regroup laterally to enter the tract of Lissauer (the 
dorsolateral fasciculus). The large fibres become so arranged 
that fibres from muscle receptors are located centrally and 
fibres to enter the dorsal column are situated medially. 
Thus, dorsal root fibres segregate into a lateral component, 
composed of thin myelinated Ad-fibres from the skin and 
unmyelinated C-fibres from the skin and viscera, which enter 
through the lateral part of the dorsolateral fasciculus, and 
a medial component, composed of thicker myelinated  
Ab-fibres from the skin and proprioceptive afferent fibres 
from muscle spindles (Ia- and II-fibres) and Golgi tendon 
organs (Ib-fibres). The medial component passes through the 
posterior funiculus. Collaterals of these fibres enter the grey 
matter of the spinal cord, where they terminate in the dorsal 
horn, the intermediate zone and the ventral horn.

Each fibre category terminates in specific Rexed layers. 
The Ad- and C-fibres, which innervate most of the receptors 
responding to noxious stimuli, terminate on marginal cells 
(layer I of Rexed) and in the superficial part of the substantia 
gelatinosa (layer II), respectively. Collaterals of the thicker 
myelinated Ab-fibres, innervating touch receptors in the 
skin, terminate in the deep layers of the substantia gelati-
nosa, the nucleus proprius and the adjoining intermediate 
grey (layers III–V). Visceral and somatic afferents also con-
verge on cells in this region (Cervero and Foreman 1990; 
Laird and Schaible 2005). Joint afferents ramify in more 
ventral parts of the intermediate grey matter. The collaterals 
of the large Ia-myelinated fibres innervating muscle spindles 
penetrate into the ventral horn, where they terminate on 
motoneurons. Ib-fibres from Golgi tendon organs terminate 
in layer VI.

Many diseases and inherited disorders that affect periph-
eral nerve fibres do so in a discriminate manner, and patients 
may show a broad spectrum of sensory and motor deficits. 
However, some of these conditions affect nerve fibres differ-
entially as regards fibre size: small fibres are preferentially 
affected in diabetes neuropathy (Dyck 1993) and amyloidosis 
(Dyck and Lambert 1969), whereas large fibres are selectively 
affected in Freidreich ataxia (Cole 1995). Manual motor per-
formance in a deafferented man has been described by 

Rothwell et al. (1982; see Chap. 9). Most patients with poly-
neuropathy share a mixed sensorimotor pattern of abnormali-
ties, although in some, abnormalities of sensory nerve fibres 
are exclusively present or predominate. Certain disorders can 
single out primary sensory neurons as their principle target. 
Sensory tissue damage may occur by several mechanisms, 
including toxin-induced effects (pyridoxine, cisplatin), 
immune-mediated events (paraneoplastic, monoclonal gam-
mopathies) and genetically determined diseases. In addition, 
many cases are idiopathic in nature. Two clinical syndromes 
of sensory neuropathies can be distinguished (Wokke and van 
Dijk 1997; van Dijk 1998): sensory neuronopathies and 
 sensory neuropathies (see Clinical case 4.2). In sensory 

Fig. 4.14 Reorganization of dorsal root fibres from lateral (a) to 
medial (c) in the dorsal root entry zone in humans; see text for further 
explanation. als anterolateral system, df dorsal funiculus, L lateral, LT 
Lissauer’s tract, M medial, I–V Rexed layers of the spinal grey, a alpha-
motoneurons, g gamma-motoneurons (after Sindou et al. 1974)
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 neuronopathies, the ganglion cells in the dorsal root or 
trigeminal ganglia are involved leading to irreversible axonal 
degeneration of their central and peripheral branches. In sen-
sory neuropathies, sensory nerve fibres are involved, large or 
small, which determines the type of sensory disturbance.

In many disorders, the principal targets are the primary 
sensory neurons, which lead to dysfunction of sensory modal-
ities (Thomas and Ochoa 1993; Wokke and van Dijk 1997). 
Mechanisms which lead to damage of sensory neurons can be 
distinguished in seven categories, hereditary, metabolic, defi-
ciency, toxic and iatrogenic, infectious, autoimmune and 
idiopathic. In all forms of hereditary motor and sensory neu-
ropathy (HMSN), motor symptoms and signs predominate. 
Sensory abnormalities, if clinically present, are usually not 

very incapacitating. Sensory abnormalities prevail in the rare 
hereditary sensory and autonomic neuropathies (HSANs), 
characterized by severe symptoms and signs of sensory and 
autonomic disturbances based upon failure to develop or due 
to systematic atrophy and degeneration of primary sensory 
and autonomic neurons (Dyck 1993). HSAN type I begins in 
the second decade of life with impairment of pain and tem-
perature sensations. Spontaneous pain is common. As the dis-
ease progresses, other sensory modalities are also affected 
and mild distal muscle wasting and weakness develop. Axonal 
loss of predominantly unmyelinated fibres occurs. Motor 
conduction velocity is usually normal, whereas sensory action 
potentials are reduced or absent. HSAN type II is usually 
present from birth and affects all sensory modalities.

Clinical Case 4.2 Sensory Neuronopathies/Neuropathies

In sensory neuronopathies, ganglion cells in the spinal and 
trigeminal ganglia are involved, leading to irreversible axonal 
degeneration of the central and peripheral axons. The onset 
of symptoms is often acute or subacute (Wokke and van Dijk 
1997; van Dijk 1998). Sensory ataxia is the clinical hallmark 
of this group of disorders, accompanied by widespread sen-
sory loss, areflexia but normal muscle power. Small as well 
as large fibres can be involved at the same time. Sensory neu-
ronopathies can be found in patients with Sjögren syndrome, 
malignancies or are idiopathic. In sensory neuropathies, sen-
sory nerves are involved, large or small, determining the type 
of sensory disturbance. Symptoms develop more slowly and 
tend to have a more limited, usually acral distribution, with 
the legs more involved than the arms, absent Achilles tendon 
reflexes with other myotatic reflexes being preserved or only 
reduced. The class of sensory nerve fibres determines the 
type of sensory disturbance:
•	 When	 large sensory neurons are the principal targets, 

deficits of proprioception are present with sensory 
ataxia, loss of balance and pseudoathetosis; when the 
proprioceptive deafferentation is severe, patients cannot 
walk or sit unassisted due to the severe ataxia; more-
over, they are unable to describe where their limbs are in 
space without visual clues

•	 When	 small sensory neurons are primarily affected, 
painful dysaesthesias and cutaneous sensory loss are 
present, but without unsteadiness, ataxia or widespread 
loss of myotatic reflexes. The sensory deficits in small 
sensory nerve fibre disease are hypaesthesia or anaes-
thesia to painful and thermal stimuli, frequently accom-
panied by autonomic dysfunction, especially loss of 
control and vasomotor tone.

Two cases are presented as case reports.
Case report 1: A 48-year-old woman was admitted to 

hospital for numbness and tingling in both arms and legs 
and progressive unsteadiness of gait. She had been well 
until two months before, when the first symptoms occurred 
in her legs. In the following weeks, the numbness spread 
over the arms and trunk and part of her face. Her medical 
history was unremarkable. During neurological examina-
tion, she was unable to stand without assistance. There was 
severe ataxia of the limbs with pseudoathetosis, areflexia 
and normal muscle power. Vibration sense was absent over 
the limbs and trunk, and joint position and movement 
senses were severely affected. The clinical picture was 
consistent with a sensory neuronopathy. Neurophysiological 
examination showed absent or decreased amplitudes of the 
sensory nerve action potentials, absent H-reflexes and nor-
mal motor conduction. These data are compatible with 
axonal degeneration of sensory nerve fibres. Laboratory 
examination suggested a diagnosis of Sjögren disease.

Case report 2: A 62-year-old man complained of pain-
ful tingling in the skin of both feet, which started 2 years 
ago. At night, he woke up many times due to these com-
plaints. He had also experienced numbness of his feet while 
walking with bare feet on the ground. This numbness 
extended up to his ankles and since a few months his fin-
gertips were also involved. Neurological examination 
revealed a decrease of pain and tactile senses in the feet, 
whereas vibrations of a tuning fork were not recognized 
below the knees. Muscle strength was normal and only the 
Achilles tendon reflexes were absent. The Romberg sign 
was positive and he was unable to walk a small distance on 
a line. The clinical picture was compatible with a chronic 
sensory neuropathy. Neurophysiological examination 
revealed abnormalities of an axonal, predominantly  sensory 
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4.2.4  Lesions of the Dorsal Roots

Pathological processes affecting the dorsal roots give rise to 
irritative and deficiency symptoms. Irritative symptoms may 
appear when the dorsal roots are under traction or compres-
sion and are infected or after interruption of their blood sup-
ply. Most frequently, the irritation presents as radicular or 
root pain, which is limited to the dermatome belonging to 
the affected root. Occasionally, radicular pain is absent after 
lesions of the dorsal roots. In such cases, other irritative 
symptoms occur such as paraesthesias, sensations of numb-
ness, pricking or tingling. Hyperaesthetic areas may also 
occur. The deficiency symptoms after lesions of the dorsal 
roots are hypaesthesia, diminished sensibility, or anaesthe-
sia, complete loss of sensibility. The distribution of these 
changes corresponds to the dermatomes of the affected roots 
and is characterized by a segmental upper and lower limit. 
Since the fibres conveying impulses of the various types of 
sensation are intermingled in the dorsal roots this sensory 
loss as a rule will comprise all sensory modalities.

A segmental sensory loss, produced by a lesion of one or 
more dorsal roots, may occur in various pathological pro-
cesses such as intraspinal tumours, for example neurinomas, 
and when a protruded intervertebral disc compresses the 
root. Cervical radicular syndromes are almost always due to 
osteochondrosis, from C3 downwards to T1. The superior 
compact bony layers of the bodies of the cervical vertebrae 
are raised laterally as the uncinate processes. As the discs 
shrink during aging, the upper vertebral bodies press wedge-
like into the saddle-shaped cavity of the lower bodies so that 
pressure is exerted on the uncinate processes. These pro-
cesses undergo structural changes and become displaced lat-
erally and dorsally, thereby narrowing the intervertebral 
foramina. The spaces between C5 and C6, as well as C6 and 
C7, are most often involved in this process. The narrowing 
may be restricted to individual foramina or may involve sev-
eral of them uni- or bilaterally to different degrees, resulting 
in monosegmental and plurisegmental radicular syndromes, 
respectively. These syndromes are characterized by radicular 

irritation producing paraesthesias and pain in segmental dis-
tribution patterns. More severe damage may lead to radicular 
sensory and motor losses associated with abnormal reflexes.

Syndromes of root damage limited to individual cervical 
roots may be summarized as follows (Mumenthaler et al. 
2003; Fig. 4.15):
 1. C3, C4: pain in the neck and shoulder; rarely partial pare-

sis of the diaphragm.
2. C5: pain, potentially hypalgesia in dermatome C5; disor-

ders in innervation of the deltoid and biceps brachii.
3. C6: pain, potentially hypalgesia in dermatome C6; paresis 

of the biceps brachii and brachioradialis; decreased bi-
ceps tendon reflex.

4. C7: pain, potentially paraesthesias or hypalgesia in der-
matome C7; paresis of the triceps brachii and pronator 
teres and possibly atrophy of thenar muscles; decreased 
triceps tendon reflex.

 5. C8: pain, possibly paraesthesias and hypalgesia in der-
matome C8; paresis and possibly atrophy of the hypothe-
nar muscles; decreased triceps tendon reflex.
Lumbar discs may also cause irritation to nerve roots, 

felt as pain and paraesthesias in the corresponding segments 
as lumbago or sciatica. More severe damage to the roots 
produces segmental sensory and motor deficits. Syndromes 
of lesions limited to individual lumbar roots may be sum-
marized as follows (Mumenthaler et al. 2003; Fig. 4.16):
 1. L3: pain, possibly paraesthesias in dermatome L3; paresis 

of the quadriceps femoris; decreased or missing quadri-
ceps femoris tendon (patellar) reflex.

2. L4: pain, possibly paraesthesias or hypalgesia in der-
matome L4; paresis of the quadriceps femoris and tibialis 
anterior; reduced patellar reflex.

3. L5: pain, possibly paraesthesias or hypalgesia in der-
matome L5; paresis of extensor hallucis longus and ex-
tensor digitorum brevis; absence of posterior tibial tendon 
reflex.

 4. S1: pain, possibly paraesthesias or hypalgesia in der-
matome S1; paresis of peroneal and triceps surae; loss of 
triceps surae tendon (Achilles tendon) reflex.

polyneuropathy: absent sensory nerve action potentials 
(SNAPs) of the sural and decreased SNAP amplitudes for 
the other investigated nerves, an absent H-reflex of the 
soleus and normal motor conduction. Laboratory examina-
tion did not reveal evidence for a malignancy or a mono-
clonal gammopathy, so the diagnosis “chronic idiopathic 
axonal polyneuropathy” was made.

These cases were kindly provided by Gert van Dijk 
(Department of Neurology, CWZ Hospital Nijmegen).
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Due to the early maturation of the spinal cord and the contin-
ued growth of the spine, a relative ascent of the spinal cord 
occurs in relation to the vertebral column (see ten Donkelaar 
and Hori 2006). As a result, the spinal cord reaches in the 
adult only to the level of the second lumbar vertebra. The 
caudalmost part of the spinal cord, i.e. the conus medullaris 
containing the sacral and coccygeal spinal segments, remains 

connected to the os sacrum by means of the long thin filum 
terminale. As a result of this ascensus medullae process, the 
thoracic, lumbar and sacral nerve roots have an increasingly 
steep course towards their intervertebral foramina where the 
spinal nerves emerge. At the lumbar level, the lumbar and 
sacral nerve roots descend almost vertically. The collection 
of the long lumbar and sacral nerve roots is known as the 
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Fig. 4.15 (a) Overview of syndromes limited to individual roots of C5 
and C6 (after Mumenthaler et al. 2003). In (A), the distribution of pain is 
shown in light red; in (B) the area of hypaesthesia in red; in (C) pareses 
of particular muscles and in (D) changes in reflexes. BB biceps brachii 
muscle, BR brachioradial muscle, BTR biceps tendon reflex, Delt deltoid 

muscle. (b) Overview of syndromes limited to individual roots of C7 and 
C8 (after Mumenthaler et al. 2003). In (A), the distribution of pain is 
shown in light red; in (B) the area of hypaesthesia in red; in (C) pareses 
of particular muscles; and in (D) changes in reflexes. HM hand muscles, 
TB triceps brachii muscle, TR Trömner reflex, TTR triceps tendon reflex
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cauda equina. Space-occupying lesions of various nature 
may cause compression of these structures within the lumbar 
sac from the outside extradural space. A herniated disc, for 
instance, may compress only the nerve root passing towards 
the next caudal foramen or, if extending into the foramen, 
may impinge upon the nerve root at the same level. But if a 
large part of the disc is sequestrated into the spinal canal or 
when the canal is narrowed by spondylarthrotic changes and 
hypertrophy of the ligamentum flavum, a compression of 
the entire cauda equina may occur (see Fig. 4.16d). This 
 so-called cauda equina syndrome, if acutely occurring, is an 

emergency and becomes manifest by excruciating pain in the 
back eradiating towards the legs, paresis of the lower extrem-
ities and sphincter disturbances. The clinical findings further 
consist of loss of skin sensation in the so-called saddle area, 
loss of tendon reflexes, urinary and faecal incontinence and 
loss of the anal sphincter reflex and tone. Such a cauda equina 
syndrome may also result from external compression by 
traumatic vertebral fracture fragments or from a metastasis 
located within a vertebra. An intradural tumour arising at this 
level, such as a schwannoma of one of the nerve roots, may 
give rise to the same clinical problems but usually develops 
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Fig. 4.15 (continued)
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slowly. An isolated lesion of the conus medullaris (a conus 
syndrome) result in disturbances of urogenital and bowel 
functions (see Chap. 12).

Patients with plexopathies show various patterns of 
motor and sensory loss, depending on which part of the 
plexus is affected. Stretching and contusion are the main 

mechanisms of traumatic lesions of the brachial plexus, 
whereas pelvic fractures and hip surgery are common trau-
matic causes of lumbosacral lesions. Neoplastic plexopa-
thies are characteristically painful, whereas radiation 
plexopathies are painless but result in progressive weakness. 
In the upper extremity, plexopathies involving the entire 
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Fig. 4.16 (a) Overview of syndromes limited to individual roots of L4 
and L5 (after Mumenthaler et al. 2003). In (A), a lateral prolaps of the 
intervertebral disc between L3 and L4 (top) and between L4 and L5 
(below) is shown; in (B) the distribution of pain and paraesthesias in 
light red; in (C) the area of sensory disturbances in red; in (D) pareses 
of particular muscles (see text for explanation); and in (E) changes in 
reflexes. PR patellar reflex, TPR tibial posterior reflex. (b) Overview of 

syndromes limited to the individual root of S1 and the cauda equina 
(after Mumenthaler et al. 2003). In (A), a lateral prolaps of the interver-
tebral disc between L5 and S1 (top) and a massive medial prolaps of 
that between L4 and L5 (below) are shown; in (B), the distribution of 
pain and paraesthesias in light red; in (C), the area of sensory distur-
bances in red; in (D), pareses of particular muscles (see text for expla-
nation); and in (E) changes in reflexes. ATR Achilles tendon reflex



150 4 The Somatosensory System

A B

b

C D E

S1

ATR

ATR

cauda

Fig. 4.16 (continued)

plexus produce weakness and sensory loss from C5 to T1. 
The patient loses all sensations in the whole arm and the 
ability to produce movements. In patients with upper bra-
chial plexus lesions (Duchenne–Erb paralysis), abduction 
of the arm and flexion of the forearm are impaired, and there 
are a C5–C6 sensory loss and decreased biceps brachii and 
brachioradialis tendon reflexes (Fig. 4.15; see also Chap. 9). 
Lower brachial plexus lesions (Dejerine-Klumpke paraly-
sis) cause weakness of the intrinsic muscles of the hand and 
the wrist flexors with sensory loss over the two medial fin-
gers and the medial aspects of the hand and arm (Fig. 4.15). 

The lower brachial plexus lesion seen in patients with a 
Pancoast tumour has a distinct, ominous course with pro-
gressive pain and sensory disturbances and eventually pare-
sis, spreading from the T2 and T1 segments to more proximal 
sites as the tumour grows. A similar typical lower plexus 
distribution pattern can be seen in a true neurogenic tho-
racic outlet syndrome in which the lower brachial plexus, 
containing the ventral branches of the C8 and T1 segments, 
becomes compressed by a fibrous band extending from an 
elongated C7 transverse process to the first rib. Typically, 
the sensory disturbances are in the medial forearm and ulnar 
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Clinical Case 4.3 Neuralgic Amyotrophy

Neuralgic amyotrophy is characterized by monophasic 
attacks of patchy, immune-mediated damage to the brachial 
plexus and, less commonly, to the phrenic nerve, the lum-
bosacral plexus and lower cranial or trunk muscles (van 
Alfen 2006; van Alfen et al. 2005; van Alfen and van 
Engelen 2006). Idiopathic lumbosacral plexopathy and 
idiopathic phrenic nerve palsy are very likely parts of the 
neuralgic amyotrophy spectrum or syndrome. The dura-
tion of and time course between pain, paresis and sensory 
disturbances can vary considerably, but pain usually pre-
cedes other symptoms. Although pain and motor symptoms 
predominate, sensory axons are very commonly involved in 
the attacks. Core features of the attacks are the extreme neu-
ropathic pain at onset and the rapid multifocal paresis and 
atrophy, usually in the upper extremities, as well as the slow 
recovery in months to years (see Case report).

Case report: A 42-year-old man was seen at the emer-
gency department because of severe pain and paresis of 
his right arm since early that morning. At first, his strength 
was normal, but during the last few hours he had progres-
sively lost his ability to elevate the arm and to stretch it 
out. There were tingling sensations in his right thumb. His 
medical history was unremarkable, except for a respira-
tory illness the previous week. On examination, the patient 
was in severe pain but still cooperative. He could not ele-
vate his right arm laterally for more than 20° and his 
shoulder blade protruded when he attempted to lift the arm 
(scapula alata or winging of the shoulder blade; see 
Fig. 4.17). Exorotation of the right humerus was also lim-
ited. A clinical diagnosis of neuralgic amyotrophy 
(Parsonage Turner syndrome or brachial plexus neuri-
tis) was made with involvement of the long thoracic, 
suprascapular and superficial radial nerves. Additional 

electromyography (EMG) revealed denervation of the ser-
ratus anterior and infraspinate muscles. The patient was 
given strong analgesics until the pain disappeared. He 
recovered almost completely over the course of a year.

This case was kindly provided by Nens van Alfen 
(Depart ment of Clinical Neurophysiology, Radboud 
University Nijmegen Medical Centre, Nijmegen).
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side of the hand, with motor symptoms more severe in the 
thenar than hypothenar muscles. When no cause is apparent 
and the plexopathy has a rapid painful onset, the cause is 
most likely neuralgic amyotrophy (Wilbourn 1993; van 
Alfen 2006; van Alfen and van Engelen 2006; see Clinical 
case 4.3). Rarely, a similar picture with usually progressive 
symptoms presents itself in certain infectious diseases such 
as Lyme disease or HIV.

In the lower extremity, plexopathies may affect the lumbar 
or sacral plexus or both. Lumbar plexopathies (L2–L4) affect 
hip flexion, extension of the knee and thigh adduction, and 
present sensory loss of the ventromedial aspect of the thigh 
and impaired patellar reflex (Fig. 4.16). Sacral plexopathies 

(L5-S1) affect extension and abduction of the hip, knee flex-
ion, and flexion and dorsiflexion of the foot. Sensory impair-
ments are found on the dorsal aspect of the thigh, the 
ventrolateral and dorsal aspects of the leg as well as on the 
dorsolateral and plantar surfaces of the foot. The triceps surae 
tendon reflex may be decreased or absent. In lumbosacral 
plexus neuropathy, acute pain in parts of the area innervated 
by the lumbosacral plexus is followed by paresis, muscle 
atrophy and sometimes sensory disturbances (Donaghy 1993; 
van Alfen and van Engelen 1997; see Clinical case 9.3). The 
pain is severe and neuropathic. The most striking feature, 
however, is the loss of muscle strength, which can vary from 
slight paresis to total paralysis of the affected muscles.

Fig. 4.17 Protrusion of the right scapula (scapula alata) in a case of 
neuralgic amyotrophy (courtesy Nens van Alfen, Nijmegen)
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4.3  The Large-Fibred Dorsal (Posterior) 
Column-Medial Lemniscus Pathway

In the large-fibred dorsal column-medial lemniscal system, 
there is a bundling of elements with common modality and 
receptor field properties. The bundling begins in the first-
order fibres, which project to similarly modularized elements 
of the dorsal column nuclei. These elements project to upon 
modules of the thalamic ventrobasal complex and, from here, 
columns of the postcentral gyrus are reached. Thus, the mod-
ular organization of the somatic afferent system is generated 
at its first-order input stage (Mountcastle 1984). Apart from 
the prominent lemniscal system, the dorsal column also con-
tains the post-synaptic dorsal column system and ascending 
visceral nociceptive afferents (see Sect. 4.4.1).

4.3.1  Dorsal Column Projections

Ascending branches of myelinated primary afferent fibres 
(4–20 mm) form the first part of the dorsal column-medial 
lemniscus pathway (Fig. 4.18). In humans, the dorsal column 
system is by far the largest somatic afferent pathway of the 
spinal cord. In the high cervical cord, it occupies some 40% 
of the cross-sectional area. These first-order or primary 
afferent fibres synapse on neurons in the dorsal column 
nuclei (the gracile and cuneate nuclei). At the segment of 
entry, newly added fibres occupy a lateral position, but as 
they ascend, they are replaced medially by fibres entering at 
successively higher levels. Primary afferent fibres from the 
lower extremity and trunk pass in the medial, gracile fas-
ciculus, whereas afferents from the upper extremity and 
associated trunk and neck travel in the lateral, cuneate fas-
ciculus. In humans, the pattern of segmental location of the 
long ascending fibres was studied among others by Winkler 
(1918), Foerster (1936a), and Smith and Deacon (1984). 
Winkler suggested that layers of fibres from each spinal seg-
ment are arranged in an oblique plane, whereas Foerster sug-
gested that each layer of segmentally derived fibres lies 
roughly parallel to the median septum. In Macaca mulatta, 
Walker and Weaver (1942) showed the somatotopic organi-
zation of ascending fibres in the dorsal columns by analyzing 
the resulting degeneration following dorsal root sections. 
They found a marked overlap of the fibres from adjacent 
roots. Smith and Deacon (1984) studied the topographical 
anatomy of the human posterior columns in Marchi prepara-
tions. They showed that: (1) the fasciculus gracilis and fas-
ciculus cuneatus should be considered as separate anatomical 
entities; (2) the shape of each fasciculus is different in each 
of the upper thoracic and cervical segments; (3) a certain 
degree of segmental lamination is present in the gracile fas-
cicle, but with extensive overlap of fibres from different seg-

ments; (4) the orientation of the layers is not the same in all 
segments, being very approximately parallel to the medial 
border of the dorsal horn in most caudal segments, approxi-
mately parallel to the median septum in intermediate seg-
ments, and oblique in rostral sections; (5) the pattern of 
lamination in the cuneate fascicle and the degree of overlap 
of fibres resembles that in the caudal gracile fascicle and (6) 
there is hardly any overlap of fibres between the gracile and 
cuneate fascicles.

Microelectrode recordings in squirrel monkeys (Whitsel 
et al. 1969) have demonstrated the types of information pass-
ing via the dorsal columns. At high spinal cord levels, the 
gracile and cuneate fascicles differ in the classes of axons 
they contain. The gracile fascicle at lower levels contains a 
mixture of cutaneous afferents, largely fast adapting (FA) 
afferents, and muscle afferents that leave the fascicle to ter-
minate in Clarke’s column which, in turn, projects to the cer-
ebellum via the dorsal spinocerebellar tract. At higher levels, 
the remaining axons are almost completely FA cutaneous 
afferent fibres. The cuneate fascicle contains a mixture of 
FA cutaneous and muscle afferent fibres. The cutaneous 
afferents terminate in the cuneate nucleus, whereas the mus-
cle afferents innervate the adjacent external cuneate nucleus. 
Therefore, lesions of the dorsal columns deactivate FA neu-
rons, regardless of the level, but the impairment of activity of 
muscle afferents depends on the level of the lesion. Muscle 
afferents from the lower extremity terminate on neurons that 
lay outside the gracile fascicle. Lesions of the dorsal col-
umns in humans have little effect on many simple tactile 
abilities, but major defects occur in the abilities to detect the 
speed and direction of moving stimuli and to identify figures 
drawn on the skin (see Sect. 4.3.6).

The first-order afferent fibres of the dorsal columns syn-
apse on neurons in the dorsal column nuclei (the gracile 
and cuneate nuclei). Together with the external cuneate 
nucleus and two smaller cell clusters (Z and X), these two 
nuclei form the dorsal column nuclear complex. The dorsal 
columns also contain many axons of second-order neurons 
(post-synaptic dorsal column or PSDC fibres; see Rustioni 
et al. 1979), which also terminate within the dorsal column 
nuclei. They arise throughout the spinal grey, but mainly in 
lamina IV of the cervical and lumbar enlargements. The dor-
sal column nuclei are extensively innervated by the senso-
rimotor cortex (Kuypers 1958a–c; Kuypers and Tuerck 1964; 
Weisberg and Rustioni 1977; Cheema et al. 1985). The over-
all appearance of the gracile and cuneate nuclei in humans is 
quite similar to that observed in macaque monkeys (Florence 
et al. 1988, 1989, 1991). In both, the middle regions con-
tain discrete clusters of cytochrome oxidase (CO)-rich 
neurons, outlined by bands of myelinated fibres (the “retic-
ular” zone). The cuneate nucleus of primates can be 
divided into (1) a central area, the pars rotunda in which 
medium-sized round neurons are clustered between 
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Fig. 4.18 Dorsal column-medial 
lemniscus pathway: Overview. The 
horizontal sections show the localization 
of the dorsal column nuclei (in red) and 
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brain stem. cf cuneate fascicle, Cun 
cuneate nucleus, dr dorsal root, gf gracile 
fascicle, Gr gracile nucleus, ml medial 
lemniscus, S1 primary somatosensory 
cortex, VPL ventroposterior lateral 
nucleus (after ten Donkelaar et al. 2007)
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 bundles of incoming myelinated fibres, (2) a smaller later-
ally placed pars triangularis with little or no cell clustering, 
and (3) reticular poles of the rostral and caudal zones con-
taining scattered, evenly distributed neurons of various sizes. 
In humans, the triangular part is more differentiated into cell 
clusters than that of monkeys (Florence et al. 1989, 1991; 
Fig. 4.19). The ascending dorsal column fibres terminate in 
two patterns in the gracile and cuneate nuclei: (1) a “cluster” 
region which receives input mainly from the distal parts of 
the body; and (2) a “reticular” zone which receives more 
proximal input with a large contribution from second-order 
afferent fibres. Cells in the “cluster” region are modality spe-
cific and may have smaller receptive fields than those in the 
“reticular” zone, which often receive inputs from various 
receptor types. Input to the “cluster” region comes mainly 
from large-diameter primary afferent fibres: units innervat-
ing low-threshold mechanoreceptors in the skin (Meissner 
corpuscles, Merkel discs, Ruffini endings, PCs and hair fol-
licles) and joint and muscle receptors.

In monkeys which were subjected to cervical cord  
and upper thoracic dorsal rhizotomies after 13–21 years 
 trans neuronal atrophy occurred in neurons of the dorsal 
column (DCN) and ventroposterior lateral (VPL) nuclei 
(Woods et al. 1999). In these monkeys, extensive plasticity 
was shown in the somatosensory cortex and the thalamus 
(Jones and Pons 1998; Jones 2000). When compared with 
the unaffected side, the ipsilateral cuneate and the external 
cuneate nuclei and the contralateral VPL showed reductions 
in volume: 44–51% in the cuneate nucleus, 37–48% in the 
external cuneate nucleus and 32–38% in the VPL. In the 
affected nuclei, neurons were progressively shrunken with 
increasing survival time, but there was relatively little loss 
of neurons (10–16%). There was evidence for loss of axons 
of atrophic cuneate neurons in the medial lemniscus and in 

the thalamus, with accompanying severe disorganization of 
the parts of the ventral posterior nuclei that represent the 
normally innervated face and the deafferented upper limb. 
Secondary transneuronal atrophy in the VPL, associated 
with retraction of axons of cuneate neurons undergoing pri-
mary transneuronal atrophy, is likely to be associated with 
similar withdrawal of axons from the cerebral cortex (Woods 
et al. 1999; Florence 2002).

Axons of the dorsal column nuclear complex cross the 
midline in the caudal medulla as the internal arcuate fibres, 
ascend in the medial lemniscus (the “Schleife” or ribbon of 
Reil) and terminate in the ventrobasal or ventroposterior 
nucleus (VP) of the thalamus. The vast majority of the medial 
lemniscus fibres terminate in the caudal part of the VP: fibres 
from the gracile nucleus end most laterally and those from 
the cuneate nucleus more medially. In general, ventroposte-
rior cells respond only to one modality of sensory input and 
they are grouped together according to modality in continu-
ous layers or subnuclei of the VP, as demonstrated by Jones 
and Friedman (1982) and Kaas and co-workers (see 
Sect. 4.3.3). In human post-mortem material, Marani and 
Schoen (2005) demonstrated at least three components of the 
medial lemniscus:
 1. Second-order somatosensory fibres arising from the grac-

ile nucleus decussate dorsally to occupy the most ventral 
position within the contralateral medial lemniscus.

2. Second-order ascending fibres arising in the cuneate 
nucleus follow a more curved course through the caudal 
medulla, decussate more ventrally and become situated 
dorsal to the second-order somatosensory fibres from the 
gracile nucleus.

 3. Ascending fibres from the external cuneate nucleus pass 
to the most medial part of the contralateral medial lemnis-
cus. The other two components shift lateralwards.

a b

Tri

Tri

Fig. 4.19 Proposed organization of cutaneous input to cytochrome 
oxidase (CO)-dense patches in the macaque (a) and the human (b) 
cuneate nucleus. Each CO-dense patch has been associated with inputs 
from one or more skin regions. Tri refers to the triangular nucleus. 
Various skin regions are indicated by hatching and colour: the dorsal 

hand region in red, the palm in light red, the glabrous skin of the digits 
in grey, the dorsal digits in light grey, the wrist by dots, the forearm by 
horizontal hatching, the arm in black and the trunk by vertical hatching 
(after Florence et al. 1989)
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Clinical Case 4.4 Lateral Medullary Lesion Affecting  

the Decussating Medial Lemniscus

One of the Schoen’s cases of trigeminal lesions, published 
by Usunoff et al. (1997) and Marani and Schoen (2005), is 
shown as Case report. In this case, a lateral medullary 
lesion, decussating fibres of the medial lemniscus were 
damaged.

Case report: In a 65-year-old female of whom no clini-
cal data were available, the lesion destroyed the interpolar 

spinal trigeminal nucleus, the adjacent part of the lateral 
reticular formation with some of the rootlets of the 
glossopharyngeal and vagus nerves, decussating secondary 
afferents from the dorsal column nuclei and the anterolat-
eral system (Fig. 4.20). The spinal tract of the trigeminal 
nerve was spared. This case was complicated by an old 
vascular lesion in the left temporal lobe and basal fore-
brain, involving the caudal pole of the lentiform nucleus, 
the posterior limb of the internal capsule and the central 
third of the cerebral peduncle. Ascending degenerating 
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Fig. 4.20 One of the Schoen’s cases of trigeminal lesions. In the 
brain stem (a–i), ascending degenerating fibres were abundantly 
found in the contralateral medial lemniscus (ml), most likely due to 
interruption of internal arcuate fibres from the gracile (Gr) and cune-
ate (Cun) nuclei, more sparsely in the ipsilateral anterolateral system 
(als) and in the medial longitudinal fascicle (mlf) due to interruption 
of crossing vestibulo-oculomotor fibres. The abundant labelling of the 

medial lemniscus made further tracing of the ascending trigeminotha-
lamic fibres almost impossible. Other abbreviations: cp cerebral 
peduncle, LGB lateral geniculate body, mcp middle cerebellar pedun-
cle, MGB medial geniculate body, pyr pyramidal tract, Rub red 
nucleus, SN substantia nigra, III oculomotor nucleus (after Usunoff 
et al. 1997)

This dorsoventral somatotopy is maintained at pontine lev-
els but is lost in the midbrain due to intermingling of these 
components (Marani and Schoen 2005). Second-order trigem-
inal somatosensory fibres, mainly arising from the principal 
sensory nucleus, join the medial lemniscus at the rostral pon-

tine level (see Sect. 4.5.3). In the caudal mesencephalon, the 
trigeminal lemniscus is situated at the dorsomedial angle of 
the medial lemniscus, but more rostrally the fibres of the 
trigeminal and medial lemnisci intermingle (Usunoff et al. 
1997; Marani and Schoen 2005; see Clinical case 4.4).
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4.3.2  Sensory Pathways in the Dorsolateral 
Funiculus

Mammals have a spinocervical pathway (first described in 
cats by Morin 1955), arising from second-order neurons in 
the dorsal horn that project ipsilaterally to the lateral cervi-
cal nucleus (Nijensohn and Kerr 1975; Boivie 1983; Willis 
and Coggeshall 1991; Fig. 4.21). The lateral cervical nucleus 
appears to relay touch, pressure and vibration information, 
largely from the hairy skin, to the contralateral thalamus. 
The presence of a lateral cervical nucleus in humans is con-
troversial. It has been found in some human spinal cords (Ha 
and Morin 1964; Truex et al. 1968, 1970) but is presumably 
vestigial (Nathan et al. 1986). Little is known about possible 
sensory pathways in the posterolateral funiculus of humans 
(Willis and Coggeshall 1991). Lesions in this area do not 
seem to impair touch, position sense or vibratory sense. 
However, it is possible that some of these functions are 
shared with the posterior columns. A role in pain transmis-
sion cannot be ruled out, since there are occasional success-
ful cordotomies in which the posterolateral funiculus was 
lesioned.

Other second-order axons of the dorsolateral funiculus, 
possibly collaterals of spinocerebellar fibres, terminate in 
two small nuclei, in cats termed X and Z by Pompeiano and 
Brodal (1957). Muscle spindle afferents from the hindlimb 
pass via the dorsolateral funiculus to nucleus Z, situated just 
rostral to the gracile nucleus. Nucleus Z, which has also been 
identified in the human brain stem (Sadjadpour and Brodal 
1968), projects to the contralateral ventroposterior complex 
in the thalamus. In monkeys, muscle spindle afferents related 
to the forelimbs terminate on neurons projecting within the 
dorsal columns (Dreyer et al. 1974). This probably also 
occurs in humans, since lesions of the dorsal columns impair 
motor control for the upper limbs (Nathan et al. 1986; see 
Sect. 4.3.6). A separate nucleus X is not clearly present in 

humans. It forms a second group of neurons, receiving mostly 
second-order muscle spindle afferents related to the lower 
limbs, and projects to the ventroposterior complex of the 
thalamus and the cerebellum (see Willis and Coggeshall 
1991). The muscle spindle afferents of the upper limbs and 
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Fig. 4.21 Ascending projections from the dorsolateral funiculus of the 
monkey. Cb cerebellum, Cerl lateral cervical nucleus, Cun cuneate 
nucleus, Cune external cuneate nucleus, dlf dorsolateral funiculus, dsct 
dorsal spinocerebellar tract, Gr gracile nucleus, LR lateral reticular 
nucleus, ml medial lemniscus, sct spinocervical tract, Th thalamus, X, Z 
nuclei X and Z (after Nijensohn and Kerr 1975)

fibres were abundantly found in the contralateral medial 
lemniscus, most likely due to interruption of internal arcu-
ate fibres from the gracile and cuneate nuclei, and more 
sparsely in the ipsilateral spinothalamic tract. The abun-
dant labelling of the medial lemniscus made further tracing 
of the ascending trigeminothalamic fibres almost impossi-
ble. In addition, the lesion interrupted crossing vestibulo-
oculomotor fibres to the medial longitudinal fascicle.
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trunk course in the cuneate fascicle and terminate in the 
external cuneate nucleus, situated rostrolateral to the cune-
ate nucleus. These nuclei project to both the ventroposterior 
complex of the thalamus and the cerebellum.

4.3.3  The Somatosensory Thalamus

Various proposals have been made for how to subdivide the 
human thalamus (Hassler 1959, 1982; Jones 1985; Hirai and 
Jones 1989; Morel et al. 1997; Percheron 2004; see Chap. 1). 
However, the somatosensory thalamic nuclei have not been 
identified with complete certainty (Kaas 2004). In macaques 
and several New World monkeys, Jon Kaas and collaborators 
(Kaas and Pons 1988; Krubitzer and Kaas 1992) subdivided 
the somatosensory thalamus into a large VP, a ventroposte-
rior superior nucleus (VPS) and a ventroposterior inferior 
nucleus (VPI). The VP is the principal relay nucleus for 
information from fast-adapting and slow-adapting cutaneous 
receptors to the anterior parietal or somatosensory cortex, 
the VPS relays information from muscle and joint receptors, 
whereas the significance of the VPI receiving spinothalamic 
input is less certain (Kaas 2004). Thalamic neurons activated 
by stimulation of afferents innervating the deep tissues of the 
body are clustered in a dorsal shell (Fig. 4.22) that surrounds 
the cutaneous core, but remains contained within the nuclear 
confines of the VPL. In the human thalamus, the shell is 
identified as a separate nucleus, VPLa (Hirai and Jones 
1989). The somatotopic pattern of representation in the ven-

troposterior nuclei has been mapped in gross electrode and 
microelectrode recording experiments in cats (Poggio and 
Mountcastle 1960), monkeys (Poggio and Mountcastle 1963; 
Jones and Friedman 1982) and humans (Lenz et al. 1998a; 
Hua et al. 2000). Just caudal to VPI, a ventromedial posterior 
nucleus (VMpo) appears to receive spinothalamic input 
mediating pain and temperature (Craig et al. 1994; see 
Sect. 4.4.3). In addition, related nuclei of the posterior com-
plex appear to have somatosensory functions. Edward Jones 
proposed a dichotomy of thalamic relay cells into core and 
matrix systems, the core system serves the specific sensory 
and motor systems, whereas the matrix system serves the 
nociceptive and thermoceptive senses (Jones 1998a, b; see 
Chap. 1).

The VP is characterized (Jones 1985) by: (1) densely 
packed and darkly stained neurons; (2) a systematic repre-
sentation of cutaneous receptors; (3) inputs from the dorsal 
column nuclei, the spinothalamic tract, and the trigeminal 
nuclear complex and (4) projections to the primary soma-
tosensory cortex. The nucleus consists of subnuclei of 
densely aggregated neurons partially separated by cell-
poor fibre bands, the most conspicuous of which is the 
arcuate layer that separates the part of the VP representing 
the face, the ventroposterior medial nucleus (VPM), 
from that representing the rest of the body, the VPL. In the 
human thalamus, Hassler’s ventrocaudal group (Vc) cor-
responds closely to Kaas’ VP in monkeys. The external 
segment (Vce) corresponds to the VPL, and the internal 
segment (Vci) to the VPM. In recent atlases of the human 
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brain, the classic terms VPL and VPM are used (Mai et al. 
1997; Morel et al. 1997).

The somatotopic organization of the VP has been studied 
extensively in squirrel monkeys (Kaas et al. 1984). A similar 
organization exists in the human VP (Lenz et al. 1988). 
Recordings and microstimulation experiments (Emmers and 
Tasker 1975; Lenz et al. 1988) from the human thalamus indi-
cate that the mouth and the tongue relate to the ventromedial 
part of VPM, whereas the hand and the foot are represented in 
the ventrorostral part of VPL, and the back and the neck in the 
dorsocaudal part of VPL. The fingers activate a large part of 
the medial VPL, and the lips and the tongue are represented 
in a large part of VPM. As in monkeys (Dykes et al. 1981), 
most neurons in the human VP are activated by FAI or SA 
(SAI, SAII or both) inputs, with local clusters of cells related 
to one or the other class of inputs (Lenz et al. 1988). There is 
little evidence for Pacinian (FAII) inputs. In humans, electri-
cal stimulation of peripheral nerves results in evoked poten-
tials in the contralateral VP with a latency of 14–17 ms 
(Fukushima et al. 1976; Celesia 1979). Electrical stimulation 
in sites in the nucleus or of input fibres in the medial lemnis-
cus generally results in sharply localized sensations of numb-
ness or tingling rather than light touch (Emmers and Tasker 
1975; Davis et al. 1996; Lenz et al. 1988, 1998b). Localized 
lesions of the VP are followed by a persistent numbness in a 
restricted skin region corresponding to the body surface map 
in the VP (Garcin and Lapresle 1960; Domino et al. 1965; 
Van Buren et al. 1976).

In macaque monkeys, dense inputs to the VP come 
from the dorsal column nuclei via the medial lemniscus 
and from the main sensory trigeminal nucleus via the 
trigeminal lemniscus. In humans, evoked potentials have 
been recorded in the VP after electrical stimulation of the 
dorsal columns (Gildenberg and Murthy 1980). Less dense 
inputs come from the spinothalamic tract and the lateral 
cervical nucleus (Berkley 1980; Apkarian and Hodge 
1989b). In humans, degenerating spinothalamic termina-
tions have been reported in the VP following spinal cord 
damage (Bowsher 1957; Mehler 1962, 1966; see Fig. 4.33). 
The spinothalamic inputs appear to relate to small-cell 
regions of the VP that project to superficial layers of the 
cortical areas 3b and 1 (Rausell and Jones 1991b). The 
outputs of the VP to the cerebral cortex have been studied 
extensively in many mammals (Darian-Smith et al. 1990, 
1996; Krubitzer and Kaas 1992; Coq et al. 2004; Padberg 
and Krubitzer 2006). The VP projects to area 3b or its 
non-primate homologue S1. In most mammals, other pro-
jections are to the second somatosensory area (S2) and 
possibly also to other fields, but in monkeys, and probably 
also in humans, projections to S2 are a trivial component 

of the output (Kaas 2004). In monkeys, the VP also proj-
ects to area 1, and, in macaque monkeys, a sparse output 
has been found to the part of area 2 related to the hand and 
even to a specialized part of area 5 (Pons and Kaas 1986; 
see also Darian-Smith et al. 1996). In humans, lesions of 
the anterior parietal cortex including areas 3b and 1 cause 
retrograde degeneration and cell loss in the VP (Van Buren 
and Borke 1972), suggesting that the output patterns of 
the VP in humans and monkeys are similar. Moreover, 
recordings from the surface of the somatosensory cortex 
indicate that potentials evoked by median nerve stimula-
tion are reduced or abolished by lesions of the VP (Domino 
et al. 1965).

In the ventroposterior thalamus of primates the zone of 
activation by deep receptors is dorsal to that related to cuta-
neous receptors, and it is further distinguished by its pattern 
of cortical connections and architecture (Kaas 2004). Kaas 
and Pons (1988) termed the deep receptor zone the VPS. In 
monkeys, the VPS contains a representation of deep recep-
tors, especially from muscle spindles (Wiesendanger and 
Miles 1982; Kaas and Pons 1988). The representation paral-
lels that in the VP so that the face, hand and foot activate in 
sequence the medial, middle and lateral parts of the VPS. 
The major input appears to come from the external cuneate 
nucleus (Boivie and Boman 1981), and the output goes 
largely or exclusively to area 3a and area 2 of the cerebral 
cortex (Cusick et al. 1985). Evidence is less complete for the 
VPS of humans. Deep receptors are represented in an orderly 
manner in part of the thalamus just rostrodorsal to the cuta-
neous representation in the VP (Lenz et al. 1990; Ohye et al. 
1993; Seike 1993). The VPS is probably within the VP or 
represents a VL-VP “transition” zone described as Vc.a.e. by 
Hassler (1959) and more recently as VPLa (Hirai and Jones 
1989; Morel et al. 1997).

In all primates, including humans (Hirai and Jones 
1989; Morel et al. 1997; Percheron 2004), the VPI is iden-
tified as a narrow region that is composed of small, pale-
staining neurons just ventral to the VP. The VPI is densely 
myelinated and reacts lightly for CO. The nucleus extends 
dorsally into the cell-poor regions that separate face, hand 
and foot subnuclei of the VP (Krubitzer and Kaas 1992). 
Because of this dorsal finger-like extension of parts of the 
VPI and its caudal extension into thalamic regions of simi-
lar appearance, some of the boundaries of the VPI remain 
uncertain. As a result, the major inputs to the VPI from 
spinothalamic and trigeminothalamic fibres have been var-
iously described as including not only VPI but also VP as 
well as more caudal nuclei (Apkarian and Hodge 1989b; 
Gingold et al. 1991; Kaas 2004). Neurons in the VPI region 
of both monkeys (Apkarian and Shi 1994) and humans 
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(Lenz et al. 1993a) respond to noxious stimulation. In 
monkeys, the VPI projects densely to areas S2 and PV of 
the lateral parietal cortex and less densely and more super-
ficially to areas of the anterior parietal cortex (Friedman 
and Murray 1986; Cusick and Gould 1990; Krubitzer and 
Kaas 1992). Although the VPI relays spinothalamic tract 
information and includes neurons responsive to noxious 
stimuli, it seems likely that the role of VPI projections to 
the cortex is largely modulatory (Kaas 2004).

The posterior group or complex (Jones 1985) includes a 
poorly defined group of nuclei with somatosensory, auditory 
and multimodal functions, located just caudal to the ventro-
posterior complex. Usually, separate limitans, supragenicu-
late and posterior nuclei are recognized. Cortical projections 
of the posterior complex appear to reach the cortex of the 
lateral sulcus near S2. In monkeys and humans, a part of the 
posterior group has been distinguished as the VMpo (Craig 
et al. 1994; Blomqvist et al. 2000). In humans, stimulation in 
this region evokes sensations of pain or thermal change, 
usually cooling (Lenz et al. 1993a, b; Davis et al. 1999). The 
pain evoked in waking humans by VMpo stimulation is 
extremely unpleasant. The nucleus receives somatotopically 
organized nociceptive and thermoreceptive inputs from 
layer I of the contralateral dorsal horn of the spinal cord via 
the spinothalamic tract. The dense axonal plexus terminat-
ing in or passing through the VMpo stains heavily for cal-
bindin. The VMpo relays to part of the lateral parietal cortex 
in the lateral sulcus. This pathway appears to be important 
in mediating pain and temperature sensations (see Perl 1998; 
Craig 2003a, b). Uncertainty remains concerning the ana-
tomical position and relations of the posterior thalamic tar-
get of the lamina I spinothalamic axons. Craig and 
co-workers defined this target as VMPo, located behind the 
VPM and VMb and separated from these two nuclear groups 
by a thin posterior nucleus. It thus lies within the posterior 
nuclear complex (Blomqvist et al. 2000). Jones and  
co-workers, however, regard the region defined as VMpo as 
part of the VPM (Jones 1998c; Jones et al. 2001; Graziano 
and Jones 2004). Percheron (2004) suggested the name 
nucleus basalis nodalis.

4.3.4  Somatosensory Cortical Projections

In early electrophysiological mapping studies of the cere-
bral cortex, two cortical areas responsive to peripheral 
tactile stimulation were identified (Woolsey 1958; 
Fig. 4.23a): a primary somatosensory area (S1) in the 
anterior parietal cortex and a second somatosensory area 
(S2) buried in the lateral sulcus. With a microelectrode 

mapping technique, separate representations were found 
in each of the four cytoarchitectural areas of the postcen-
tral gyrus (Nelson et al. 1980; Fig. 4.23b). More recently, 
cytoarchitectonic and connectivity studies defined at least 
ten separate areas in the primate parietal (somatosensory) 
cortex (Burton and Sinclair 1996; Kaas 2004): four ante-
rior areas (3a, 3b, 1 and 2), two posterior areas (5 and 7b) 
and four lateral regions (S2, PV, a parietal ventral (PV) 
area rostral to S2, retroinsular and granular insula). The 
cortical systems influenced by the postcentral gyrus can 
be grouped as two large sets on the basis of their location 
and connectivity (Mountcastle 2005): (1) areas 5 and 7 of 
the parietal lobe, the posterior system, which generates 
somatosensory functions including the recognition of the 
form of objects enclosed by the hand, knowledge of the 
position and movement of the limbs in space, the genera-
tion of an internal schema of the body form and the gen-
eration of movements of the arm and hand directed at 
targets within reach (see Sect. 4.3.5); (2) the cortex of the 
Sylvian fissure, the lateral system, including as immedi-
ate targets S2 and insular areas that serve particular 
aspects of tactile, pain and thermal sensibilities (see 
Sect. 4.4.4).

The anterior parietal cortex consists of four cytoarchi-
tectonically defined areas (3a, 3b, 1 and 2). Brodmann’s 
area 3 was further subdivided by Vogt and Vogt (1919) into 
areas 3a and 3b. Later, von Economo and Koskinas (1925) 
defined four areas (PA, PB, PC and PD) that appear to cor-
respond roughly to areas 3a, 3b, 1 and 2, respectively. 
Electro physiological studies of these areas in monkeys 
show that neurons across the four regions have quite differ-
ent receptive fields (Merzenich et al. 1978; Kaas 1983; 
Mountcastle 1984). Area 3b contains a separate, complete 
map of the cutaneous receptors of the body. The representa-
tion proceeds from the foot in the medial surface of the 
hemisphere to the face and the tongue in the lateral cortex, 
with the digits of the foot and the hand pointing deep in the 
central sulcus (see Fig. 4.23b). Subdivisions of area 3b 
related to body parts can be seen as myelin-dense ovals 
separated by myelin-light septa (Jain et al. 1998, 2001). 
The area 3b representation is almost exclusively of the con-
tralateral body surface, except for bilateral representations 
of the tongue and teeth (Manger et al. 1996). Area 3b neu-
rons are activated by FAI and SAI afferents relayed from 
the VP. FAI and SAI inputs are segregated into bands or 
columns in layer IV (Sur et al. 1984). Area 1 also contains 
a systematic representation of the body surface, paralleling 
and roughly mirroring that in area 3b. Most neurons in area 
1 have larger and more complex receptive fields than area 
3b neurons (Iwamura et al. 1993). Area 2 contains a 
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 complex representation of both cutaneous and non-cutane-
ous receptors. The neurons appear to be influenced by cuta-
neous receptors, deep receptors or both. The major thalamic 

input to area 2 comes from the VPS. Area 3a, found in the 
depth of the central sulcus, forms the fourth systematic rep-
resentation of the body in anterior parietal cortex. The 

Fig. 4.23 Somatosensory cortices in monkeys: (a) Woolsey’s map 
of the rhesus monkey; (b) somatotopic organization of representa-
tions of body surface in contralateral areas 3b and 1 of the cynomol-
gus monkey as demonstrated by Nelson et al. (1980). MsI, MsII 

primary and secondary (SMA) motor cortices, SmI and SmII  
primary and secondary somatosensory cortices [(a) after Woolsey 
1958, (b) after Nelson et al. 1980]
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majority of neurons in area 3a are activated by muscle spin-
dles and other deep receptors. The major input comes from 
the VPS.

In the human anterior parietal cortex, Karl Zilles and  
co-workers (Zilles et al. 1995; Geyer et al. 1997, 1999, 2000; 
Grefkes et al. 2001; Zilles 2004) used chemoarchitectonic 
and receptor binding techniques to better delineate areas 3a, 
3b, 1 and 2. Area 3a occupies the depths of the central sulcus, 
area 3b occupies roughly the middle half or more of the pos-
terior bank of the central sulcus, area 1 occupies the anterior 
lip of the postcentral gyrus, where it borders area 3b on the 
posterior bank of the central sulcus. Area 3b is the most 
 obvious field, area 3a is also easily recognized as distinct 
from areas 3b and 4 (motor cortex), and the border of area 1 
with area 2 is also reasonably distinct. The border of area 2 
with the posterior parietal cortex (area 5) is least distinct, as in 
monkeys. The hand representation in area 3b appears to cor-
respond to a bulge in the central sulcus (Sastre-Janer et al. 

1998). This morphological landmark of the hand representa-
tion has been described within the fundus of the central sulcus 
(Cunningham 1892; White et al. 1997b; Yousry et al. 1997; 
Sastre-Janer et al. 1998; Boling and Olivier 2004). This con-
sists of interdigitating gyri, a protrusion backwards from the 
precentral gyrus and an adjacent protrusion forwards from the 
postcentral gyrus. The central sulcus is shallow in this region 
and in some brains a connecting gyrus links the pre- and post-
central gyri, as originally described by Paul Broca as the “pli 
de passage moyen” (Broca 1878). Although there is a vari-
ability in the external morphology of the pre- and postcentral 
gyri between different individuals and between two hemi-
spheres of the same brain, measurements of the length and 
distribution of areas 4 and 3 (3a and 3b) by White et al. (1997a) 
as well as volume measurements by Rademacher et al. (2001) 
indicate that these areas in the two hemispheres in the same 
brain are virtually identical. Recordings from the scalp, the 
surface of the anterior parietal cortex and from depth probes 
in the cortex have provided maps of the cortical areas 3a, 3b, 
1 and 2. Such recordings support the conclusion that separate 
representations with different functions exist in areas 3a, 3b, 
1 and 2, as exemplified by the following (Schnitzler et al. 
2000; Kaas 2004; Mountcastle 2005):
 1. Some aspects of somatosensory organization have long 

been known from studies of men with gunshot wounds 
of the head during World War I (Head 1920; Kleist 
1922–1934) and from the order of progression of sensa-
tions or movements (“the Jacksonian march”) during 
epileptic seizures (e.g., Foerster 1936d; Penfield and 
Jasper 1954).

2. Extensive observations on the somatotopy of the postcentral 
cortex in humans comes from the electrical stimulation 
studies of Foerster (1931, 1936b) and, in particular, by 
those of Wilder Penfield and co-workers (Penfield and 
Boldrey 1937; Penfield and Rasmussen 1950; Penfield 
and Jasper 1954; see Fig. 4.24). More recently, Wool-
sey et al. (1979) and Lüders et al. (1985) have  recorded 
evoked slow waves from the brain surface during neu-
rosurgery.

3. Electrical stimulation of cutaneous afferents in the median 
nerve of the hand results in a focus of evoked potentials 
after 20–30 ms in area 3b of the caudal bank of the central 
sulcus and in a second focus after 25–30 ms in area 1 of 
the dorsolateral surface of the postcentral gyrus (Allison 
et al. 1989a; Ploner et al. 2000). The two foci support the 
view that area 3b and area 1 have separate, parallel maps 
of the body surface.

4. Stimulation of muscle afferents from the human hand 
results in a focus of activity that is caudal to that for 
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cutaneous afferents (Gandevia et al. 1984). The muscle 
afferents most likely activate area 2, which is caudal to 
the activity produced in areas 1 and 3b by cutaneous 
afferents. Evoked potentials to joint movement in the 
fingers have been attributed to area 2 activation (Des-
medt and Ozaki 1991), suggesting that afferents from 
joint receptors as well as from muscle spindles activate 
area 2.

5. Using neuromagnetic recordings, Kaukoranta et al. 
(1986) found that mixed nerve stimulation resulted in a 
deeper focus of activity in the central sulcus than cuta-
neous nerve stimulation. The results were interpreted as 
evidence for muscle spindle receptor input to area 3a and 
cutaneous receptor input to area 3b. With fMRI, Moore 
et al. (2000) have demonstrated the differential projec-
tions of somaesthetic modalities to the several postcentral 
fields in the human brain.

6. fMRI studies with vibratory and other stimuli applied 
to different finger tips have provided evidence for sep-
arate representations in areas 3a, 3b, 1 and 2 (Lin et al. 
1996; Gelnar et al. 1998; Francis et al. 2000; Burton 
2002).

 7. Recordings of scalp-recorded evoked potentials also sup-
port the conclusion that in humans the maps of receptor 
surfaces in the anterior parietal cortex are organized much 
as they are in monkeys (Schnitzler et al. 2000). 
Measurements of magnetic fields showed that the tongue, 
lower lip, upper lip, thumb through little finger, palm, 
forearm, elbow, upper arm, chest, thigh, ankle and toes 
are represented in a lateromedial order (Nakamura et al. 
1998). For comparable fMRI data, see Francis et al. 
(2000).
The posterior parietal cortex is an arbitrary subdivi-

sion of the brain that includes most of the parietal lobe 
caudal to area 2, but excludes the cortex of the lateral sul-
cus and the supplementary sensory area of the medial wall 
(see Fig. 4.25). The proposed fields (areas 5a, 5b, 7a and 
7b or areas PD, PE, PF and PG) have little validity other 
than denoting general regions of the parietal lobe (Kaas 
2004). Other subdivisions have been suggested by pat-
terns of connectivity (Cavada and Goldman-Rakic 1989a, 
b) and the response characteristics of neuronal popula-
tions, but the organization of the human posterior parietal 
cortex is not well understood. Electrical stimulation  
in humans seldom produces any sensations or motor 
responses (Foerster 1936c; Penfield and Rasmussen 1950). 
The posterior parietal cortex has been implicated in both 
somatosensory and visual functions as well as in premotor 
planning, but lesions do not produce simple sensory 
impairments (see Pause et al. 1989; Schnitzler et al. 2000; 
Freund 2003, and Sect. 4.3.5). Rather, large lesions pro-
duce a variety of complex symptoms, many of which are 
included within the general category of contralateral sen-

sory neglect or inattention (see Mesulam 2000). In mon-
keys, impairments are basically the same regardless of the 
hemisphere of the lesion (see Hyvärinen 1982; Andersen 
et al. 1997), but in humans lesions of the right hemisphere 
produce a much more profound effect (see Sect. 4.3.5 and 
Mesulam 2000).

Much of the cortex of the upper bank of the lateral sulcus 
and some of the cortex of the insula are somatosensory in 
function. The presence of a second somatosensory area or 
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S2 has been shown in a large number of mammals (see 
Burton 1986 for review). Microstimulation studies in 
macaque monkeys (Krubitzer et al. 1995) showed a system-
atic representation of the contralateral body surface on the 
upper bank of the lateral sulcus with the face along the outer 
lip, the hand deeper in the sulcus and the foot near the fundus 
(Fig. 4.26a). Fitzgerald et al. (2004) made a detailed map-
ping of the S2 areas in waking monkeys using microelec-
trode recording and multiunit responses. Their map confirms 
the double representation of all parts of the body in S2 and 
PV. This latter area, the parietal ventral area (PV) forms a 
second representation of the contralateral body surface just 
rostral to S2 (Disbrow et al. 2000; Fig. 4.26b). S2 and PV 
form mirror-image representations of each other and receive 
inputs from all four areas of the anterior parietal cortex 
(Krubitzer and Kaas 1990; Burton et al. 1995; Qi et al. 2002). 
Neurons in both S2 and PV respond to cutaneous stimulation 
within receptive fields that are generally larger than those in 
area 3b or area 1. Inputs to S2 and PV provide some activa-
tion from deep receptors. Lesions of the PV–S2 region 
greatly impair the abilities of monkeys to make tactile dis-
criminations and identifications (Murray and Mishkin 
1984b). The perirhinal and entorhinal cortices are innervated 
by PV and S2 (Friedman et al. 1986). The processing series 
from the anterior parietal cortex via the lateral parietal cortex 
to the perirhinal cortex and then to the hippocampus may 
form a lateral hierarchy of areas involved in the recognition 

and memory of objects by touch (Mishkin 1979; Murray and 
Mishkin 1984a; see Chap. 14). Related to S2 and PV are 
insular and retroinsular regions (Krubitzer and Kaas 1990; 
Krubitzer et al. 1995). The insula also contains a region of 
terminations of pain and temperature afferents from the 
VMpo nucleus (Craig et al. 1994, 2000). Mazzola et al. 
(2005) identified three distinct somatosensory maps in the 
suprasylvian (S1), opercular (S2) and insular regions, and 
separate pain representations in S2 and the insular cortex.

In humans, the existence of S2 has been demonstrated by 
direct cortical stimulation and evoked potential recordings dur-
ing neurosurgery (Penfield and Rasmussen 1950; Woolsey 
et al. 1979; Lüders et al. 1985; Allison et al. 1989b), by non-
invasive MEG recordings (Hari et al. 1984, 1993) and in imag-
ing studies (Polonara et al. 1999; Disbrow et al. 2000; Burton 
2002). These studies have confirmed the location of S2 on the 
upper bank of the Sylvian fissure, and suggest an outline of the 
somatotopic pattern within them. Eickhoff et al. (2006a, b) his-
tologically mapped the putative anatomical correlates of the S2 
cortex in ten human post-mortem brains. Four cytoarchitec-
tonic areas were identified in the parietal operculum, termed 
OP1-4 (Fig. 4.26c). Topographically, OP1 corresponds very 
well to S2, whereas OP4 is located very similar to area PV. OP3 
may be the human homologue of the ventral somatosensory 
area, but for OP2 no comparable area has yet been described in 
the S2 cortex of non-human primates. Following median nerve 
stimulation, S2 was activated some 50 ms after S1 (Hari et al. 
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1984, 1993). In an fMRI study using tactile stimuli applied to 
various body parts, Disbrow et al. (2000) provided evidence 
that S2 and PV are organized as mirror-reversal images of each 
other, both proceeding from face to forelimb to hindlimb from 
near the lip of the upper bank to the depths of the lateral fissure. 
Both S2 and PV show some increased activity with ipsilateral 
stimulation and more activity with bilateral stimulation 
(Maldjian et al. 1999; Disbrow et al. 2001). As for monkeys, 
the human lateral parietal and insular region likely subserves 
tactile discrimination and recognition (Kaas 2004). Damage to 
S2 and PV may not alter simple tactile abilities (Roland 1987a), 
but disturbances in the ability to make tactile discriminations 
have been reported after lesions of the region (Caselli 1993; 
Reed et al. 1996). There is also evidence for a relay of thalamic 
pain and temperature information to the insular region in 
humans (Craig et al. 1994).

4.3.5  Sensorimotor Transition

The intelligent use of the hand as a sensorimotor organ to 
explore the visible world and to locate, identify and appropri-
ately use objects within reach has been an important factor con-
tributing to the biological success of the primates among 
mammals (Napier 1980). Humans have most adaptable hands, 
capable of opposing the pad of the thumb with those of each of 
the other digits and of moving and applying forces with each 
finger relatively independently, so that the form, texture and 
consistency of handled objects may be identified (Darian-Smith 
1984; Darian-Smith et al. 1996; Mountcastle 2005; Padberg 
et al. 2007). The tip-to-tip pinch between thumb and index fin-
ger, often used in fine manipulation and called the precision 
grip (Napier 1956, 1960), is a very complex movement, involv-
ing at least 15 muscles (Kapandji 1981). Some sophisticated 
manual tasks such as writing are better executed by a particular 
hand, usually referred to as handedness. Although macaque 
monkeys lack the handedness of humans and also the capacity 
to truly oppose the terminal pads of the thumb and other digits, 
they use a whole repertoire of digital movements to grasp 
objects, explore their surfaces and identify their shape and tex-
ture surface in a way that approximates that of humans.

Jeannerod et al. (1995) distinguished two, somewhat arbi-
trarily differentiated phases of reaching and grasping move-
ments: a first, visually guided phase (“visual” phase), followed 
by a second, starting when one or more digits contact the target 
(“tactile” phase). The visual phase can be divided into an initial 
ballistic (feedforward) component and a later slow, “accurate” 
phase, which is mainly guided by the visual feedback. The tac-
tile phase is largely regulated by the feedback of tactile and kin-
aesthetic information about the size, shape, weight and 
consistency of the target object. To execute this reach- and grasp 
movement, the monkey must continuously define in neural 
terms the surrounding three-dimensional world. This is achieved 

by combining information derived from multiple sources con-
cerning the different physical and biological variables (Darian-
Smith et al. 1996). Visual information helps in defining what the 
target is and where it is located during the visual phase, whereas 
proprioceptive, vestibular and tactile information signals where 
the arm, hand and fingers are relative to the rest of the body 
(McCloskey 1994). Once the fingers touch the object, it speci-
fies the details of its mass and form, surface texture and compli-
ance (tactile phase). Even with such a simple retrieval task, other 
behavioural processes have preceded it and overlap with its 
execution. The monkey has selectively attended to the target 
object, recognized it to be food or something else of interest, 
decided to grasp and use it and planned the necessary motor 
task. Human PET and fMRI studies showed that each of these 
behavioural events may be reflected in the topographic distribu-
tion of the regions of the cerebral cortex that are active during 
the manipulation (Grafton et al. 2000; Castiello 2005).

In monkeys, three specific areas relating to grasping 
have been identified in the cerebral cortex (Fig. 4.27a): the 
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Fig. 4.27 (a) The neural circuits for grasping in macaque monkeys (after 
Jeannerod et al. 1994 and Sakata et al. 1997) and (b) the possible localiza-
tion of certain grasping areas in the human brain (after Seitz and Binkofski 
2003). In (b), (1) indicates the location of the human AIP, (2) that of VIP, 
(3) that of LIP and (4) that of PIP. AIP, CIP, LIP, MIP, PIP, VIP anterior, 
caudal, lateral, medial, posterior and ventral intraparietal areas, IPL infe-
rior parietal lobule, ips intraparietal sulcus, F1, F5 motor areas, SPL supe-
rior parietal lobule, V1, V2, V3A, V4, V6A visual cortical areas
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primary motor cortex (F1), the premotor cortex (F5) and the 
anterior intraparietal sulcus (AIP; Sakata et al. 1995, 1997; 
Sakata 2003). For human data, see Binkofski et al. (1998), 
Zilles and Palomero-Gallagher (2001), Seitz and Binkofski 
(2003), Zilles et al. (2003) and Tunik et al. (2007). Successful 
grasping depends primarily on the integrity of the primary 
motor cortex (Castiello 2005). In monkeys, lesions of F1 
produce a profound deficit in the control of individual fin-
gers and consequently disrupt normal grasping (Lawrence 
and Kuypers 1968; see Chap. 9). Lesions of the corticospi-
nal tract impair independent finger movements, but do not 
impede synergistic finger flexion during a power grip. 
Successful grasping involves the transformation of the 
intrinsic properties of a visualized object into motor actions 
(Jeannerod et al. 1995; Jeannerod and Farnè 2003). The key 
cortical areas involved in visuomotor transformation in 
monkeys are F5 and AIP. F5 forms the rostral part of the 
ventral premotor cortex and consists of two main sectors, 
one in the posterior bank of the inferior arcuate sulcus 
(F5ab) and the other on the dorsal convexity (F5c). AIP is a 
small zone in the rostral part of the posterior bank of the 
intraparietal sulcus with direct connections to F5ab (Luppino 
et al. 1999; Matelli and Luppino 2001; Battaglia-Mayer 
et al. 2003). AIP and F5 neurons code for grasping actions 
that relate to the object to be grasped. AIP neurons appear to 
represent the entire action (Rizzolatti et al. 1998, 2002; 
Murata et al. 2000).

Evidence that the human brain contains specialized cir-
cuits for grasping comes mainly from neuropsychology 
(Castiello 2005). Lesions of the human primary motor cor-
tex or the corticospinal fibres profoundly disrupt grasping, 
whereas synergistic movements of all fingers in a power 
grip remain intact (Denny-Brown 1950; Lang and Schieber 
2004; see Chap. 9). Binkofski and co-workers localized the 
area responsible for grasping in humans to the AIP, contral-
ateral to the impaired hand (Binkofski et al. 1998; Seitz and 
Binkofski 2003; Fig. 4.27b). Patients with AIP lesions 
showed deficits in grasping, whereas reaching remained 
intact. Several patients have been described with optic or 
visuomotor ataxia, a specific disorder of the visuomotor 
transformation caused by posterior parietal lesions, in par-
ticular of the superior parietal lobule (Rondot et al. 1977; 
Jeannerod 1986; Jakobson et al. 1991; Jeannerod et al. 
1994; Jeannerod and Farnè 2003; Rossetti et al. 2003). PET 
and fMRI studies show that the human brain regions that 
are activated during grasping include components of the 
circuit that has been identified by neurophysiological stud-
ies in the macaque brain, including primary motor, premo-
tor and AIP areas. Many other areas seem to be involved 
also, including prefrontal, superior parietal, primary soma-
tosensory, cerebellar and subcortical areas (Grafton et al. 
1996, 2000; Rizzolatti et al. 1996; Culham and Kanwisher 
2001; Castiello 2005).

4.3.6  Lesions of the Dorsal Column-Medial 
Lemniscus System

Ascending fibres in the human posterior columns transmit 
the information required for discriminative touch (two-point 
discrimination, stereognosis and graphaesthesia), vibratory 
sensibility and position sense. Ferraro and Barrera (1936) 
and Gilman and Denny-Brown (1966) observed severe 
defects in motor performance in monkeys after dorsal col-
umn lesions. Many clinical investigations have shown that 
tactile sensibility depends upon two different pathways in 
the human spinal cord, an uncrossed one in the posterior col-
umn and a crossed one in the anterolateral quadrant. Lesions 
of the dorsal ascending systems produce two general classes 
of defects (Mountcastle 2005):
 1. Proprioceptive defects: a loss of the sense of the position 

and movements of the limbs, a reluctance to make and 
clumsiness when making projected movements of the 
limbs into the surrounding space and deficiencies in active 
grasping. These defects are severe in the arm and hand, 
but hardly discernable in the leg and foot.

 2. Dynamic cutaneous sensitivity defects: an incapacity to 
detect or to discriminate between moving cutaneous stim-
uli during sampling the texture and pattern of objects or 
surfaces by a moving hand or to identify numerals or let-
ters written on the skin.
High cuneate tract transection in monkeys produces the 

full dorsal column syndrome with particular defects in control-
ling fine movements of the hands and feet (Glendenning et al. 
1992) and in grip formation (Leonard et al. 1992), accompa-
nied by severe defects in dynamic cutaneous sensibility. 
Transection of the gracile tract in monkeys and humans, 
above the upper thoracic level, produces minimal defects in 
proprioception and motor control limited to the distal leg and 
foot. Defects in dynamic cutaneous sensibility, such as defects 
in discrimination between stimuli of different textures applied 
to the glabrous skin of the foot, match those of arm and hand 
after lesions of the cuneate tract (Vierck and Cooper 1998). The 
proprioceptive and motor deficiencies of the full dorsal column 
syndrome appear immediately when a lesion of the dorsolateral 
column is added to a high thoracic lesion of the gracile tract. 
Lesions restricted to the posterior columns in humans have 
been reviewed by Nathan et al. (1986). A key case was reported 
by Gans (1916). The posterior columns were selectively and 
completely interrupted at an upper cervical level by a syphilitic 
gumma, as proven at autopsy (see Clinical case 4.5).

Foerster (1936a) severed the dorsal columns of patients 
surgically. Touch and pressure sensations persisted, but 
became abnormal. They could not distinguish between 
being touched by cotton or by a finger. Intensity of  pressure 
could not be distinguished well. In particular, spatial per-
ception was disturbed. The patient could not tell the direc-
tion of a line drawn on the skin, and could not  recognize 
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numbers or letters written on  the skin. Position sense and 
two-point discrimination were disturbed. Other distur-
bances in spatial and temporal resolution attributed to the 
posterior columns include changes in the threshold for 
sensation with repeated tactile stimulation, persistence of 
sensation after stimulation was stopped, and tactile and 
postural hallucinations (Nathan et al. 1986). Some disease 
states that affect the posterior columns such as the Brown–
Séquard syndrome, tabes dorsalis, Friedreich ataxia and 
subacute combined degeneration are less helpful in distin-
guishing the functions of the posterior columns because 
other sensory pathways are also affected (Wall 1970). In 
the Brown–Séquard syndrome, not only the posterior col-
umn is interrupted but also the posterolateral funiculus 
which contains the spinocervical tract. In tabes dorsalis, 
apart from the posterior columns, the disease process also 
affects primary afferent neurons that provide input to all of 
the ascending sensory pathways of the spinal cord, and the 
loss of afferent fibres is not restricted to the large ones 
(Calne and Pallis 1966). Friedreich ataxia and subacute 
combined degeneration affect other pathways in addition 
to the posterior columns (Calne and Pallis 1966).

In the medulla oblongata, the medial lemniscus and spi-
nothalamic tract are widely separated. The medial lemniscus 
is separately involved by medial medullary infarction, 
whereas the spinothalamic tract is damaged by lateral med-
ullary infarction (LMI) (see Kim 2001 and Clinical case 
4.6). Data obtained from small pontine infarcts indicate that 
in the pontine tegmentum, the ascending trigeminal tract, the 
medial lemniscus and the spinothalamic tract are located 
adjacent to each other in a medial to lateral direction (Kim 
2001). In the midbrain, the somatosensory tracts are all 
located dorsolaterally.

Strokes involving the ventral posterior thalamic nucleus 
produce hemisensory symptoms (Bogousslavsky et al. 1988; 
Kim 1992; Schmahmann 2003). Additional involvement of the 
adjacent pyramidal tract in the posterior limb of the internal 
capsule induces a sensorimotor stroke (see Chap. 9), whereas 
involvement of cerebellothalamic fibres to the ventrolateral 
nucleus produces a hypaesthetic ataxic hemiparesis syndrome 
(see Chap. 10). Although the spinothalamic tract and the medial 
lemniscus are usually affected simultaneously (Kim 1992; 
Shintani 1998; Carrera and Bogousslavsky 2006), small lesions 
may produce paraesthesias only or a selective impairment of 
lemniscal (Sacco et al. 1987; Kim 1992) or spinothalamic sen-
sations (Kim 1992; Paciaroni and Bogousslavsky 1998).

Extensive damage to the postcentral cortex causes severe 
and lasting impairments in pressure sensitivity, two-point dis-
crimination, point localization and discrimination of object 
shape, size and texture (e.g., Head and Holmes 1911; Foerster 
1936b, c; Semmes et al. 1960; Corkin et al. 1970; Jeannerod 
et al. 1984; Roland 1987a; see Clinical case 4.7). The spatial 
accuracy of motor movements is also impaired by the reduced 

sensory control (Aglioti et al. 1996); however, the detection 
and crude localization of tactile stimuli remains intact. Roland 
(1987a) found that lesions of the deep and anterior part of the 
hand region of the postcentral cortex, presumably including 
but not all of the area 3b representation and probably the area 
1 representation, abolished the ability to discriminate edges 
from rounded surfaces. Lesions of the surface, apparently 
involving areas 1 and 2, left the ability to distinguish edges 
from rounded surfaces but removed the ability to discriminate 
shapes and curvatures. This difference is similar to that 
reported for monkeys in which lesions of areas 3b, 1 and 2 
permanently abolished the ability to distinguish the speed of 
moving tactile stimuli (Zainos et al. 1997), lesions of area 1 
impaired texture discrimination, and lesions of area 2 altered 
discrimination of shape (Randolph and Semmes 1974; 
LaMotte and Mountcastle 1979; Carlson 1981). Remarkably, 
small lesions of part of the hand representation result in no 
obvious impairment in humans (Roland 1987a, b) in contrast 
to the major deficits in finger coordination observed in mon-
keys with inactivation of finger representation in area 2 
(Hikosaka et al. 1985). Roland (1987a) estimated that a nota-
ble impairment resulted only after lesions involving three 
fourths or more of the hand region of the anterior parietal cor-
tex. The larger the lesion, the greater the impairment (Roland 
1987b). The preservation of abilities after lesions to parts of 
somatotopically organized representations could be the result 
of cortical reorganizations that result in the recovery of lost 
parts of representations (see Kaas and Florence 2000).

Parietal lesions result in cognitive disorders and lesions 
in the posterior parietal areas of the two hemispheres pro-
duce different defects (Pause et al. 1989; Jeannerod et al. 
1995; Freund 2003, 2005; Jeannerod and Farnè 2003; Vallar 
et al. 2003). Lesions restricted to the superior parietal lobule 
may produce two frequently associated defects, astereogno-
sis and tactile apraxia (Binkofski et al. 2001; see Clinical 
case 4.8). Errors in reaching and grasping with the contralat-
eral arm and hand may also occur. This defect in sensorimo-
tor transition between parietal and frontal lobes is known as 
optic of visuomotor ataxia (see Sect. 4.3.5 and Chap. 9). 
Lesions of the inferior parietal cortex in humans, areas 39 
and 40, provide an example of hemispheric specialization 
present in humans and probably not or not to the same degree 
in monkeys (Mountcastle 2005). Lesions of the right but 
only rarely of the left angular gyrus, area 39, in right-handed 
patients, produce complex defects of spatial perception and 
directed attention, including the visual unilateral neglect 
syndrome (Vallar et al. 2003). Contralateral neglect appears 
infrequently with lesions in other regions of the forebrain. 
Lesions of the supramarginal gyrus, area 40, in the left but 
rarely in the right parietal lobule in right-handed persons 
produce apraxic defects of motor attention and in the correct 
ordering of movements in time, particularly for skilled move-
ments of the hand and fingers (see Chap. 15).
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Clinical Case 4.5 Sensory Effects of Lesions 

of the Posterior Columns

Isolated lesions of the posterior columns are rare (Nathan 
et al. 1986). Gans (1916) published a case of a patient with 

what he called tactile agnosia and disruption of the spatial 
aspects of cutaneous sensibility (see Case report). Given 
the author’s interest in fine tactile sensibility, much of the 
paper concerns the hands and upper limbs but hardly any 
data on the lower limbs were presented.

Fig. 4.28 Photomicrographs of Weigert-Pal stained sections of the 
caudal medulla (from Gans 1916). Pallor indicates degeneration, 
which results from a gummatous mass lying partly outside the medulla 
and destroying and replacing the dorsal columns (d). (c) A section 
slighly rostral to (d) showing scarring and degeneration of the dorsal 
columns. (b) Section at the most caudal level of the inferior olive 

showing marked pallor of the dorsal columns. (a) Section at the level 
of the lemniscal decussation showing small gracile and cuneate nuclei 
from which normal internal arcuate fibres arise. There is complete 
loss of fibres in the gracile fascicles on both sides. In the cuneate fas-
cicles, there is a sharply defined banana-shaped area of degeneration 
dorsal to the cuneate nuclei
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Case report: The lesion in this case was a gumma, 
which acted as a tumour, invading and pressing on the pos-
terior part of the upper cervical cord (Fig. 4.28). The sec-
tions showed complete degeneration of the posterior 
column fibres in the upper cervical cord, which extended to 
the level of the dorsal column nuclei. There was no evi-
dence of any damage to other ascending or descending 
long tracts. Therefore, this case shows the maximal loss of 
sensibility that can occur with pure posterior column 
lesions (Nathan et al. 1986).

The patient felt pain and thermal stimuli normally and 
localized them correctly. In the upper limbs, and to a lesser 
extent in the lower, he had paraesthesias, “stiffness” and 
“tactile agnosia”. On his upper limbs, he could feel the 
lightest touch made by the examiner with his finger, except 
in the palm; with a fine brush, many touches were not felt, 
particularly so on the palm, the volar aspect of the thumb 
and index finger, and dorsal sides of the terminal phalanges 
of the thumb and fourth finger. He felt a glass lens as 
smooth and hard and a piece of rubber as soft. He could 
feel a breath on the back of his hands and palms, and rec-
ognized being touched by a comb or a brush. He had abso-
lutely no knowledge of the position of his hands, fingers or 
toes, but he knew the position of the large joints. He could 
localize single tactile stimuli well, but tactile two-point 
discrimination was much disturbed. Gans noted that the 
patient often did not recognize an object placed in his hand, 

and sometimes did not even know that there was something 
in his hand. He thought a handkerchief was a piece of wood 
and he could not tell scissors from a coin. The mecha-
nosensory disturbance affected the patient’s actual living: 
he had to give up his job as a horsecab driver as he did not 
know whether or not he was holding the reins and the whip. 
The inability to recognize objects placed in the hand or felt 
by the foot was called astereognosis in the older English 
literature and “Tastblindheit” (touch-blindness) in the older 
German literature. Later, Boshes and Padberg (1953) pro-
posed the more appropriate term stereoanaesthesia for the 
loss of the ability to recognize the form of an object by 
palpation.

This case was presented by Nathan et al. (1986) who 
included important, but long neglected cases from the 
German literature.
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Clinical Case 4.6 Lesions of the Medial Lemniscus

In the medial medullary syndrome (MMS) of Dejerine, 
hemisensory symptoms are the second most common clini-
cal manifestation, occurring in 15 of the 18 patients 
reported by Kim et al. (1995). Initially, 12 patients felt tin-
gling or a numb sensation. The face was usually spared but 
the area of paraesthesia occasionally ascended to the peri-
otic area or even to the midface. Vibration sense was 
impaired in 14 patients, and decreased position sense was 
noted in ten (only one had severely decreased position 
sense). Kim (2001) compared the differences in sensory 
sequelae between lateral (see also Clinical case 4.15) and 
medial medullary syndromes. Various patterns of sensory 
dysfunction caused by medullary infarction are diagram-
matically shown in Fig. 4.29. In the medullary medial lem-
niscus, second-order sensory fibres from the leg, trunk and 
arm are arranged in a ventral to dorsal direction (Marani 

and Schoen 2005). Lee et al. (2001) described a patient 
with sensory deficits below L5 due to a small infarct in the 
ventral part of the medial lemniscus.

Data obtained from small pontine infarcts indicate that 
in the pontine tegmentum, the ascending trigeminal tract, 
the medial lemniscus and the spinothalamic tract are 
located adjacent to each other in a medial to lateral direc-
tion (Kim 2001). In the pontine medial lemniscus, the sen-
sory projections from the arm, trunk and leg are arranged 
from medial to lateral (Marani and Schoen 2005). So, a 
medially located lesion may produce preferential involve-
ment of the face and arm (a cheiro-oral syndrome), whereas 
laterally located lesions may produce leg-dominant sen-
sory symptoms (Kim and Bae 1997). The most medially 
located lesions of the pontine tegmentum may produce 
bilateral facial or perioral sensory symptoms due probably 
to concomitant involvement of the trigeminothalamic fibres 
bilaterally (Matsumoto et al. 1989; Kim and Bae 1997).
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In the midbrain, all somatosensory tracts are located dor-
solaterally, medial lemniscal fibres medioventrally and spi-
nothalamic fibres dorsolaterally. A pure mesencephalic 
stroke most commonly presents as a third nerve palsy asso-
ciated with hemiparesis and/or hemiataxia (Bogousslavsky 
et al. 1994). Hemisensory symptoms, if present, are usually 
not prominent. A midbrain pure hemisensory syndrome is 
extremely rare and caused by small infarcts or haemor-
rhages affecting the dorsolateral area (Kim and Bae 1997).
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Fig. 4.29 The differences in sensory sequelae between lateral and 
medial medullary syndromes. Various patterns of sensory dysfunc-
tion caused by lateral medullary infarction in the areas 1–3 (a) and by 
medial medullary infarction in the area 4 (a) are shown in light red 
and red, respectively, in (b). A small infarct in the area indicated by 5 
(in light grey) may lead to sensory deficits below L5 (c). a, t, l arm, 

trunk and leg representations in the medial lemniscus, als anterolat-
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dtt descending trigeminal tract, IO inferior olive, ltt lateral trigemi-
nothalamic tract, mlf medial longitudinal fascicle, XII hypoglossal 
nucleus (a, b after Kim 2001; (c) after Lee et al. 2001)
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Clinical Case 4.7 The Control of Hand Movements in a Case 

of Hemianaesthesia Following a Parietal Lesion

Jeannerod et al. (1984) described a 46-year-old patient 
with a lesion limited to the left retrorolandic area without 
involvement of the prerolandic motor strip (Fig. 4.30a). 
The lesion included S1, S2 and in addition area 5 and a 
large part of area 40. Moreover, although the thalamus 
itself was not affected, a substantial portion of the thalamo-
cortical fibres in the posterior part of the corona radiata 
was probably also severed. Anaesthesia to tactile, warm, 
cold and painful stimuli was complete for the right hand 
and wrist. Position sense was abolished for the right wrist 

Fig. 4.30 The control of hand movements in a case of hemianaesthe-
sia following a parietal lesion. In (a), the extent of the destroyed area 
is shown and in (b) inaccurate finger movements of the right hand 

(RH) as compared to that of the left hand (LH) during crumpling a 
sheet of paper. The numbers indicate the time of the action in seconds 
(after Jeannerod et al. 1984)
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and finger joints. Performance of the right hand in motor 
tasks was severely impaired (Fig. 4.30b). Simple visual 
and auditory reaction times were lengthened. Sustaining a 
constant level of force was impossible. In the absence of 
visual feedback, only simple, mono-articular movements 
could be correctly executed. More complex movements 
requiring coordination between several joints, such as pre-
hension, were poorly, or not, performed. The findings 
emphasize the role of the somatosensory cortex in convey-
ing kinaesthetic input to the motor areas and the impor-
tance of vision in substituting for kinaesthetic loss (see also 
Pause et al. 1989; Mountcastle 2005).

Selected References

Jeannnerod M, Michel F, Prablanc C (1984) The control of hand 
movements in a case of hemianaesthesia following a parietal 
lesion. Brain 107:899–920

Mountcastle VB (2005) The sensory hand. Neural mechanisms of 
somatic sensation. Harvard University Press, Cambridge, MA

Pause M, Kunesch E, Binkofski F, Freund H-J (1989) Sensorimotor 
disturbances in patients with lesions of the parietal cortex. Brain 
112:1599–1625

Clinical Case 4.8 Isolated Loss of Stereognosis

Pure or predominant sensory symptoms are produced by 
strokes occurring anywhere in the somatosensory tract 
(Kim 2001). Cortical strokes producing pure or predomi-
nantly sensory symptoms are rare (Bassetti et al. 1993; 
Kim 2007). A small lesion of the postcentral gyrus may 
result in isolated loss of stereognosis (Kim 2007). Such a 
case is presented as Case report.

Case report: A 61-year-old schoolteacher was seen 
because of sensory changes in his left arm causing distur-
bances of his piano playing. The left hand felt “different” 

and he perceived a deficit in position sense of his left hand, 
noticed in particular when playing the piano. There was no 
loss of pain sensation or touch. His previous medical history 
was inconspicuous, apart from hypertension. On clinical 
examination, there was only a loss of temperature sensation 
and stereognosis of the left hand. Coarse movements and 
finger movements were normal but complex movements 
such as during piano playing were somewhat delayed with 
frequent mistakes. There were no signs of peripheral nerve 
disturbances. CT and later magnetic resonance imaging 
(MRI) showed a small left, juxtacortical lesion of the pari-
etal lobe, probably a lacunar infarct (Fig. 4.31).

Fig. 4.31 Coronal Flair (a) and axial (b) T1-weighted MRIs of a case of isolated loss of stereognosis following a small lesion of the postcen-
tral gyrus (courtesy Peter van Domburg, Sittard)
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4.4  The Small-Fibred Sensory Pathways 
in the Ventral Quadrant

The anterolateral or ventral quadrant of the human spinal 
cord contains pathways that are crucial for pain and tempera-
ture sensations. This was first demonstrated by Spiller (1905) 
in a patient who had lost pain and temperature sensations but 
not tactile sensation over the lower part of the body. At 
autopsy, tuberculomas were found to have disrupted the 
anterolateral quadrants bilaterally. This finding led to the 
first deliberate anterolateral cordotomy for pain relief (Spiller 
and Martin 1912). It should be emphasized that the ventral 
quadrants of the spinal cord contribute to mechanoreceptive 
sensibility in primates. Many second-order somatosensory 
neurons in the dorsal horn of the spinal cord have axons that 
cross in the spinal cord and ascend in the ventral quadrant of 
the spinal cord. Many axons in these pathways terminate, 
before reaching the thalamus, in the reticular formation of 
the medulla and pons in particular, as was already demon-
strated by Quensel (1898) and Foerster and Gagel (1932). 
Quensel was the first to describe the course and termination 
of the classic spinothalamic tract in a case of sarcoma of the 
spinal dura (Quensel 1898). In monkeys, spinothalamic tract 
neurons respond to tactile stimuli and movement of hairs, 
stimuli ranging from tactile to noxious (wide-dynamic-range 
(WDR) neurons), noxious stimuli, and temperature (see 
Willis and Coggeshall 1991; Craig et al. 1999). In humans, 

some capacity for mechanoreceptive sensibility remains after 
large lesions of other ascending pathways, but electrical 
stimulation of the ventral quadrants of the spinal cord has 
produced sensations of only pain and temperature (Tasker 
et al. 1976).

4.4.1  The Anterolateral or Pain System

4.4.1.1  Anterograde Degeneration 
Studies in Humans

A number of pathways that ascend via the ventral quadrant of 
the spinal cord to the brain are activated by noxious stimuli. 
The spinothalamic tract has long been regarded as the major 
pathway responsible for evoking pain sensations in humans. 
Other pathways involved in pain transmission are spinoretic-
ular, spinoparabrachial, spinomesencephalic, spinohypotha-
lamic and spinolimbic tracts. Even the dorsal column may be 
involved in conveying nociceptive signals, at least from the 
viscera (Willis et al. 1999). In rats and monkeys, post-synap-
tic dorsal column neurons located in the vicinity of the central 
canal (layer X), where many visceral afferents terminate, are 
responsible for evoking visceral responses in the gracile 
nucleus (Al-Chaer et al. 1996a, b, 1997). Mehler (1962) care-
fully described the distribution of anterogradely degenerated 
fibres following a case of bilateral cordotomy performed on a 
patient with intractable pain, who survived postoperatively 
for twelve days (Clinical case 4.9).
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Clinical Case 4.9 Distribution of Anterogradely 

Degenerating Fibres Following Anterolateral Cordotomy

The distribution of anterogradely degenerating fibres fol-
lowing cordotomy has been described in several cases 
(Bowsher 1957; Mehler 1962, 1966; Marani and Schoen 
2005). Mehler (1962) described the distribution of 
anterogradely degenerating fibres following bilateral 
anterolateral cordotomy on a patient with intractable 
pain who survived postoperatively for 12 days (see Case 
report).

Case report: After the bilateral cordotomy, the patient 
had sensory loss to a level of approximately C6 and was 
free of pain until his death 12 days later. Frozen sections of 
the entire brain stem and connected diencephalon were cut 
and impregnated according to the Nauta–Gygax technique. 
The distribution pattern of anterogradely degenerating 
fibres in the brain stem and diencephalon is shown in 
Figs. 4.32 and 4.33, on one side only since the distribution 
pattern of degenerating fibres was symmetrical. Human 
spinobulbar, spinomesencephalic and spinothalamic pro-
jections are directly comparable to those found in monkeys 
and chimpanzees (Mehler et al. 1960; Mehler 1969). In the 
upper cervical cord, massive fibre degeneration was pres-
ent in the anterolateral fasciculus. At successively higher 
cervical levels, a gradual dorsolateral shift of the ascending 
degenerating fibres was observed. These fibres were com-
pressed into a triangular-shaped anterolateral tract 
(Fig. 4.32b). At this level, dense terminal degeneration was 
present throughout the lateral reticular nucleus (nucleus 
medullae oblongatae lateralis) and in the bulbar region 
medial to it. Slightly more rostrally (Fig. 4.32c), ascending 
degenerating fibres coursed laterally through the lateral 
reticular nucleus and terminated in medial (gigantocellu-
lar) and paramedian (interfascicular hypoglossi) reticular 
nuclei. At the level of the facial nucleus, spinal projections 
to the oral part of the nucleus reticularis gigantocellularis, 
the nucleus raphes pallidus and to certain subnuclei of the 
facial nucleus were observed (Fig. 4.32d). Spinoreticular 
fibres were found medial to the superficial anterolateral 
tract. Just rostral to the level of the facial nucleus, the 
medial spinoreticular fibres shifted laterally and some 

fibres reached the subcoeruleus area (Fig. 4.32e). Ventral 
spinocerebellar fibres passed via the superior cerebellar 
peduncle (Fig. 4.32f). Extensive terminal degeneration was 
observed ventral to the brachium conjunctivum and lateral 
to the central tegmental tract in the subcoeruleus area, 
which might form part of the parabrachial nuclei (Fig. 4.32f, 
arrow). At the intercollicular level (Fig. 4.32g), ascending 
degenerating spinal fibres could be traced to the rostral 
pole of the inferior collicular nucleus and the lateral part of 
the PAG (see also Fig. 4.33a, b).

Spinothalamic projections are shown in Fig. 4.33. Most 
of the degenerating fibres terminated clusterwise in the 
VPL (Fig. 4.33d, e). Spinothalamic projections were also 
found to the posterior thalamus (Fig. 4.33c; open arrow). A 
more medial component of spinothalamic fibres passed to 
the internal medullary lamina to terminate in the intralami-
nar nuclei (Fig. 4.33d, arrow; 4.33e), the nucleus centralis 
lateralis in particular. Mehler (1966) studied the spinal pro-
jections to the human posterior thalamic region in more 
detail in a case of a medullary tractotomy (Fig. 4.33, insert). 
The area labeled “c” may correspond to the VMpo as dis-
tinguished by Craig and co-workers (Craig and Blomqvist 
2002).
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Fig. 4.32 Course and distribution of ascending fibres in the brain stem 
(b–e) degenerated after a bilateral anterolateral cordotomy (a). The 
distribution of anterogradely degenerated fibres is shown only on the 

right side because the distribution patterns were symmetrical through-
out the series. Large dots indicate fibres of passage and fine stippling 
terminal fibres. See text for further explanation (after Mehler 1962)
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Fig. 4.33 Course and distribution of spinothalamic fibres in the mid-
brain (h, i) and diencephalon (j–l) degenerated after the bilateral ante-
rolateral cordotomy shown in Fig. 4.32 (after Mehler 1962). See text 
for further explanation. Insert shows spinothalamic projections to the 

ventroposterior lateral nucleus (VPL) after a medullary tractotomy 
(after Mehler 1966). The area labeled ‘c’ may correspond to the 
VMpo as distinguished by Craig and Blomqvist (2002)
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4.4.1.2  Nociception
Nociceptive afferent fibres to the dorsal horn of the spinal 
cord give rise to branches that may ascend or descend in the 
tract of Lissauer, a short-range distribution channel between 
the dorsal pial surface and the spinal grey, before they send 
off collaterals that terminate in the dorsal horn (see Fig. 4.14). 
Heinrich Lissauer discovered that this tract contains small-
calibered axons from the dorsal roots (Lissauer 1886). In 
monkeys, Lissauer’s tract is notable for its large contingent 
of unmyelinated fibres, around 80% of which originate from 
nociceptors and about 20% are axons from interneurons 
(LaMotte 1977; Snyder 1977; Coggeshall et al. 1981; Willis 
and Coggeshall 1991). Surgical interruption of Lissauer’s 
tract has been used successfully to improve the results of 
anterolateral cordotomy in relieving pain (Hyndman 1942; 
Burchiel 1990; Tasker 1990; Jeanmonod and Sindou 1991; 
Sindou 1995). The few post-mortem descriptions available 
indicate that the effective lesions also destroyed the upper 
layers of the dorsal horn. Earl Perl and co-workers discov-
ered the specific nociceptive sensitivity of Ad- and C-fibres, 
innervating the hairy skin of cats and monkeys as well as the 
glabrous skin of monkeys (for reviews, see Perl 1984, 1996a, 
b). They discovered polymodal sets of C-fibre afferents, sen-
sitive to noxious mechanical, heat and chemical stimuli. 
Their sensitivity is to the destructive nature of the stimuli, 
not to its form. Polymodal afferents of both the Ad- and 
C-fibre sets have since been identified in the innervation of 
the glabrous skin of the hand in monkeys and humans, where 
the large majority of C-fibre nociceptive afferents are poly-
modal (for reviews, see Torebjörk et al. 1996; McKleskey 
and Gold 1999; Raja et al. 1999). Two sets of heat-sensitive 
Ad-afferents have been defined. AMH-Is (A-fibre mechani-
cal heat) are sensitive to destructive mechanical stimuli and 
to heat with thresholds at about 52°C. They innervate both 
the hairy and the glabrous skin. The AMH-IIs are restricted 
to the hairy skin and respond to destructive mechanical stim-
uli and to heat with thresholds for heat in the range of 42°C. 
Capsaicin, an active substance extracted from hot pepper, 
interferes with Ad-primary afferent transmission (Caterina 
et al. 2000, 2005) via the vanilloid-receptor-type-1 ion chan-
nel. In neonatal rats, high-dose systemic capsaicin applica-
tion results in a lifelong loss of certain small-diameter 
nociceptive neurons (Jancsö et al. 1977). High doses of cap-
saicin administered topically to the human skin produce hyp-
algesia due to reversible degeneration of epidermal nerve 
fibres. These properties have led to the use of capsaicin in 
pain therapies and of vanilloid compounds for the clinical 
treatment of neuropathic pain (Robbins et al. 1998).

4.4.1.3  The Gate Control Theory
In the gate control theory for pain (Melzack and Wall 1965), 
small-diameter dorsal root fibres were supposed to converge 
on “pain transmission neurons” of the “action  system”. All 

somatic afferent fibres were thought to activate convergent 
WDR cells in lamina V of the dorsal horn that project via the 
spinothalamic tract to the main somatosensory thalamic 
nucleus. The activity of the WDR cells was viewed as neces-
sary and sufficient for pain sensation. In addition, the gate 
control theory suggests that large-diameter afferent fibres 
inhibit the small-diameter fibre activation of WDR cells (they 
“close the gate”), which might provide the basis for the inhi-
bition of pain by rubbing or vibration. This theory provided a 
straightforward model of central pain processing, but was 
criticized for various discrepancies with neurobiological data 
(e.g., Schmidt 1971; Nathan 1976; Perl 1984; Craig 2003a). 
Recent studies suggest a more specific view of pain. 
Nociceptive information from the skin is distributed to lami-
nae I, II and V, whereas visceral input terminates largely in 
laminae I and V, avoiding lamina II (Craig 2000, 2003a; Laird 
and Schaible 2005). Neurons that relay nociceptive informa-
tion to the brain are located primarily in laminae I, III, V–VII 
and X (Apkarian and Hodge 1989a; Willis and Coggeshall 
1991). In recent years, the pathway arising largely from lam-
ina I has received considerable attention such that many of 
the functions once ascribed to the deeper pathway are now 
being reallocated to the pathway arising from the most super-
ficial layer of the dorsal horn (Craig 2003a; Willis and 
Westlund 2004; Hunt and Bester 2005). Bud Craig and col-
laborators (see Craig 2002, 2003a, b) made a convincing 
argument in favour of a role for the lamina-I pathway in 
homeostasis and as an “afferent sympathetic” pathway direct-
ing both interoceptive and exteroceptive information to areas 
of the CNS concerned with autonomic regulation and affec-
tive expression. Three sets of spinothalamic axons arise from 
three morphologically identifiable and afferent input-selec-
tive sets of neurons in lamina I of the dorsal horn as well as 
from lamina I of the spinal trigeminal nucleus. The three sets 
of lamina I neurons receive specific sets of primary dorsal 
root afferents of the cooling, nociceptive-specific and poly-
modal classes, without convergence, in both cats and mon-
keys (Zhang and Craig 1997; Craig 2000, 2003a). Their 
ascending axons project as labelled lines to the thalamus of 
monkeys and humans (Blomqvist et al. 2000; Craig et al. 
2002; Craig 2003a). In monkeys, axons of lamina I neurons 
account for about 30% of spinothalamic axons.

4.4.1.4  The Spinothalamic Tracts
Nociceptive spinal neurons include spinothalamic tract 
cells, most of which project directly to the contralateral thala-
mus. In humans, Masaru Kuru described two spinothalamic 
tracts, both found in the anterolateral funiculus (Kuru 1940, 
1949). Lesions of the dorsolateral spinothalamic tract were 
correlated with pain relief and chromatolysis in neurons in 
the marginal layer on the contralateral side of the spinal 
cord (Fig. 4.34). Lesions of the more deeper located ventro-
medial spinothalamic tract were related to tactile loss and 
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 chromatolysis in the contralateral nucleus proprius. In mon-
keys (see Mehler et al. 1960; Kerr 1975) and humans (Mehler 
1962) lateral and ventral spinothalamic tracts with compa-
rable projections were distinguished. In primates, in the tho-
racic spinal cord, the axons of layer-I spinothalamic cells are 
concentrated in the middle of the lateral funiculus in a region 
that extends dorsal to the level of the denticulate ligament, 
whereas the axons of spinothalamic tract cells in the deep part 
of the dorsal horn are located in the ventral part of the lateral 
funiculus (Craig 2000; Zhang et al. 2000b). Axons that origi-
nate from lumbar layer-I spinothalamic neurons shift ven-
trally as they ascend in the spinal cord (Zhang et al. 2000a). 
From their data on percutaneous cervical cordotomies, 
Lahuerta et al. (1994) concluded that the fibres subserving 
pain sensation in the C2 segment are somatotopically 
arranged: sacral fibres run ventromedially and cervical fibres 
run dorsolaterally in the anterolateral funiculus.

How spinothalamic fibres decussate in the human spinal 
cord has been debated for some time? Foerster (1927a, b; 
Foerster and Gagel 1932) concluded from a total of 9 cases of 
anterolateral cordotomy that spinothalamic fibres cross the cord 
within one to one-and-a-half segments above their cell bodies. 
However, they did not verify their data histologically. Kuru’s 
(1938, 1940) cases were histologically verified, and supported 
Foerster’s conclusion that spinothalamic fibres cross to the other 
side of the cord indeed transversally. White and co-workers 
(White et al. 1950, 1956) suggested a diagonal crossing over 
more than one segment. Nathan et al. (2001) concluded from 
their post-mortem verified cases of anterolateral cordotomies 
that the crossing of spinothalamic fibres is indeed transversally.

In macaque monkeys, the cells of origin of spinothalamic 
tract have been mapped with retrograde tracers (Willis et al. 
1979, 2001; Apkarian and Hodge 1989a; Zhang and Craig 
1997; for data in other mammals, see Willis and Coggeshall 
1991). Spinothalamic tract neurons retrogradely labelled 
from the VPL nucleus of the thalamus were found to be con-
centrated in lamina I and in the lateral half of the neck and 
base of the dorsal horn in layers IV–VI (Fig. 4.35a). Other 
sites of origin of spinothalamic neurons are the intermediate 
zone and the ventral horn (layers VII–X). Many of these send 
projections to the medial thalamus to end in the intralaminar 
complex, particularly in the central lateral nucleus. Other 
spinothalamic cells project to the VPI nucleus. Lamina I spi-
nothalamic tract cells have been suggested to terminate also 
in the VMpo nucleus in monkeys (Craig et al. 1994; Craig 
2008) and humans (Blomqvist et al. 2000; Craig et al. 2002). 
Most of the lamina I spinothalamic neurons, however, may 
project to the VPL nucleus (Willis et al. 2002). Retrograde 
labelling studies by Craig (2006, 2008; Craig and Zhang 
2006) clearly show that the spinothalamic projection to the 

Fig. 4.34 Kuru’s data on a right anterolateral cordotomy (a Marchi 
staining of thoracic spinal cord: (b, c) Nissl staining of left and right 
dorsal horns). Contralateral to the lesion (b), the large cells in layer I 
show clear retrograde degeneration; ipsilaterally (c), no retrogade cell 
changes were observed in the dorsal horn (from Kuru 1940)
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monkey thalamus is compartmentalized (Fig. 4.35b). A 
major component is the dense, anteroposteriorly organized 
lamina I projection to the VMpo nucleus. A second major 
component is the smaller projection from laminae I and V to 
the VPI. A third major component is a patchy lamina V pro-
jection that converges with lemniscal mechanoreceptive 
input in the VPL. A fourth component is the more extensive, 
mediolaterally organized projection from laminae V and VII 
to the VPL.

Functional studies showed that a large number of spi-
nothalamic tract neurons in primates are nociceptive. They 
respond preferentially to noxious stimulation of skin, mus-
cles, joints and viscera (see Willis and Coggeshall 1991; 
Craig 2003a, 2004b). Based on their responses to cutaneous 
stimuli, spinothalamic tract cells are often classified into: (1) 
low-threshold neurons, responding in particular to tactile 
stimuli, although they may also respond to noxious stimuli; 
(2) WDR neurons which respond to some extent to tactile 
stimuli but are most powerfully activated by noxious stimuli 
and (3) high-threshold or nociceptive specific neurons, which 
respond chiefly or exclusively to noxious stimuli.

4.4.2  Brain Stem Projections

Anterograde degeneration studies in monkeys (Mehler et al. 
1960) and humans (Bowsher 1957; Mehler 1962) have shown 
that spinal fibres ascending via the anterolateral funiculus 
terminate in various parts of the brain stem, including the 
reticular formation, the parabrachial area and the periaque-
ductal grey (PAG) (see Fig. 4.32). In Fig. 4.36, these various 
ascending channels have been summarized. Following injec-
tions of retrograde tracers into the brain stem areas, known to 
receive spinal nociceptive input, mostly neurons were 
labelled in more than one lamina of the spinal cord (see 
Willis and Westlund 1997, 2004). Within the spinal cord, 
ascending fibres terminate around the sympathetic pregan-
glionic motoneurons of the intermediolateral column of the 
thoracic cord (Craig 1996, 2000). They continue on to termi-
nate in discrete areas of the caudal brain stem, especially in 
areas concerned with cardiovascular and visceral regulation, 
particularly in the nucleus of the solitary tract and the vent-
rolateral medulla. Painful stimulation results in responses in 
the cardiovascular and respiratory systems, and afferents 
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from both of these systems terminate in the nucleus of the 
solitary tract (Jänig and Habler 2000a, b; see also Chap. 12). 
Spinoreticular projections to the reticular formation termi-
nate in: (1) the retroambiguus nucleus and dorsal and ventral 
parts of the nucleus medullae oblongatae centralis (Bowsher 
1957; Mehler et al. 1960; Mehler 1962); (2) the lateral retic-
ular nucleus, the nucleus paragigantocellularis dorsalis and 
lateralis, the nuclei reticulares pontis caudalis and oralis and 
(3) the nucleus subcoeruleus. Many of the spinoreticular 
tract neurons are located in the deep layers of the dorsal horn 
and in laminae VII and VIII (Kevetter et al. 1982; Willis and 
Coggeshall 1991).

In rats, the parabrachial area lamina-I and lamina-V 
neurons send projections to distinct subregions: lamina-I 
neurons project mainly to the contralateral external lateral 
nucleus of the parabrachial area, and lamina-V neurons 
project bilaterally to its internal nucleus (Villanueva and 
Bernard 1999; Hunt and Bester 2005). The parabrachial 
area flanks the brachium conjunctivum in the rostrodorsal 
metencephalon. It integrates information from the nucleus 
of the solitary tract and visceral and somatosensory infor-
mation from the body through the spinal cord. The spinopa-
rabrachial tract projects heavily upon areas of the limbic 
system such as the ventromedial hypothalamus and the cen-
tral nucleus of the amygdala (Bernard et al. 1993, 1996). 
This pathway and direct spinolimbic projections (see 
Sect. 4.4.3) provide a special route for nociceptive informa-
tion to access the limbic system (Cliffer et al. 1991; Giesler 
et al. 1994; Willis and Westlund 1997). Many parabrachial 
neurons respond to noxious visceral and cutaneous stimuli 
(Bernard et al. 1994).

Spinomesencephalic projections originate from the 
same layers of the spinal cord as the spinothalamic tract, i.e. 
from laminae I and V (Trevino 1976; Willis et al. 1979; 
Wiberg et al. 1987). The spinomesencephalic tract projects 
to the nucleus cuneiformis of the midbrain reticular forma-
tion, the PAG, deep layers of the colliculus superior and vari-
ous other structures of the midbrain tegmentum. The 
projections to the nucleus cuneiformis presumably contrib-
ute to attentional and alerting mechanisms, whereas the PAG 
is involved in the descending modulation of nociceptive 
transmission (Basbaum and Fields 1984; Fields and Basbaum 
1999; Gebhart 2004; see Sect. 4.4.5). The cuneiform nucleus 
and the PAG are important in brain stem modulation of pain 
in humans (Zambreanu et al. 2005). Retrograde tracer stud-
ies showed that the PAG and the cuneiform nucleus are con-
nected with each other and with the rostroventral medial 
medulla, the thalamus, S2 and the prefrontal cortex (Edwards 
and de Olmos 1976; Zemlan and Behbehani 1988; Bernard 
et al. 1989). Imaging studies have shown that the human 
PAG and the cuneiform nucleus are activated during visceral 
and somatic pain (Dunckley et al. 2005). In a tractography 

study, Hadjipavlou et al. (2006) showed that there are con-
nections from the human PAG, and separately from the cune-
iform nucleus, to the prefrontal cortex, the amygdala, the 
thalamus, the hypothalamus and the rostroventral medial 
medulla.

4.4.3  Thalamic and Hypothalamic Projections

The organization of nociceptive inputs to the thalamus 
remains controversial (Craig and Blomqvist 2002; Jones 
2002; Willis et al. 2002; Craig 2003a, b). Originally, it has 
been maintained that there are distinct areas in the medial 
and lateral thalamus that receive nociceptive input. According 
to this view, the medially projecting component of the spi-
nothalamic tract terminates within nuclei of the intralaminar 
and medial thalamic nuclei, which project upon areas of the 
limbic cortex linked with affect and motivation (the medial 
pain system), whereas the lateral component (the lateral 
pain system) projects via the VP to the primary somatosen-
sory cortex, concerned with discriminative aspects of pain 
processing (Melzack and Casey 1968). Nociceptive neurons 
have been identified in intralaminar nuclei in cats and mon-
keys (Nishikawa et al. 1999) and in humans (Ishijima et al. 
1975; Tsubokawa and Moriyasu 1975). Intralaminar nuclei 
have diffuse projections to the frontal cortex, including the 
cingulate gyrus (Vogt et al. 1987; Vogt and Sikes 2000; Vogt 
2005), where nociceptive neurons have been identified in 
monkeys and humans (Koyama et al. 1998; Hutchison et al. 
1999). Recent anterograde tracer studies in rats following 
small injections of tracers into lamina I of the spinal cord, 
however, have modified this simple mediolateral distinction 
(e.g., Gauriau and Bernard 2004a, b). It was shown that lam-
ina-I neurons project to: (1) the VPL and the posterior thal-
amic nuclear group, both of which receive non-nociceptive 
lemniscal input and project upon the somatosensory cortex; 
(2) the posterior triangular nucleus which projects upon S2 
and the insular cortex and (3) the medial dorsal thalamic 
nucleus, which projects upon the medial and orbital parts of 
the frontal cortex and to the cingulate cortex. Thus, lamina I 
is claimed to innervate medial as well as lateral thalamic ter-
ritories with access to both limbic and somatosensory corti-
ces (Willis et al. 2001; Craig 2002; Gauriau and Bernard 
2004a, b).

In primates, a posterior part of the ventromedial nucleus, 
VMpo, is claimed to receive input from lamina-I nocicep-
tive and temperature-sensitive neurons and to project to the 
insular cortex (Craig et al. 1994, 2000, 2002; Blomqvist 
et al. 2000; Craig and Blomqvist 2002). The projection area 
of VMpo within the insular cortex might represent a pri-
mary sensory representation for pain, temperature, itch and 
other feelings from the body. Moreover, it has been  
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suggested that stimulation of VMpo (Lenz and Dougherty 
1997; Davis et al. 1999; Hua et al. 2000; Frot et al. 2001) or 
of the dorsal posterior insula (Ostrowsky et al. 2002) evokes 
pain and temperature sensation, and that lesions of VMpo or 
of its cortical field reduce these sensations specifically 
(Schmahmann and Leifer 1992; Greenspan et al. 1999; 
Craig 2002, 2003a). Although this idea remains controver-
sial (see Jones 2002; Willis et al. 2002), it re-introduces the 
possibility of “hard-wired” pathways uniquely dedicated to 
the processing of particular types of nociceptive and non-
nociceptive sensory information (Perl 1998). Dostrovsky 
(2000) summarized data from 86 patients of the Neurosurgical 
Department of the University of Toronto, 49 with movement 
disorders and 37 with chronic pain syndromes. Painful and 
thermal sensations were evoked at 7% of the stimulated 
sites, 85% of these 7% were located posterior and inferior to 
the posterior extremities of VPL/VPM (or Vc), leaving just 
1% of the positive points for the classic relay nuclei. More 
recently, however, Kim et al. (2007) concluded that lesions 
limited to the human thalamic principal somatosensory 
nucleus (Vc) are associated with loss of cold sensations and 
central pain.

A nociceptive spinohypothalamic tract, known for 
some time in rodents (Cliffer et al. 1991), has more recently 
also been characterized in monkeys (Zhang et al. 1999). In 
rodents, also direct spinolimbic projections to the central 
nucleus of the amygdala and related structures have been 
found (Cliffer et al. 1991; Giesler et al. 1994). Such pro-
jections and the spinoparabrachial-amygdalar pathway 
could provide a channel for nociceptive signals to influ-
ence parts of the brain that are involved in autonomic con-
trol, motivational-affective responses to pain, learning and 
memory.

4.4.4  Cortical Targets

Numerous neurophysiological and imaging studies have 
been performed to detect the brain regions that are active 
during acute painful stimulation. In most studies the insular 
cortex, the primary (S1) and secondary (S2) somatosensory 
cortices, and the anterior cingulate and posterior midcingu-
late cortices were found to be active (e.g., Jones et al. 1991; 
Talbot et al. 1991; Coghill et al. 1994, 1999; Casey et al. 
1996; Davis et al. 1998, 2002; Ploner et al. 1999b, 2000; 
Peyron et al. 2002; Frot et al. 2008; Fig. 4.37). In general, 
activation was contralateral in S1, but was often bilateral in 
S2, the insula and the anterior cingulate cortex. In many 
studies, additional areas of activation were observed, includ-
ing the cerebellum, the striatum, the PAG, the hippocampus 
and the amygdala (see Jones et al. 1991; Coghill et al. 1994, 
1999; Casey et al. 1996).The fact that multiple cortical areas 

are involved in the processing of pain explains why pain is 
not always reduced after restricted brain injury. Head and 
Holmes (1911) observed that patients with specific cerebral 
lesions, particularly those in the parietal lobe disrupting S1, 
were still able to feel pain (see also Coghill et al. 1994). The 
large distributed brain networks found to be active during 
painful stimulation are often referred to as the pain matrix 
(Ingvar 1999).

The pain matrix is usually subdivided into a medial and 
a lateral pain system (Fig. 4.37). This subdivision, which is 
based on the projection sites from medial and lateral thal-
amic nuclei to the cerebral cortex, is an oversimplification 
of the networks involved but provides a useful means for 
grouping together brain regions that appear to have similar 
roles in pain perception. The lateral pain system (S1, S2) is 
primarily thought to have a role in discriminating the loca-
tion and intensity of painful stimuli (Bushnell et al. 1999; 
Hofbauer et al. 2001), whereas the medial pain system (the 
anterior cingulate cortex) is involved in the affective (cogni-
tive-evaluative) component of pain (Rainville et al. 1997; 
Vogt et al. 2003; Vogt 2005). The insula not only encodes 
both the intensity (Coghill et al. 1999) and the laterality 
(Brooks et al. 2002) of painful and non-painful thermal 
stimuli, but may also have a role in affective pain processing 
(Craig 2003b; Singer et al. 2004). Frot and Mauguière 
(2003) found a dual representation of pain in the operculo-
insular cortex (see also Ostrowsky et al. 2002). The insula 
may occupy a territory between the medial and lateral sys-
tems, facilitating integration of information from both 
(Peyron et al. 2002). Clinical data have confirmed these 
imaging data. Following a lesion in the postcentral gyrus 
and parietal operculum (S1 and S2) due to a stroke, the 
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Fig. 4.37 The pain matrix (after Ingvar 1999). See text for explanation
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patient could no longer discriminate pain location or inten-
sity but had preserved pain affect (Ploner et al. 1999a).

4.4.5  Descending Pain Modulatory Systems

Head and Holmes postulated the existence of a descending 
pain modulatory system (Head and Holmes 1911). Later, 
this postulation was empirically confirmed (Hagbarth and 
Kerr 1954), and Wall (1967) demonstrated a tonic regulatory 
influence from the brain stem on the dorsal roots of the spinal 
cord. In rats, Reynolds (1969) demonstrated that stimulation 
in the PAG produced analgesia without any concurrent effects 
on alertness or motor performance, the so-called stimulus-
produced analgesia. This was confirmed in monkeys (Hayes 
et al. 1979) and humans (Boivie and Myerson 1982). 
Descending inhibition of spinal nociceptive processes was 
initially proposed to occur through a PAG relay to serotoner-
gic neurons in the nucleus raphes magnus and the adjacent 
reticular formation (Basbaum and Fields 1984; Fields and 
Basbaum 1999). Subsequent studies showed a more complex 
circuitry that also involves descending catecholaminergic 
and opioidergic pathways (Suzuki et al. 2004; Gebhart 2004; 
Gebhart and Proudfit 2005; Lovick and Bandler 2005). 
Neurons in the ventrolateral part of PAG control the activity 
of neurons in both the rostral ventromedial medulla and the 
dorsolateral pontine tegmentum, which form parallel 
descending pathways to the dorsal horn of the spinal cord 
(Fig. 4.38). These descending pathways can both inhibit and 
facilitate nociceptive processing in the dorsal horns. 
Descending influences from the diencephalon, the hypothal-
amus, the amygdala, the anterior cingulate cortex, the insula 
and the prefrontal cortex that elicit inhibition or facilitation 
of nociceptive transmission via brain stem structures have 
been identified (Petrovic et al. 2000; Valet et al. 2004; Wager 
et al. 2004; Tracey 2005). In humans, stimulating electrodes 
were implanted into both periaqueductal and rostrally adja-
cent periventricular sites as a new method of pain relief. The 
best results were obtained following electrode placement at 
rostrally and ventrally located periventricular sites (Hosobuchi 
et al. 1977; Kumar et al. 1997). The highly aversive side 
effects (Kumar et al. 1997), however, led to a rapid decline in 
popularity in recent years. Motor cortex stimulation 
(Tsubokawa et al. 1991) is replacing deep brain stimulation 
in the surgical management of intractable neuropathic pain 
(Saitoh et al. 1999; Maarrawi et al. 2007).

4.4.6  Lesions of the Anterolateral System

Tactile sensation is slightly reduced by cordotomy, but tactile 
localization, stereognosis, graphaesthesia, vibratory sense 
and position sense are not altered. When an anterolateral 

cordotomy is carried out properly, the patient loses all forms 
of pain and temperature sensation completely on the contral-
ateral side of the body below the level of the lesion (Kuru 
1949; White and Sweet 1969). In a few cases, the sensory 
loss has been reported to be ipsilateral to the cordotomy 
(French and Peyton 1948; Voris 1951, 1957). The level of the 
sensory loss depends upon the level of the cordotomy and on 
the location of the cordotomy within the anterolateral quad-
rant. A complete anterolateral cordotomy at a high cervical 
level may produce a sensory loss as high as the uppermost 
cervical dermatomes, but in some cases only to upper tho-
racic levels. The sensory loss persists for 1 year or more in 
more than half the patients, but in many cases the sensory 
loss becomes less or pain recurs within several months. 
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Fig. 4.38 Descending pain modulatory systems. Enkephalinergic 
interneurons are hatched. als anterolateral system, LC locus coeruleus, 
NA noradrenaline, PAG periaqueductal grey, RGC gigantocellular retic-
ular nucleus, RM serotonergic raphe magnus nucleus, RMC magnocel-
lular reticular nucleus, SC subcoeruleus area, SP substance P, I spinal 
layer I (after Basbaum and Fields 1984; Gebhart and Proudfit 2005)
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The reason for the recurrence of pain remains a matter of 
speculation. In addition to the loss of pain sensation, patients 
who had undergone an anterolateral cordotomy lose thermal 
sensation and visceral pain as well. Touch is not dramatically 
affected by anterolateral cordotomy. Lahuerta et al. (1994) 
evaluated 146 patients who underwent 181 percutaneous cer-
vical cordotomies for intractable pain. The best analgesic 
results were obtained by lesions that extended 5.0 mm deep 
to the surface of the cord and destroyed about 20% of the 
hemicord.

A unique case of spinal cord injury with sensory deficits 
was described by Noordenbos and Wall (1976). A 24-year-
old woman was stabbed once in the back at T3 with the 
result that all of the cord was transected except for the left 
anterolateral quadrant. Following stabilization, the patient 
was able to cooperate in a careful sensory examination. She 
could detect touch and pressure stimuli applied bilaterally 
below the level of the lesion, although the threshold was 
generally elevated compared to normal. Localization was 
rather good. Position sense was accurate to within 5° for the 
left knee and ankle, although it was lost for the left toes and 
for the whole right lower extremity. The fact that proprio-
ception was partially spared may relate to the fact that a por-
tion of the dorsal spinocerebellar tract may have been intact. 
Vibratory sense was absent. Temperature sensation was lost 
on the left side of the body but was intact on the right. 
Pinpricks applied to the right side had a pricking quality and 
a tendency to radiate. Pinpricks on the left side could not be 
identified as such but were unpleasant. Wall and Noordenbos 
(1977) described a second case of a patient with an exten-
sive lesion of the posterior part of the spinal cord. The pos-
terior columns were completely interrupted, the anterior and 
lateral funiculi were presumed to be spared on one side and 
partially spared on the other. Position sense was present but 
impaired. Two-point discrimination was absent on the side 
with the intact anterolateral quadrant and was diminished on 
the other side. Tactile sensation was good but graphaesthe-
sia was absent.

Since the axons of neurons responsible for pain sensation 
decussate at the segmental level, commissural myelotomy 
has been used by neurosurgeons to treat intractable pain 
originating from both sides of the body (Cook and Kawakami 
1977; Gildenberg and Hirshberg 1984; Tasker 1990). 
However, this causes major damage to the posterior columns. 
The sensory deficits resulting from a commissural myelo-
tomy are a combination of posterior column and anterolat-
eral quadrant deficits (see Cook et al. 1984). The crossing 
spinothalamic fibres are interrupted in syringomyelia. 
Syringomyelia is a cavitating disorder of the central spinal 
cord, extending over several segments (Fig. 4.39a). Clinically, 
the disorder usually does not start before the second decade 
and is slowly progressive. The lesion interrupts the spinotha-
lamic fibres as they cross the midline in the anterior white 

commissure just below the central canal (Fig. 4.39b). Usually, 
syringomyelia occurs in the lower cervical and upper tho-
racic segments and causes a cape-like distribution of pain 
and temperature deficits (Fig. 4.39c). Initially, only the cross-
ing pain and temperature fibres are damaged, but as the syr-
inx increases, the dorsal columns are also affected. Ventral 
extension leads to segmental areflexia, muscle weakness and 
atrophy of the intrinsic hand muscles. Chronic central pain 
in the affected segments is an important complaint in about 
one-third of patients (Verdugo et al. 2007). In a combined 
psychophysical and fMRI study, Ducreux et al. (2006) 
 studied the mechanisms of central neuropathic pain in 
syringomyelia.

About 30–40% of patients with spinal cord injuries suf-
fer from neuropathic pain (Siddall et al. 2003). Residual spi-
nothalamic tract fibres may cause the development of central 
pain after spinal cord injury (Wasner et al. 2008). Their data 
suggest that intact thermosensitive nociceptive afferents 
within the lesioned spinothalamic tract distinguish patients 
with central pain from those without. The ability to mimic 
chronic pain sensations by activating thermosensory nocice-
ptive neurons implies that ongoing activity in residual spi-
nothalamic fibres plays a crucial role in maintaining central 
pain. Processes associated with degeneration of neighbour-
ing axons within the tract, such as inflammation, may trigger 
spontaneous activity in residual intact neurons that act as a 
“central pain generator” after spinal cord injury.

With quantitative sensory perception threshold testing, 
David Bowsher (2005) analysed the representation of soma-
tosensory modalities in pathways ascending from the spinal 
anterolateral funiculus to the thalamus in patients with cor-
dotomies, brain stem and thalamic infarcts. His data show 
that all modalities (touch, mechanical pain, sharpness, innoc-
uous warmth and cold, and heat pain) are dissociable from 
one another by lesions at all levels tested, suggesting sepa-
rate representation for each of the six modalities tested. Some 
cases with lesions of the pain pathways are shown in Clinical 
case 4.10.

Disruption of the cortical and subcortical regions that 
form the pain matrix and their connections, have serious 
implications for the sensation of pain, as is shown by:
 1. Following a stroke affecting the operculo-insular region, 

Greenspan et al. (1999) observed that lesions affecting 
both S2 and the posterior insula tend to lead to therman-
aesthesia and loss of pain sensation.

2. Similar lesions may also cause pain asymbolia (Biemond 
1956; Berthier et al. 1988; Schmahmann and Leifer 1992), 
whereby patients perceive painful stimulation but fail to 
react properly.

3. Paradoxically, these lesions may also cause pain (Bow-
sher et al. 2004), as is observed in the phenomenon of 
central post-stroke pain (CPSP). CPSP has been defined 
as a gradual development of uncomfortable, distressful, 
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sometimes painful paraesthesias (Dejerine and Roussy 
1906). Originally, it was thought to arise as a typical 
sequela of thalamic strokes (the so-called thalamic syn-
drome of Dejerine and Roussy; see Clinical case 4.11), 
but it is now recognized that strokes occurring anywhere 
in the spinothalamic tract can produce similar symptoms 
(Boivie et al. 1989; Schmahmann and Leifer 1992; Bow-
sher 1996; Bowsher et al. 1998; Boivie 1999; Kim 2001; 
Klit et al. 2009).

4. Thalamic lesions leading to CPSP were found to be lim-
ited to the principal somatosensory nucleus, that is the 
ventral caudal nucleus (Leijon et al. 1989; Vestergaard 
et al. 1995; Bowsher et al. 1998; Kim et al. 2007).

5. Patients with CPSP, following an ischaemic brain stem 
injury, experienced pain contralateral to the lesion. Dra-
matic reductions in opioid receptor binding were demon-
strated in both the posterior thalamus and the posterior 

insula ipsilateral to the lesion (Willoch et al. 2004). One 
possible interpretation of these findings is that the lesion 
disrupts the normal pain processing pathway from the 
brain stem via the posterior thalamus to the posterior in-
sula, thus leading to pain in these patients (Craig 2003a; 
Brooks and Tracey 2005; see also Bowsher et al. 2004; 
Bowsher 2006).

6. Recently, Kim (2007) showed that sensory patterns in 
stroke patients with prominent sensory symptoms with-
out definitive motor dysfunction are generally consistent 
with the dichotomized (S1 and S2) sensory system in the 
cerebral cortex. Involvement of insular and opercular ar-
eas, roughly corresponding to S2, is related to primitive 
sensory impairment and development of CPSP, whereas 
postcentral gyrus involvement (S1) is related to cortical 
sensory loss without post-stroke pain. A comparable case 
is shown in Clinical case 4.12.

a

b c

Fig. 4.39 (a) Syringomyelia 
observed in a 13-year-old girl 
with tuberous sclerosis; (b) the 
lesion interrupts spinothalamic 
fibres, leading to (c) a cape-like 
distribution of pain and 
temperature deficit (from ten 
Donkelaar and Hori 2006)
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Clinical Case 4.10 Central Neuropathic Pain in 

Spinal Cord Lesions

About 30–40% of patients with spinal cord injuries suffer 
from central neuropathic pain (Bowsher et al. 1998; Siddall 
et al. 2003; Hulsebosch et al. 2009). Two cases are discussed 
as Case reports.

Case report 1: A 60-year-old female with a long his-
tory of aspecific neck complaints. In 2003, pain was treated 
by making radiofrequency lesions of the articular facets of 
the posterior cervical intervertebral joints to suppress noci-
ceptive signals. She developed a right cervicobrachialgia. 
MRI showed a cervical lesion at the level of C3 and C4, 
probably due to a previous myelitis (Fig. 4.40a, b). First, a 

Fig. 4.40 Central neuropathic pain in spinal cord lesions of Case 1 (a, b) and Case 2 (c, d) as found on T2-weighted MRIs. See text for 
further explanation (courtesy Peter van Domburg, Sittard)
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deficit in propriocepsis of her right arm was found. Later, 
she had sharp pain in her right arm, often also in the whole 
right body part. Pain was mostly felt in the upper limb, but 
often in the trunk and sometimes also in the lower limb, in 
the extremities particularly distally. The central neuro-
pathic pain hardly responded to medication.

Case report 2: A 65-year-old male fell riding his bicy-
cle after consuming some alcohol. He made a sudden flex-
ion-extension movement of the cervical spine. His Morbus 
Bechterew had caused spondylarthrotic changes of the fifth 
to seventh cervical vertebrae. The sudden movement 
caused a fracture of the spinal process of C6 and a spinal 
contusion at this level (Fig. 4.40c). In the initial stage, he 
suffered from a so-called “central cord lesion” (Fig. 4.40d) 
with transient quadriplegia and bladder dysfunction. He 
was treated with high doses of methylprednisolone. After 
the initial stage, he developed a chronic central neuropathic 
pain syndrome of the left arm. The “arm” portion of the 

spinothalamic tract is located in the most central part of 
this tract. There were spontaneous burning and sharp sen-
sations with hyperpathy provoked by temperature and 
weather changes. These pains partially responded to treat-
ment with carbamazepine and gabapentine which he used 
for more than 10 years.
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Clinical Case 4.11 Lesions of the Pain System 

from Medulla to Thalamus

Bowsher (2005) discussed 49 patients with supraspinal 
strokes, producing unilateral symptoms; 17 had brain stem 
lesions (11 with crossed symptoms), 24 lesions in the VPL/
Vc and 6 in posterior thalamic nuclei medial to the internal 
medullary lamina. Their quantitative sensory perception 
threshold was tested for touch, mechanical pain, sharpness, 
innocuous warmth and cold, and heat pain in the maxi-
mally affected body area and in its unaffected contralateral 
mirror image region. Results show that all modalities are 
dissociable from one another by lesions at all levels tested, 
so there must be separate pathways for the different modal-
ities tested. In Bowsher’s series of thalamic strokes, defi-
cits for innocuous and noxious thermal modalities but not 
for mechanical pain were recorded when the lesion included 
the VPL/Vc. More medial thalamic lesions resulted in defi-
cits for mechanical pain but not for heat pain or innocuous 
thermal modalities. Therefore, there appear to be separate 
anatomical relays for thermal modalities (including heat 
pain) into the VPL/Vc area and high-intensity mechanical 
sensation (mechanical pain) in the midline nuclei, with 
sharpness being presented in both (see also Bogousslavsky 
et al. 1988; Carrera and Bogousslavsky 2006; Kim et al. 
2007). Some cases are presented as Case reports.

Case report 1: A 58-year-old female patient was treated 
for chronic remitting central neuropathic pain in the left 

trigeminal region after she suffered from transverse myeli-
tis and optic neuritis at the age of 46. Additional investiga-
tions confirmed the diagnosis multiple sclerosis (MS). 
During her first attack, she had sensory symptoms of the 
left upper body part from which she recovered on corticos-
teroid therapy. However, she kept suffering from episodic 
burning pain in the left face spreading mainly along the 
second and third trigeminal branches. There was also some 
hypersensitivity in this area. The initial MRI showed atten-
uated signal intensities extending from the medulla oblon-
gata to the upper cervical cord (Fig. 4.41a, b). The more 
ventrally located focus may overlap with the left spinotha-
lamic tract. Trigeminal neuralgia is a well-known compli-
cation of MS (Cruccu et al. 2009).

Case report 2: A 45-year-old female presented with 
sensory changes at the left side of her face, especially pre-
auricularly. Moreover, there were sensory changes at the 
left side of her body, of the leg in particular, but no pain. 
There was dizziness, but no vertigo. Clinical examination 
showed reduced perception for all sensory qualities on the 
left side of her face. Besides, a Babinski sign was noted for 
the left leg with slight circumduction during walking. Other 
findings were compatible with MS. The MRI showed an 
MS plaque at the right lateral pons, which apparently 
involved the trigeminothalamic and spinothalamic tracts 
(Fig. 4.41c). Other findings were compatible with MS.

Case report 3: A 75-year-old male patient was seen 
after he developed acute hemisensory signs at the right part 
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Fig. 4.41 (a, b) Sagittal and axial T2-weighted MRIs of an MS case 
(Case 1); (c) axial Flair MRI of an MS case with involvement of the 
trigeminothalamic and spinothalamic tracts (Case 2); and (d) axial 

T1-weighted MRI of a lacunar stroke in the thalamus leading to hemi-
hypaesthesia (Case 3; courtesy Peter van Domburg, Sittard)
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of the body. Apart from hypertension, his previous medical 
history was unremarkable. Apart from right-sided hemihy-
paesthesia, he had also tingling sensations in his right arm, 
shoulder and face. There were no motor disturbances but 
the movements of his right arm and hand were slightly 
ataxic. MRI showed a lacunar stroke in the lateral thalamus 
(Fig. 4.41d).
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Clinical Case 4.12 Central Post-stroke Pain  

Following a Cortical Infarct

Bowsher (2006) reported five stroke patients with lesions 
affecting the insula and parietal operculum, sparing the 
postcentral gyrus with the somatosensory cortical area S1 
(see also Bowsher et al. 2004). Three had spontaneous 
CPSP but two did not. The patients with CPSP showed 
greatly elevated thresholds for mechanical pain (skinfold 
pinch), sharpness and thermal sensations. The pain-free 
patients had distinctly lesser elevations of their skinfold 
pinch and innocuous and noxious thermal thresholds, and 
no sharpness deficit. Kim (2007) presented evidence for a 
dichotomized pain system, in line with Bowsher’s data. 
Studying 24 patients with cortical stroke with prominent 
sensory symptoms, Kim found that insular or opercular 
area involvement is related to primitive sensory impair-
ment and development of post-stroke pain, whereas 
 postcentral gyrus lesions produce cortical sensory deficits 
or restricted sensory symptoms without post-stroke pain. 
A case of CPSP following a cortical infarct is presented as 
Case report.

Case report: A now 47-year-old male suffered from a 
left hemispheric ischaemic stroke at the age of 43 years, 
resulting in a full-blown left media infarct (Fig. 4.42) with 
right hemiparesis, hemihypaesthesia and expressive apha-
sia. Additional examination showed occlusion of the left 
internal carotid. After revalidation, he suffered from inci-
dental epileptic attacks and persistent central post-stroke 
pain, despite treatment with carbamazepine and valproate. 
He also experienced continuous painful sensations in his 
right leg and to a lesser degree in his right arm in the 
 following years. His CPSP was somewhat difficult to 

describe due to the accompanying aphasia (“stinging net-
tle” feeling). On touch, he felt a strange, dysaesthetic sen-
sation in his right leg and arm. Similar drug-resistant cases 
have been treated with motor cortex stimulation (Kumar 
et al. 2009).

Fig. 4.42 Central poststroke pain following a media infarct as 
shown in an axial CT scan (courtesy Peter van Domburg, Sittard)
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4.5  The Trigeminal Somatosensory System

The trigeminal somatosensory nuclear complex comprises 
the principal or main sensory nucleus and the spinal trigemi-
nal nucleus (Waite and Ashwell (2004). The principal nucleus 
is thought to be comparable to the cuneate and gracile nuclei, 
and the three of them form one or more systematic represen-
tations of cutaneous receptors of the body. Efferent fibres 
from the principal nucleus join the medial lemniscus and 
project to the medial subnucleus of the contralateral ventro-
posterior complex (VPM). The spinal trigeminal nucleus, at 
least its caudal part, is comparable to part of the dorsal horn 
of the spinal cord. As in the spinal cord, a marginal zone of 
the nucleus receives pain and temperature afferents (Craig 
et al. 1999) and deeper neurons are activated by cutaneous 
and muscle receptors (Price et al. 1976). Second-order neu-
rons in the spinal trigeminal nucleus form a relay that joins 
the contralateral spinothalamic tract and terminates in the 
ventroposterior and the more medial thalamus (Burton and 
Craig 1979).

4.5.1  Trigeminal Afferents

The receptors for the skin of the face and scalp are similar to 
those in the hairy skin of other body regions (Darian-Smith 
1973; Iggo 1974). The skin of the face has pressure thresh-
olds lower than any other body regions. The upper lip, the 
nose and the tip of the tongue have the lowest detection 
thresholds reported (Rath and Essick 1990). The glabrous 
skin of the lips is especially sensitive to vibration and motion, 
compared to the adjacent hairy perioral skin (Rath and Essick 
1990). Microneurographic recordings from the human 
infraorbital nerve showed a high proportion of receptive 
fields at the angle of the mouth, indicating a particularly 
dense innervation of perioral skin (Johansson et al. 1988). 
Both slow- and fast-adapting responses were recorded, simi-
lar to those found for the hand (Vallbo et al. 1979). Apart 
from the skin, facial and jaw muscles, the trigeminal nerve 
also innervates specialized cranial structures such as the 

teeth, the periodontal ligaments, the temporomandibular 
joint, the oral mucosa and the tongue (see Chap. 6), the cra-
nial vessels and meninges, the cornea, the conjunctiva and 
the nasal mucosa. In adults, the permanent incisors and the 
canines each receive about 360 myelinated fibres and some 
1,500–2,000 unmyelinated afferents (Johnsen and Johns 
1978). Electrical, chemical, mechanical and thermal stimuli 
can activate tooth receptors and usually give rise to the sen-
sation of pain (Schults 1992). Pain can be associated with 
dentinal, pulpal, gingival or periodontal receptors (Sharav 
et al. 1984). For dentinal receptors, pain is generally not 
spontaneous but evoked by heat, cold and sweet stimuli. Dull 
ache is thought to arise from activity in unmyelinated fibres 
within the tooth pulp. Pulpal pain is associated with inflam-
mation (Fristad 1997). The human periodontal ligament is 
rich in free nerve endings and a variety of coiled and Ruffini-
type endings (Maeda et al. 1990; Lambrichts et al. 1992). In 
the temporomandibular joint, encapsulated and free nerve 
endings are present in the posterior capsule and the tendon of 
the lateral pterygoid muscle (Griffin and Harris 1975; Zimny 
1988). Free nerve endings are distributed to the periphery of 
the articular disc but are absent from the central region. 
Trigeminal fibres enter the cornea radially from the sclera 
and then assume a predominantly temporonasal orientation 
within the stroma (Müller et al. 1997). Fibres penetrate 
Bowman’s membrane and terminate usually in the deeper 
layers. The eyelids and the eyelashes are densely innervated 
with Ruffini-type endings, lanceolate terminals and Merkel 
cell complexes (Halata and Munger 1983).

Each division of the trigeminal nerve, ophthalmic, maxil-
lary and mandibular, supplies a distinct dermatome of the 
head and the adjacent mucosal and meningeal tissues (Brodal 
1965; Usunoff et al. 1997; Fig. 4.43a). Trigeminal nerve dis-
tributions show relatively little overlap. In monkeys, how-
ever, Denny-Brown and Yanagisawa (1973) showed 
considerable overlap with inputs from the second and third 
cervical roots and the vagal nerve. Communicating nerves 
between branches of the facial and trigeminal nerves are 
common. Sensory trigeminal fibres have their cell bodies in 
the large trigeminal ganglion, which is also known as the 
ganglion semilunare or ganglion Gasseri. In the trigeminal 
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ganglion, a dorsoventral topical distribution of the ophthal-
mic, maxillary and mandibular nerves was found (Jannetta 
1967a; Ferner 1970). Central processes of trigeminal gan-
glion cells pass via the large sensory root (the portio major 
or radix sensoria) to enter the brain stem at the midpontine 
level (Fig. 4.44). Proprioceptive fibres from muscle spindles 
in the jaw muscles travel with the much smaller motor root 
(the portio minor). These fibres have their cell bodies in the 
mesencephalic trigeminal nucleus, not in the trigeminal gan-
glion (Fig. 4.44).

From the sensory root, most fibres pass caudally to form the 
spinal trigeminal tract, which extends from the midpons to 
the second cervical level, where it is continuous with Lissauer’s 
tract (Fig. 4.44). Some root fibres bifurcate to give a short 
ascending branch to the principal sensory trigeminal nucleus. 
Large Ab-fibres terminate in the principal sensory nucleus and 
in the various subnuclei of the spinal trigeminal nucleus. Thin 
Ad and C-fibres descend in the spinal tract and terminate in the 
pars caudalis and the upper cervical dorsal horn (Darian-Smith 
1973). Individual axons in the tract give off collateral branches 
that enter the spinal nucleus at different levels. Within the spi-
nal tract, ophthalmic fibres descend in the ventral part of the 
tract, maxillary fibres in its intermediate part and mandibular 
fibres in its dorsal part (Capra and Dessem 1992; Usunoff et al. 
1997). In cats, all three divisions are represented at all levels 
(Kerr 1963). Observations on patients with thrombosis of the 
inferior posterior cerebellar artery or with syringomyelia and 
syringobulbia led Dejerine (1914) to propose an “onion-skin” 

pattern of representation in the spinal trigeminal nucleus. 
Within each of the three main branches, the axons from 
anteromedial, perioral regions of the face were supposed to 
terminate rostrally and those from posterolateral regions 
more caudally. Clinical observations following spinal tracto-
tomies support Dejerine’s hypothesis (Kunc 1970; Young 
1982; Fig. 4.43b). The trigeminal tract is joined by afferents 
from other nerves including the intermediate, glossopharyn-
geal, vagal and upper cervical nerves. Trigeminal afferents 
project also to the nucleus of the solitary tract (Usunoff et al. 
1997).

4.5.2  Brain Stem Trigeminal Sensory Nuclei

The brain stem trigeminal sensory nuclei consist of the 
trigeminal sensory nuclear complex (the principal and spi-
nal trigeminal nuclei), the mesencephalic nucleus and a 
number of smaller collections of cells (paratrigeminal and 
peritrigeminal nuclei) also thought to be predominantly 
sensory in function (Usunoff et al. 1997; Waite and Ashwell 
2004). The mesencephalic nucleus consists of a band of 
large scattered cells extending over a length of some 
22–24 mm from the level of the principal sensory nucleus 
into the midbrain along the outer border of the PAG 
(Olszewski and Baxter 1954; Paxinos and Huang 1995). 
These cells are the cell bodies of proprioceptive fibres from 
muscle spindles in the jaw muscles. The trigeminal sensory 
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nuclear complex extends as a long column of cells in the 
dorsolateral brain stem from the rostral pons to the C2 level 
(Olszewski 1950; Olszewski and Baxter 1954; Paxinos and 
Huang 1995; Usunoff et al. 1997). The complex can be sub-
divided into four subnuclei (Fig. 4.44): the principal or 
main sensory trigeminal nucleus and three spinal trigemi-
nal nuclei, oralis, interpolaris and caudalis. The principal 
sensory trigeminal nucleus is located in the lateral pon-
tine tegmentum. Most neurons are small with some scat-
tered medium-sized cells and large neurons along the dorsal 
border (Usunoff et al. 1997). Experimental studies in rats 
have shown that cells in the principal nucleus are mechano-
receptive with low thresholds and small receptive fields 
(Jacquin et al. 1988). Therefore, the principal sensory 
trigeminal nucleus is thought to be homologous to the dor-
sal column nuclei in providing discriminative tactile, epi-
critic sensitivity for the face.

The spinal trigeminal nucleus oralis extends caudal-
wards from the principal sensory trigeminal nucleus. Its bor-
der with the interpolar spinal trigeminal nucleus has been 
placed at different levels (Olszewski 1950; Paxinos and 
Huang 1995; Usunoff et al. 1997). In rodents and carnivores, 
the oral subnucleus has been shown to receive extensive 
intraoral projections (Arvidsson and Gobel 1981; Marfurt 
and Turner 1984; Takemura et al. 1991), and this is consis-
tent with loss of oral sensation after vascular lesions in 
humans (Graham et al. 1988). The oral subnucleus has been 
implicated in intraoral pain. The spinal trigeminal nucleus 
interpolaris extends caudalwards as far as the obex. It also 
receives extensive inputs from intraoral structures (Marfurt 
and Turner 1984; Takemura et al. 1991). The spinal trigemi-
nal nucleus caudalis extends from the obex to the C2 level, 
where it is continuous with the dorsal horn. This subnucleus 
has a similar laminar organization as the spinal dorsal horn 
and is also known as the medullary dorsal horn (Gobel et al. 
1981). The caudal subnucleus contains a marginal zone 
(lamina 1), a substantia gelatinosa resembling Rexed’s layer 
II, a magnocellular layer, equivalent to the nucleus proprius 
(laminae III and IV of the dorsal horn) and a deeper zone 
corresponding to the spinal layers V and VI. This zone con-
tains large multipolar neurons up to 60 mm in diameter 
(Usunoff et al. 1997). The marginal zone receives mainly 
small-diameter myelinated fibres as well as unmyelinated 
afferents from all cranial tissues (Craig 1996). Low-threshold 
mechanical responses, high-threshold nociceptive specific 
responses, thermosensitive specific responses and WDR 
neurons are all present in the caudal subnucleus (Dostrovsky 
and Craig 1996; Sessle 2000). Low-threshold mechanical 
responses are found predominantly in the magnocellular 
zone (Price et al. 1976), whereas the marginal zone contains 

nociceptive-specific, thermospecific and WDR responses 
(Price et al. 1976; Bushnell et al. 1984; Craig et al. 1999; 
Sessle 2000). In humans, surgical interruptions of the 
descending trigeminal tract resulted in abolishing pain but 
left the sense of touch largely intact (Sjöqvist 1938; 
Olivecrona 1942; Kunc 1970; Young 1982). The principal 
and spinal trigeminal nuclei, like the dorsal horns of the spi-
nal cord and the dorsal column nuclei, are innervated by the 
cerebral cortex (Kuypers 1958a, b, c; Kuypers and Tuerck 
1964; Smith 1975).

4.5.3  Thalamic Projections

There are extensive thalamic projections from the principal 
sensory trigeminal nucleus to the VPM. The subnuclei of the 
spinal trigeminal nucleus all project to the VPM, whereas  
the caudal subnucleus also innervates the VMpo, VPI, the 
mediodorsal nucleus and the intralaminar nuclei (Burton and 
Craig 1979; Berkley 1980; Rausell and Jones 1991b). Lamina 
1 cells project to several thalamic regions including the 
VPM, VMpo, midline and intralaminar nuclei (Ganchrow 
1978; Burton and Craig 1979; Craig et al. 1994, 1999; Craig 
2004a; Graziano and Jones 2004). The mesencephalic 
nucleus projects to a region anterior to the VPM (Pearson 
and Garfunkel 1983), termed VPO by Percheron (2004) and 
VPS by Kaas and Pons (1988; Kaas 2004). This region 
receives input from deep receptors such as muscle spindles, 
mainly via the external cuneate nucleus. Trigeminothalamic 
pathways include crossed and uncrossed tracts. The caudal 
spinal trigeminal nucleus gives rise to the crossed lateral 
trigeminothalamic tract, which joins the spinothalamic 
tract (Fig. 4.44). The ventral part of the principal sensory 
nucleus and the other subnuclei of the spinal nucleus give 
rise to a crossed pathway, which joins the medial lemniscus 
as the trigeminal lemniscus. In human post-mortem mate-
rial, Marani and Schoen (2005) found that the trigeminal 
lemniscus mainly arises from the principal sensory nucleus. 
At rostral pontine and caudal mesencephalic levels, it is 
found dorsomedial to the medial lemniscus. More rostrally, 
the trigeminal lemniscus intermingles with the medial lem-
niscus. The uncrossed dorsal trigeminothalamic tract, 
which is also known as Wallenberg’s tract, arises from the 
dorsal part of the principal sensory nucleus. Its fibres pass 
dorsomedially in the dorsal pontine tegmentum, run ventral 
and lateral to the PAG and then pass lateralwards to enter the 
dorsomedial part of the ipsilateral VPM.

The VPM is somatotopically organized. In monkeys, 
Rausell and Jones (1991a) showed the presence of CO-rich 
rods surrounded by a CO-pale matrix. The rods form  
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anterior–posterior columns within the nucleus. All cells in 
a column have similar receptive fields. They receive their 
major input from the principal sensory nucleus and project 
to layer 4 of S1 (Rausell and Jones 1991b). The predomi-
nant input of the matrix arises from the caudal spinal 
nucleus, mainly from its deeper layers. The calbindin-posi-
tive matrix cells have widespread projections to superficial 
cortical layers. In the human VPM, low-threshold, mecha-
noreceptive responses to hair or skin stimulation have been 
recorded (Ohye et al. 1972; Donaldson 1973; Lenz et al. 
1988). Responses to deep pressure and/or joint movement 
have been recorded from the VPO/VPS (Ohye et al. 1972; 
Lenz et al. 1988; Seike 1993). Lenz et al. (1993a, b) and 
Dostrovsky (2000) noted a paucity of thermal and nocicep-
tive responses in the human VPM.

4.5.4  Cortical Targets

The organization of the orofacial somatosensory cortex has 
been extensively studied in monkeys (e.g., Krubitzer and 
Kaas 1990; Manger et al. 1995, 1996; Jain et al. 2001; Qi 
et al. 2002; Iyengar et al. 2007). In owl and squirrel mon-
keys, Jain et al. (2001) showed a remarkable pattern of 
myelin-dense patches within area 3b, alternating with 
myelin-light septa, which mainly receive callosal input 
(Krubitzer and Kaas 1990). Electrophysiologically, Jain et al. 
(2001) demonstrated that each patch represented a specific 
region. A similar organization was found in macaque mon-
keys (Manger et al. 1996). In humans, the localization of 
orofacial responses have been studied by direct electrical 
stimulation (Penfield and Rasmussen 1950), recordings of 
somatosensory-evoked potentials after trigeminal nerve 
stimulation (Stöhr and Petruch 1979; Bennett and Jannetta 
1980; Findler and Feinsod 1982; Badr et al. 1983) and intrac-
ranial recording of somatosensory-evoked potentials 
(McCarthy et al. 1993). In general, face representation is lat-
eral to that of the hand, with an orderly progression of the 
upper face, the upper lip, the lower lip and the tongue. PET 
(Fox et al. 1987; Bittar et al. 1999), MEG (Hoshiyama et al. 
1996; Nakamura et al. 1998) and fMRI studies (Sakai et al. 
1995; Moore et al. 2000; Miyamoto et al. 2006) confirm the 
overall topography known from somatosensory-evoked 
potentials. Iyengar et al. (2007) studied the cortical represen-
tation of the teeth and the tongue in the somatosensory cortex 
of New World monkeys. The orofacial region is also repre-

sented in S2 and the PV cortex within the lateral sulcus 
(Disbrow et al. 2000, 2001).

4.5.5  Lesions of the Trigeminal 
Somatosensory System

Trigeminal neuralgia starts in the second and third divisions 
of the trigeminal nerve, and affects the cheek or the chin 
(Bowsher 1997; Love and Coakham 2001). The essential 
features of idiopathic trigeminal neuralgia were defined by 
the International Association for the Study of Pain (ISAP) as 
sudden, transient, intense bouts of superficially located pain, 
strictly confined to one or more divisions of the trigeminal 
nerve, usually precipitated by light mechanical activation of 
a trigger point or area. This painful disorder undergoes spon-
taneous remissions and recurrences. The majority of cases 
are caused by vascular compression of the trigeminal nerve 
at its point of entry into the pons (Jannetta 1967b, 1977; see 
Clinical case 4.13). Jannetta demonstrated that the pain can 
be relieved by surgical decompression. This compression 
leads to demyelination of trigeminal sensory fibres within 
either the nerve root or, less commonly, the brain stem (Love 
and Coakham 2001; Obermann et al. 2007). In most cases, 
this demyelination involves the proximal, CNS part of the 
root. Several syndromes involving hyperactivity and the 
abnormal spread of activity within the distribution of inner-
vation of the cranial nerves VII–XII are now known to be 
associated with vascular compression of the relevant cranial 
nerve roots in most patients (Jannetta 1980). Compression of 
the trigeminal ganglion or of the trigeminal nerve root may 
also occur by a meningioma or leptomeningeal metastases 
(see Clinical case 4.14).

With the Marchi technique, Wallenberg and Spitzer stud-
ied the ascending trigeminal pathways in humans. Spitzer 
(1899) studied the brain of a patient with a tumour in the 
medulla oblongata. He traced degenerating axons along the 
dorsomedial border of the medial lemniscus to the “arcuate” 
(VPM) thalamic nucleus and suggested that this “ventral teg-
mental bundle” originated from the spinal trigeminal nucleus. 
Wallenberg (1895) examined a patient with a facial sensory 
deficit apparently resulting from occlusion of the inferior 
posterior cerebellar artery and reported the post-mortem 
findings 6 years later (Wallenberg 1901). Typical post- 
mortem findings are shown in Fig. 4.45 and imaging data in 
Clinical case 4.15.
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Clinical Case 4.13 Trigeminal Neuralgia

The trigeminal nerve enters the lateral pons via the prepon-
tine cistern, where it is closely related to blood vessels, the 
superior cerebellar and posterior cerebral arteries in particu-
lar. Due to anatomical variations or arteriosclerotic length-
ening of vessels at old age, the pulsating vessels may touch 
the trigeminal structures (Jannetta 1967, 1977; Bowsher 
1997). Venous structures may also be involved. Trigeminal 
neuralgia is a disabling paroxysmal disorder consisting of 
sudden lightning stabs of pain of short duration, most often 
localized in the distribution area of the maxillary or man-
dibular branches of the trigeminal nerve. Often the pain is 
triggered by touching or by movements such as chewing. 
Such a sudden shoot of lightning pain may show a spasm of 
the facial muscles (a tic), known in French as “tic dou-
loureux”. Before Jannetta’s studies, most cases of trigemi-
nal neuralgia were considered genuine or idiopathic. The 
majority of cases of trigeminal neuralgia, however, are 
caused by vascular compression of the trigeminal nerve at 
its point of entry into the pons. In general, pain in the third 
division of the trigeminal nerve is caused by rostral com-
pression, pain in the second division by medial or more dis-
tant compression and pain in the first division is caused by 
caudal compression (Jannetta 1977; Love and Coakham 
2001). Facial neuralgia may also be caused by a structural 
lesion such as a cerebellopontine angle tumour (often a ves-

tibular schwannoma), a skull base meningioma (see Clinical 
case 4.14) or a parasellar tumour, an odontogenic abscess, 
Gradenigo syndrome (an inflammatory lesion of the medio-
lateral extension of the petrous bone) and MS (Fromm 
1989; Love and Coakham 2001). MRI may show neurovas-
cular compression (see Case reports). Such cases are 
treated with the Jannetta operation, in which a piece of 
foamy synthetic material is interposed between the trigemi-
nal nerve and the vessel in question via posterior fossa 
neurosurgery.

Case report 1: A 75-year-old female presented with 
neuralgic pain, more in particular of the ophthalmic branch 
of the trigeminal nerve and to a lesser degree of the maxil-
lary and mandibular nerves. The pain had an episodic 
course with tingling, itching and sometimes sharp sensa-
tions. An MRI in the so-called CISS sequence, accentuat-
ing contours rather than parenchymatous details, showed 
crossing of an elongated superior cerebellar artery over the 
trigeminal root (Fig. 4.46a), as is often seen in the elderly.

Case report 2: An 81-year-old female presented with 
typical trigeminal neuralgia. She suffered from tic dou-
loureux attacks at her left face, especially in the distribu-
tion area of the maxillary branch. The triggerpoint for these 
attacks was somewhat lateral to the nose, probably at the 
infra-orbital foramen. Neurological examination did not 
reveal other signs. The CISS-MRI showed a somewhat 
aberrant trajectory of the distal trigeminal root (Fig. 4.46b). 

Fig. 4.45 Postmortem findings in a 67-year-old male with a large lat-
eral medullary infarct (Wallenberg syndrome). The basal view of the 
brain stem (a) shows the occlusion of the left vertebral artery. The LFB-

HE-stained section (b) shows the extent of the infarct (courtesy Pieter 
Wesseling, Nijmegen)
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Fig. 4.46 Two cases of trigeminal neuralgia due to vascular compression of (a) crossing of an elongated superior cerebellar artery and (b) a 
kinking and curling course of the posterior cerebral artery (courtesy Peter van Domburg, Sittard)

Moreover, a kinking and curling course of the posterior 
cerebral artery at its origin from the basilar artery was 
found. Compression of the trigeminal nerve by the poste-
rior cerebral artery seems likely.
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Clinical Case 4.14 Trigeminal Ganglion or Root Compression

Facial pain may also be due to compression of the trigemi-
nal ganglion or root caused by a meningioma or a leptom-
eningeal metastasis at the skull base (see Case reports).

Case report 1: A 72-year-old female presented with 
hemicranial pain at the left side. The pain irradiated from 
the neck to occipital and frontal regions. There was no sen-
sory loss of the skin of the face but severe spontaneous 
hemicranial pain with avoidance of any movement of the 
head. MRI of the cervical spine showed only evidence for 
arthrosis. Later on, she developed dysarthria and dys-
phagia. MRI of the brain showed multiple small intraparen-

chymatous and leptomeningeal metastases from an 
unknown primary source. Contrast-enhanced MRI showed 
a leptomeningeal metastasis at the ridge of the left os pet-
rosum (Fig. 4.47a). Focal facial sensory loss, particularly a 
numb chin, is a well-known alarming sign for malignancy, 
suggesting skull base metastasis. This case was published 
in Verstraete et al. (2007).

Case report 2: A 62-year-old female presented with 
abnormal sensations, irradiating in the right part of her 
face, after physiotherapy for neck pain. No motor com-
plaints or other neurological signs were found. Apart from 
the spontaneous paraesthesias in her right face, including 
the tongue and throat, there was no sensory loss or visual 
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disturbance. The T1, contrast-enhanced MRI showed a 
meningeoma of the skull base, with compression of the 
trigeminal root (Fig. 4.47b). A typical “dural tear” of con-
trast enhancement was found, following the course of the 
mandibular nerve through the foramen ovale, lateral to the 
internal carotid (Fig. 4.47c).
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Fig. 4.47 Trigeminal ganglion compression due to a leptomeningeal metastasis at the ridge of the left petrous bone (a) and compression of 
the trigeminal root (b, c) due to a skull base meningioma (courtesy Peter van Domburg, Sittard)
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Clinical Case 4.15 Wallenberg Syndrome

Wallenberg (1895, 1901) described the clinical and patho-
logical findings of a brain stem syndrome in which the left 
posterior inferior cerebellar artery (PICA) was occluded. 
The complete Wallenberg syndrome is characterized by: 
(1) ipsilateral loss of pain and temperature of the face, a 
Horner, ataxia, dysphagia and hoarseness and (2) contralat-
eral loss of pain and temperature sensation of the trunk and 
limbs. Although Wallenberg syndrome may be due to 
occlusion of the PICA (see Fig. 4.45 and the Case report), 
it is mostly caused by occlusion of the vertebral artery 
(Janzen et al. 1979). Nowadays, the more general term lat-
eral medullary infarction (LMI) is preferred. In patients 
with LMI, sensory abnormalities are fairly common (Kim 
2001). In a large series of patients with LMI, the “classic” 
sensory pattern occurred only in one-fourth of the LMI 
patients, who had dorsolateral lesions.

Case report: A typical case of occlusion of the PICA 
was found in a 54-year-old female with hypertension and 
smoking. She presented with left-sided headache, nausea, 

vomiting and vertigo, which caused her to fall when stand-
ing without aid. On clinical examination, her blood pres-
sure was 210/110. There was a spontaneous rotatory 
nystagmus and Horner’s sign at the right. She had ipsilat-
eral loss of pain and temperature sensation over the face 
and contralateral loss of sensation at other parts of the 
body. The reflex pattern and force were normal. The cra-
nial MRI showed a lateral medullary infarct at the right 
side (Fig. 4.48).
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Fig. 4.48 Axial (a) and coronal (b) T2-weighted MRIs of a case of Wallenberg syndrome with a typical occlusion of the PICA (courtesy Peter 
van Domburg, Sittard)
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5.1  Introduction

In clinicopathological studies at the time of the epidemic of 
encephalitis lethargica, Constantin von Economo observed 
that lesions in the upper brain stem and posterior hypothala-
mus impaired consciousness (von Economo 1920). In cats, 
Frédéric Bremer demonstrated that transection through the 
midbrain brought about a state resembling deep sleep 
(Bremer 1935, 1937). In the fifties, Giuseppe Moruzzi and 
Horace Magoun showed that electrical stimulation within the 
reticular formation of lightly anaesthetized cats was associ-
ated with a desynchronization of the electroencephalogram 
(EEG), which hallmarks awake and attentive states (Moruzzi 
and Magoun 1949; Lindsley et al. 1949, 1950). From these 
experiments and available data on ascending reticular pro-
jections to the intralaminar thalamic nuclei, which give rise 
to the so-called diffuse thalamocortical projections, the idea 
arose that the brain stem reticular formation is the origin of 
the ascending reticular activating system (ARAS) that 
would operate through intralaminar nuclei and activate wide-
spread regions of the cerebral cortex (Fig. 5.1).
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Fig. 5.1 The ARAS hypothesis; sagittal section of cat brain, showing 
neural pathways for evoking arousal response (after Starzl et al. 1951)
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This view of the reticular formation has been extensively 
modified based on several lines of evidence. Alf Brodal and 
others showed that the reticular formation of the brain stem is 
not a homogeneous structure but rather a collection of ana-
tomically and functionally different nuclei (Brodal 1957). 
Based on their histochemical features, connectivity and func-
tional properties, four main components can be distinguished: 
(1) the classic reticular nuclei (Sect. 5.2); (2) monoaminergic 
nuclei such as the serotonergic raphe nuclei (Sect. 5.3.1), the 
noradrenergic locus coeruleus (Sect. 5.3.2) and noradrenergic 
cell groups of the lower brain stem (see Chap. 12); (3) cholin-
ergic nuclei in the mesopontine tegmentum, including the lat-
erodorsal and pedunculopontine tegmental nuclei (Sect. 5.4) 
and (4) autonomic nuclei such as the parabrachial nucleus, the 
periaqueductal grey and the nucleus of the solitary tract (see 
Chap. 12). Although the basic notion of the ARAS concept, 
that structures in the brain stem regulate states of conscious-
ness, still holds true, a much more complex picture has 
emerged (Steriade and McCarley 1990; Jones 1998a; Mesulam 
2000; Saper et al. 2001; Zeman 2001). Experimental work in 
laboratory animals suggests that the following structures play 
key roles in the maintenance and modulation of wakefulness 
(McCarley 1999; Mesulam 2000; Saper et al. 2001; Haas and 
Panula 2003): cholinergic nuclei in the upper brain stem and 
basal forebrain; noradrenergic nuclei, in particular the locus 
coeruleus; a histaminergic projection from the tuberomammil-
lary nucleus (TMN) in the posterior hypothalamus; and dop-
aminergic and serotonergic pathways from the VTA and raphe 
nuclei. These nuclei all participate in an ascending activating 
system to the cerebral cortex. The hypothalamus also contains 
orexinergic neurons, surrounding the fornix (the perifornical 
group), that are crucial for maintaining normal wakefulness 
(Saper et al. 2001, 2005a, b; Sakurai 2007), and a sleep-pro-
moting region in the ventrolateral preoptic area (VLPO) 
(Sherin et al. 1996, 1998). Anatomical data have shown mutual 
inhibiting connections between these groups, for which 
Clifford Saper and collaborators proposed the sleep switch, a 
model in which wake- and sleep-promoting neurons inhibit 
each other (Saper et al. 2001; see Sect. 5.6). Some sleep disor-
ders in which these structures are involved are discussed in 
Sect. 5.7 and illustrated in Clinical cases 5.1–5.3. Damage to 
the upper brain stem reticular formation is known to cause the 
most radical disturbance of consciousness, i.e. coma. Disorders 
of consciousness are discussed in Sect. 5.8 and in Clinical 
cases 5.4–5.9.

5.2  Cytoarchitecture, Subdivision and 
Organization of the Reticular Formation

The reticular formation occupies the central portion of the 
brain stem. Throughout most of its extent, it is composed of 
aggregations of loosely arranged cells of different types and 

sizes, and its fibre connections are also mostly diffusely orga-
nized (Meessen and Olszewski 1949; Olszewski and Baxter 
1954; Brodal 1957; Valverde 1962; Petrovický 1966). The 
reticular formation and some related cell groups have been des-
ignated as the brain stem core (Hobson and Scheibel 1980; 
Nieuwenhuys 1996). Reticular cells have usually long and 
radiating dendrites and were characterized as isodendritic 
(Ramón-Moliner and Nauta 1966). However, the dendritic 
arborization patterns of reticular neurons vary among the vari-
ous brain stem reticular nuclei (Newman 1985a, b). Caudally, 
the reticular formation is continuous with the intermediate grey 
of the spinal cord, whereas rostrally it continues into the intra-
laminar nuclei of the thalamus. Brodal (1957) subdivided the 
reticular formation into three longitudinal columns or zones: 
(1) a median zone, which contains the raphe nuclei; (2) a medial 
zone, which contains large cells and is also known as the medial 
tegmental field and (3) a lateral, parvocellular zone, which is 
also known as the lateral tegmental field. Paxinos and Huang 
(1995) distinguished a fourth, intermediate field of the reticular 
formation, located between the medial and lateral tegmental 
fields, for the adrenergic cell groups C1 and C2, the noradren-
ergic cell groups A1–A6 and the cholinergic cell groups Ch5 
and 6. A semidiagrammatic representation is shown in Fig. 5.2. 
Rudolf Nieuwenhuys introduced the core–paracore concept 
for many of the above-mentioned structures: the medial reticu-
lar zone as its core, the lateral reticular formation as the lateral 
paracore of the brain stem and the raphe nuclei as the median 
paracore (Nieuwenhuys 1996). This core–paracore concept 
comes close to the “endocrine-autonomous integration and 
regulation system” (A–B–C or Allocortex–Brainstem–Center) 
suggested by Stumpf and Jennes (1984).

5.2.1  The Raphe Nuclei

The raphe nuclei form an almost continuous collection of 
cell groups distributed in the midline of the tegmentum, from 
the rostral midbrain to the transition of the medulla oblon-
gata to the spinal cord (Fig. 5.2). The term “raphe” describes 
a midline seam where the left and right halves of the brain 
stem appear to be fused. The raphe nuclei can be divided into 
two subgroups: the rostral (oral) raphe nuclei and the caudal 
raphe nuclei. The first group is located in the mesencephalon 
and the rostral pons and has mainly ascending projections 
(Sect. 5.5). The caudal group is located in the caudal pons 
and the medulla and mainly innervates the lower brain stem 
and the spinal cord (see Chap. 9). The rostral group includes 
the nucleus raphes dorsalis, the nucleus centralis superior 
and the linear nuclei, whereas the caudal group includes the 
nucleus raphes pallidus, the nucleus raphes obscurus, the 
nucleus raphes magnus and the nucleus raphes pontis 
(Olszewski and Baxter 1954; Brodal 1957; Braak 1970; 
Petrovický 1980, 1981; Törk and Hornung 1990; Hornung 



2135.2 Cytoarchitecture, Subdivision and Organization of the Reticular Formation

PPN

Rd

Rmd

RI

CNM

IZ

PRN

RA

A2 A1

C2

C1Amb

Ro

A5
VII

Gl

Rm

Vm

PC

Pbm

N
R
T
P

Rp

PO

Cs Lc A7

KF

Pbl

Ch6

Ch5

Gr

Cun
Sol

Sol

XII

XII
Xdm

Amb
Vc

dsct

vsct

alsRltsp

IO

CSP

MV icp

Cune
Vi

Amb

als vcst

IO
ml

Arc

MV

SV
LV

icp
n

Vi

nVII
VI

ctt

II

ml

Rm

als

als

d|f

s

bc

Pbm

Lc

ctt
Cs

NRTP ml

CSP

nV

Pbl

II

a b

c

d

e

Fig. 5.2 (a) Semidiagrammatic representation of the human reticular 
formation and associated nuclei (after Nieuwenhuys et al. 2007); (b–e) 
horizontal sections through the pons and medulla (after Duvernoy 1995; 
for abbreviations in these sections, see Chap. 2). The raphe nuclei are 
indicated in light red and branchiomotor nuclei (the trigeminal motor 
nucleus, the facial nucleus and the nucleus ambiguus) in light grey. The 
asterisks in b, d and e indicate the approximate locations of the A7, A5 
and A2 and A1 cell groups, whereas dots mark adrenergic (C1 and C2) 
cell groups (see also Fig. 5.4). Cholinergic cell groups (Ch5 and Ch6) are 
hatched. Amb nucleus ambiguus, A1-A7 noradrenergic cell groups, C1, 

C2 adrenergic cell groups, Ch5, Ch6 cholinergic cell groups, CNM cen-
tral nucleus of medulla oblongata, Cs central superior nucleus, Gi gigan-
tocellular nucleus, IZ intermediate zone of spinal grey, KF Kölliker-Fuse 
nucleus, Lc locus coeruleus, NRTP nucleus reticularis tegmenti pontinus, 
Pbl, Pbm lateral and medial parabrachial nuclei, PC nucleus reticularis 
pontis caudalis, PO nucleus reticularis pontis oralis, PPN pedunculopon-
tine nucleus, PRN paramedian reticular nucleus, RA retroambiguus area, 
Rd nucleus raphes dorsalis, Rl nucleus raphes linearis, Rm nucleus raphes 
magnus, Rmd nucleus raphes medianus, Ro nucleus raphes obscurus, Rp 
nucleus raphes pontis, Vm trigeminal motor nucleus, VII facial nucleus
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2004). Many raphe cells contain serotonin, ranging from 
about 80% in the dorsal raphe nucleus to only 10–20% in the 
medullary raphe nuclei (Hornung 2004). The various aggre-
gations of serotonergic neurons are not entirely congruent 
with the raphe nuclei. Therefore, Dahlström and Fuxe (1964, 
1965) introduced a subdivision of serotonergic cell groups 
into nine cell groups numbered B1–B9. The nucleus raphes 
pallidus corresponds largely to B1, the nucleus raphes obscu-
rus to B2 and the nucleus raphes magnus to B3. Serotonergic 
neurons in the floor of the fourth ventricle (group B4) are 
absent in primates. The nucleus raphes pontis contains only 
a few serotonergic neurons and corresponds to cell group B5. 
The largest aggregates of serotonergic neurons are found in 
the rostral group, in the median raphe nucleus (a part of the 
nucleus centralis superior) and especially in the large dorsal 
raphe nucleus. The median raphe nucleus corresponds to cell 
group B8 and the dorsal raphe nucleus to cell groups B6 and 
B7. The most rostral serotonergic neurons are found in the 
caudal linear nucleus (part of cell group B8) and as lateral 
extensions in cell groups B9, which are located dorsomedial 
to the medial lemniscus.

5.2.2  The Medial Reticular Formation

The medial reticular formation is usually subdivided into a 
number of centres, including the nucleus reticularis ventralis, 
the nucleus (reticularis) gigantocellularis, the nucleus reticu-
laris pontis caudalis, the nucleus reticularis pontis oralis, 
and the mesencephalic cuneiform and subcuneiform nuclei 
(Olszewski and Baxter 1954; Brodal 1957; Martin et al. 
1990; Vertes 1990a; Paxinos and Huang 1995; Koutcherov 
et al. 2004; Fig. 5.2). Their neurons have long, sparsely 
branching dendrites oriented in the transverse plane. Their 
axons generally bifurcate into a long ascending and a shorter 

caudal branch or vice versa (Scheibel and Scheibel 1958; 
Valverde 1961; Leontovich and Zhukova 1963; Jones and 
Yang 1985; Fig. 5.3).

In the caudal medulla (Fig. 5.2e), the medial zone of the 
reticular formation (the medial tegmental field) is repre-
sented by the nucleus reticularis ventralis (Olszewski and 
Baxter’s ventral subnucleus of the central nucleus of the 
medulla oblongata), whereas in the rostral medulla 
(Fig. 5.2d) the gigantocellular (reticular) nucleus is found. 
The nucleus gigantocellularis extends from midolivary lev-
els into the caudal pons and is characterized by giant cells in 
its dorsal part and large cells more ventrally. At pontine and 
rostral medullary levels, this ventral subdivision is known as 
the pars alpha of the gigantocellular nucleus of Meessen 
and Olszewski (1949). The pars alpha is located lateral to the 
nucleus raphe magnus and contains the lateral wings of the 
B3 serotonergic cell group. The ventral gigantocellular 
nucleus occupies the same position in the caudal medulla.

At the level of the motor nucleus of the trigeminal nerve, 
the gigantocellular nucleus is replaced by the nucleus retic-
ularis pontis caudalis and the nucleus reticularis pontis 
oralis (Fig. 5.2b). The caudal pontine reticular nucleus con-
tains large and giant cells, intermingled with many small 
cells. The oral pontine reticular nucleus differs from the cau-
dal nucleus by the absence of giant cells. Medially, it is adja-
cent to the nucleus centralis superior. The dorsal parts of the 
caudal and oral pontine reticular nuclei correspond to the 
horizontal gaze centre, also known as the pontine parame-
dian reticular formation (PPRF; see Chap. 6). Three retic-
ular nuclei have mainly cerebellar connections: the lateral 
reticular nucleus (or nucleus of the lateral funiculus), the 
paramedian reticular nucleus and the pontine reticular 
tegmental nucleus of Bechterew (see Chap. 10).

In the midbrain, the medial zone of the reticular formation 
is represented by the cuneiform and subcuneiform nuclei. 

Fig. 5.3 The Scheibel’s Golgi 
data on the extensive arborization 
of a large reticular neuron (after 
Scheibel and Scheibel 1958)
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The nucleus cuneiformis is mainly composed of relatively 
densely packed small cells, intermingled with some medium-
sized and large cells. The nucleus subcuneiformis, situated 
ventrolateral to the cuneiform nucleus, is less densely packed. 
The large central portion of the mesencephalic tegmentum is 
also known as the deep mesencephalic nucleus or the cen-
tral tegmental field of Berman (1968). Rostral to the red 
nucleus, the prerubral area, the interstitial nucleus of Cajal, 
the nucleus of Darkschewitsch and the rostral interstitial 
nucleus of the medial longitudinal fascicle (MLF) are found. 
The interstitial nucleus of Cajal innervates the spinal cord, 
whereas the nucleus of Darkschewitsch and the rostral inter-
stitial nucleus of the MLF are involved in vertical eye move-
ments (see Chap. 6).

5.2.3  The Lateral Reticular Formation

The lateral reticular formation is confined to the rhomben-
cephalon and is composed of six, overlapping entities 
(Nieuwenhuys et al. 2007; Fig. 5.2): (1) the parvocellular 
reticular area or nucleus; (2) the ventrolateral superficial 
reticular area; (3) the lateral pontine tegmentum; (4) the 
noradrenergic cell groups A1–A7; (5) the adrenergic cell 
groups C1 and C2 and (6) the cholinergic cell groups Ch5 
and Ch6. The area or nucleus reticularis parvocellularis 
lies directly medial to the spinal sensory nucleus of the 
trigeminal nerve (Brodal 1957). This area is made up of the 
nucleus reticularis dorsalis (the dorsal subnucleus of 
the central nucleus of the medulla oblongata of Olszewski 
and Baxter 1954) along the nucleus reticularis ventralis, and 
the parvocellular reticular nucleus along the gigantocellu-
lar nucleus (Vertes 1990a). In cats, Holstege and Kuypers 
(1977) considered the bulk of the rhombencephalic reticular 
formation as part of the lateral reticular zone. Neurons of the 
parvocellular area are the main source of propriobulbar pro-
jections to the bulbar motor nuclei, which lie embedded in 
this zone (Holstege et al. 1977). These neurons probably 
subserve bulbar reflexes (see Chap. 6) and receive cortical 
input for the bulbar motoneurons (see Chap. 9).

The area reticularis superficialis ventrolateralis extends 
from the level of the facial nucleus to the spinomedullary 
junction. Its rostral part largely coincides with the lateral para-
gigantocellular nucleus (Olszewski and Baxter 1954), whereas 
its caudal part is formed by the nucleus retroambiguus. This 
area plays an important role in cardiovascular and respiratory 
control (Blessing 2004; see Chap. 12). The noradrenergic cell 
groups A1 and A5 and the adrenergic cell group C1 are 
embedded in the superficial ventrolateral reticular area.

The lateral pontine tegmentum forms the enlarged ros-
tral end of the lateral reticular zone (Nieuwenhuys et al. 
2007; Fig. 5.2b). Its medial part contains mainly scattered, 
small neurons, whereas its lateral part consists of a complex 

of cells surrounding the proximal part of the superior cere-
bellar peduncle. This complex can be divided into the medial 
and lateral parabrachial nuclei and a ventral extension, the 
Kölliker–Fuse nucleus. These nuclei will be described in 
Chap. 12. Several noradrenergic cell groups (the locus coer-
uleus, the subcoeruleus area and cell group A7) and the 
rather diffuse cholinergic cell group Ch5 are located within 
the lateral pontine tegmentum. This area is mainly involved 
in the regulation of respiratory, cardiovascular and gastroin-
testinal activity (see Chap. 12).

5.3  Monoaminergic Nuclei

The introduction of the Falck–Hillarp histofluorescence tech-
nique (Falck et al. 1962) permitted the demonstration of 
monoamines in neurons and enabled the introduction of an 
entirely new branch of neuroanatomy: chemical neuroanat-
omy. Monoamines are often deposited in brain stem neurons, 
mostly within the confines of the reticular formation. The 
Falck–Hillarp method led to the discovery of the monoamin-
ergic systems (Dahlström and Fuxe 1964, 1965): the cate-
cholaminergic system, the cells of which contain noradrenaline, 
adrenaline or dopamine, and the serotonergic system, which 
cells contain serotonin. The catecholaminergic cell groups in 
the brain stem were designated A1–A10 and the serotonergic 
cell groups B1–B9. A1–A10 are localized mostly within the 
lateral tegmentum of the brain stem, whereas the B-groups 
are mainly situated in the raphe nuclei.

5.3.1  Serotonergic Cell Groups

In the mammalian brain stem, the following serotonergic 
(5-hydroxytryptamine or 5-HT) cell groups can be distin-
guished (Dahlström and Fuxe 1964; Steinbusch 1981; see 
Fig. 5.2):
 1. The caudal medullary 5-HT cell groups B1, B2 and B3, 

which correspond largely to the nucleus raphes pallidus, 
the nucleus raphes obscurus and the nucleus raphes mag-
nus, respectively.

2. The dorsal periventricular 5-HT cell groups B4 and B6. 
B4 is a small cell group situated in the vicinity of the lat-
eral part of the medial vestibular nucleus close to the mid-
line, whereas B6 is considered either as a separate entity 
or as a caudal extension of the nucleus raphes dorsalis.

3. The pontine tegmental 5-HT cells form B5, a rather small 
cell group located mainly in the nucleus raphes pontis at 
the level of the trigeminal motor nucleus.

 4. The midbrain 5-HT cell groups B7, B8 and B9. These 
groups are located in the nucleus raphes dorsalis, the 
nucleus centralis superior and lateral to the latter nucleus, 
respectively.
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In the human brain stem (see Fig. 5.2), the nucleus raphes 
pallidus (nucleus “d” of Olszewski and Baxter 1954) is a 
rather small nucleus and is much more developed in carni-
vores. It largely corresponds to cell group B1. The nucleus 
raphes obscurus (or parvus) forms a paired double line of 
cells in the raphe of the rhombencephalon and corresponds 
to cell group B2. The nucleus raphes magnus contains 
medium-sized and large cells and forms an oval-shaped 
nucleus in the centre of the raphe. Its serotonergic cells cor-
respond to cell group B3. The nucleus raphes pontis con-
tains only a few serotonergic neurons (cell group B5). The 
median raphe nucleus in the nucleus centralis superior 
extends from the middle of the oculomotor nucleus to the 
caudal raphe (cell group B8). The large nucleus raphes dor-
salis contains the largest population of serotonergic neurons 
in the human brain stem, estimated as 165,000 (Baker et al. 
1991). It extends from the level of the oculomotor nucleus to 
the level of the caudal pole of the locus coeruleus and has 
five subnuclei: interfascicular, ventral, ventrolateral, dorsal 
and caudal (Ohm et al. 1989; Baker et al. 1990, 1991). Its 
midbrain part corresponds to cell group B7 and its hindbrain 
tail to B6. The nucleus raphes dorsalis is a common site of 
pathology in neurological disorders such as Alzheimer dis-
ease (Curcio and Kemper 1984; Yamamoto and Hirano 1985; 
Aletrino et al. 1992) and Parkinson disease (PD) (Zweig 
et al. 1988). Olszewski and Baxter (1954) delineated it as the 
supratrochlear nucleus, for which Braak (1970), who studied 
thick sections of the human brain stem, introduced the term 
dorsal raphe nucleus (see also Ohm et al. 1989; Baker et al. 
1990, 1991). The caudal linear nucleus forms part of the 
ventral mesencephalic tegmentum (Halliday and Törk 1986) 
and merges with the interfascicular part of the dorsal raphe 
nucleus.

5.3.2  Noradrenergic Cell Groups

The catecholaminergic neurons in the mammalian brain stem 
are divided into the A1–A11 cell groups (Dahlström and 
Fuxe 1964; Lindvall and Björklund 1978; Moore and Bloom 
1979; Björklund and Lindvall 1984). In the human brain 
stem, these cell groups can be identified by their neuromela-
nin content (Bogerts 1981; Saper and Petito 1982; Fig. 5.4):
 1. A lateral tegmental cell system composed of a medullary 

part (group A1 of Dahlström and Fuxe 1964), which is 
located in the ventrolateral part of the medullary tegmen-
tum, and of a pontine part (A5 and A7), distributed from the 
level of the rostral part of the facial nucleus up to the parabra-
chial nuclei. Group A3 is absent in the human brain stem.

2. A dorsal medullary cell system (A2), found in the nucleus of 
the solitary tract and the dorsal motor nucleus of the vagus.

3. The locus coeruleus cell group, which includes the dense-
ly packed cells of the locus coeruleus proper (A6) and 

some cells laterally and dorsally along the medial aspects 
of the superior cerebellar peduncle, i.e. group A4.

4. An extensive mesencephalic dopaminergic cell system 
(groups A8–A10; see Chap. 11).

 5. A midline and periventricular cell system, associated with 
the periventricular catecholaminergic fibre systems; cell 
bodies are found along the mesencephalic periaqueductal 
grey and periventricular grey of the thalamus (A11) and 
also in A10.
Adrenaline is present in cells in the medulla oblongata 

lying close to or inside groups A1–A3. These are described 
as groups C1–C3. Group C3 is absent in the human brain 
stem. The most prominent noradrenergic cell group is the 
locus coeruleus, which was identified by Reil (1809). Due to 
its size and neuromelanin-containing cells, it is visible with 
the naked eye in the upper lateral part of the bottom of the 
fourth ventricle (Fig. 5.5). It is the largest concentration of 
noradrenergic neurons in the human brain stem (Nobin and 
Björklund 1973; Bogerts 1981; Saper and Petito 1982; 
Pearson et al. 1983; Baker et al. 1989; Halliday 2004). The 
locus coeruleus is involved in many neurodegenerative dis-
eases such as Alzheimer disease and PD (Tomlinson et al. 
1981; Mann and Yates 1983; Mann et al. 1983; Marcyniuk 
et al. 1986; Hoogendijk et al. 1995; Benarroch 2009).

5.4  Cholinergic Cell Groups

Mesulam and collaborators found six cholinergic cell groups 
in the brain of rats and monkeys (Mesulam et al. 1983b, 
1984), and also demonstrated comparable cell groups in the 
human brain (Mesulam and Geula 1988; Mesulam et al. 
1989). The first four cell groups, Ch1–Ch4, are located in the 
basomedial telencephalon, whereas the other two groups 
(Ch5 and Ch6) form a continuum in the caudal midbrain and 
rostral rhombencephalon. The cholinergic cell groups in the 
brain stem include the pedunculopontine nucleus (C5) and 
the laterodorsal tegmental nucleus (Ch6). These groups 
mainly innervate the thalamus. The cholinergic innervation 
of the cerebral cortex, the amygdala and the hippocampus 
originates from the basal nucleus of Meynert and related 
nuclei, known as cell groups Ch1–Ch4.

5.4.1  The Pedunculopontine and Laterodorsal 
Tegmental Nuclei

The rostral part of cell group Ch5 largely coincides with the 
pedunculopontine tegmental nucleus (Fig. 5.6). Its caudal 
part extends into the lateral pontine tegmentum. The peduncu-
lopontine nucleus can be divided into a subnucleus compactus 
(PPNc) and a subnucleus dissipatus (PPNd). The cholinergic 
neurons in PPNc are clustered along the dorsolateral border of 
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the superior cerebellar peduncle at the level of the trochlear 
nucleus, whereas those in PPNd are scattered along the 
brachium conjunctivum from midmesencephalic to midpontine 
levels (Mesulam et al. 1983b, 1984, 1989; Saper 1990; Lavoie 
and Parent 1994a; Němcová et al. 1997). In humans, more than 
90% of the PPNc neurons are cholinergic and 25–75% of the 
PPNd neurons are cholinergic (Mesulam et al. 1989). Cell 
group Ch6 is situated in the laterodorsal tegmental nucleus.

The Ch5 and Ch6 cell groups provide the major cholin-
ergic innervation of the thalamus: the pedunculopontine teg-
mental nucleus innervates virtually the entire thalamus, most 
heavily the association nuclei, whereas projections from the 
laterodorsal tegmental nucleus are restricted to “limbic-
related” thalamic nuclei (Hallanger and Wainer 1988; Paré 
et al. 1988; Steriade et al. 1988). They participate in behav-
ioural state control (Inglis and Winn 1995; Winn 1998, 
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and Saper and Petito (1982). For abbreviations of other abbreviations in 
these sections, see Chap. 2
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2006). The pedunculopontine nucleus is a crucial element in 
the generation and maintenance of the rapid rhythms in the 
cerebral cortex that are associated with wakefulness and 
sleep. The pedunculopontine nucleus is not only part of the 
ascending arousal system (AAS) but is also part of the mes-
encephalic locomotor region (see Chap. 9). It is reciprocally 
connected with the basal ganglia (see Chap. 11) and is 
involved in PD, progressive supranuclear palsy and Alzheimer 
disease (Zweig et al. 1987; Jellinger 1988).

5.4.2  The Basal Nucleus of Meynert 
and Associated Nuclei

In the substantia innominata of Reil, Theodor Meynert 
 mentioned the presence of magnocellular neurons as the 
“Ganglion der Hirnschenkelschlinge” or ganglion of the ansa 
peduncularis (Meynert 1872). This neuron population was 
described in more detail by von Kölliker (1896), Foix and 
Nicolesco (1925) and Brockhaus (1942). Brockhaus (1942) 
included the basal nucleus of Meynert together with the 
nuclei of the diagonal band and similar appearing neurons in 
the olfactory tubercle in his “Basalkernkomplex”. In rhesus 
monkeys, at least 90% of these neurons contain the enzymes 

Fig. 5.5 The human locus coeruleus in LFB-HE-stained sections of an 86-year-old male control (a) and a 79-year-old male patient with Parkinson 
disease (b)

Fig. 5.6 The pedunculopontine and laterodorsal tegmental nuclei as shown 
in a transverse, acetylcholinesterase-stained section of the caudal midbrain. 
Note the dense staining of the compact portion of the pedunculopontine 
nucleus (PPT) located along the dorsolateral border of the superior cere-
bellar peduncle (SCP). A second condensation of acetylcholinesterase-
stained neurons in the central grey matter is formed by the laterodorsal 
tegmental nucleus (LDT). The parabigeminal nucleus (PBG) and the inter-
peduncular nucleus (IP) are also acetylcholinesterase positive (from Saper 
1990 with permission from Elsevier Academic Press, San Diego, CA)
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acetylcholinesterase and choline acetyltransferase (Mesulam 
and Van Hoesen 1976; Poirier et al. 1977; Mesulam et al. 
1983a, 1984). Moreover, these magnocellular, cholinergic 
neurons were found to have widespread projections to the 
entire neocortex (Divac 1975; Kievit and Kuypers 1975; 
Jones et al. 1976; Mesulam and Van Hoesen 1976; Mesulam 
et al. 1983a).

Mesulam and collaborators introduced the designation 
Ch1–Ch4 for the four groups of cholinergic projection neu-
rons in the basal forebrain of monkeys and humans (Mesulam 
et al. 1983a; Mesulam and Mufson 1984; Mesulam and 

Geula 1988; Fig. 5.7). In this nomenclature, the Ch1–Ch3 
cell groups correspond to the cholinergic neurons located in 
the medial septum (Ch1) and in the vertical (Ch2) and hori-
zontal (Ch3) limb nuclei of the diagonal band of Broca. The 
Ch4 group, defined as the entire assembly of cholinergic 
neurons with preferential projections to the neocortex and 
the amygdala, corresponds to the basal nucleus of Meynert. 
The Ch4 complex was further subdivided into anteromedial 
(Ch4am), anterolateral (Ch4al), intermediodorsal (Ch4id), 
intermedioventral (Ch4iv) and posterior (Ch4p) sectors, each 
of which has a preferential set of neocortical target regions 

Fig. 5.7 The basal nucleus of Meynert and associated nuclei in: (a) a 
section through the head of the caudate nucleus; (b) a section through 
the anterior commissure and Ch4a; (c) a section through the ansa len-
ticularis and the rostral part of Ch4i and (d) a section through the cere-
bral peduncle and the rostral part of Ch4p. AL ansa lenticularis, AMY 
amygdala, AP ansa peduncularis, CA commissura anterior, CDT caudate 
nucleus, CE capsula externa, Ch1–Ch4 cholinergic cell groups with sub-
divisions (see text for explanation), CI capsula interna, CL claustrum, 

FX fornix, GPE, GPI external and internal parts of globus pallidus, HY 
hypothalamus, INS insula, LME, LMI external and internal medullary 
laminae, NPV nucleus periventricularis hypothalami, NSO nucleus 
supraopticus, PC pedunculus cerebri, PUT putamen, SA septal area, 
SOL, SOM lateral and medial olfactory striae, THA thalamus, TOPT 
tractus opticus, VL lateral ventricle, VP ventral pallidum, VT third ven-
tricle (from Vogels 1990; courtesy Oscar Vogels, Nieuwegein)
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(Mesulam et al. 1983a). In the human basal forebrain, the 
nucleus basalis shows a greater level of differentiation than 
in the monkey brain (Mesulam and Geula 1988; see also 
Hedreen et al. 1984; Saper and Chelimsky 1984). The basal 
nucleus of Meynert is involved in Alzheimer disease and 
related disorders (Arendt et al. 1983; Nakano and Hirano 
1983; Tagliavini and Pilleri 1983; Whitehouse et al. 1981, 
1982, 1983; Vogels 1990; Vogels et al. 1990).

5.5  Fibre Connections of the Reticular 
Formation

The reticular formation is connected, directly and indirectly, 
with many other parts of the central nervous system (CNS). 
Efferent fibres pass mainly to the spinal cord (see Chap. 9), the 
thalamus, to other nuclei within the brain stem such as the ocul-
omotor nuclei (see Chap. 6) and to higher centres of the CNS.

The first descriptions of ascending systems in the brain 
stem apart from the classic lemnisci came from studies with: 
Flechsig’s method of tracing the development of myelination 
(Forel 1877; Bechterew 1885a, b), the Marchi technique 
(Probst 1899, 1902; van Gehuchten 1901), retrograde cell 
degeneration (Kohnstamm 1899) and the Golgi technique 

(Ramón y Cajal 1899–1904, 1900). With the Marchi tech-
nique, Moritz Probst found ascending fibres in the brain stem 
with collaterals to the pontine reticular formation. With Nissl’s 
retrograde cell degeneration technique, Kohnstamm found col-
laterals of spinothalamic fibres to the reticular core. Together 
with Quensel, he suggested the presence of a centrum senso-
rium receptorium in the central core of the brain stem (Quensel 
and Kohnstamm 1907; Kohnstamm and Quensel 1908, 1909). 
Lewandowsky (1904) even claimed multiple pathways from 
the brain stem to the thalamus and cortex. Santiago Ramón y 
Cajal described the presence of collaterals from two ascending 
pathways, the medial lemniscus and his secondary ascending 
pathway, described as “la voie sensitive centrale” (Ramón y 
Cajal 1899–1904, 1900). He demonstrated a powerful collater-
alization from the medial lemniscus to his prebigeminal 
nucleus. Moreover, he showed that his secondary ascending 
pathway contained fibres from many sources, including fibres 
most likely originating in the pontine reticular formation.

There are abundant long ascending projections from the 
reticular formation but with preferential sites of origin, as was 
already shown by Brodal and Rossi in retrograde cell degen-
eration studies in newborn kittens (Brodal and Rossi 1955; 
Brodal 1957; Fig. 5.8). They showed that, although scattered 
fibres arise from almost all parts of the medial two-thirds of 

Fig. 5.8 Fibre connections of the feline reticular 
formation: sites of origin of ascending (a) and descending 
(b) projections (after Brodal and Rossi 1955)
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the reticular formation, the majority come from two regions, 
one in the medulla, the other in the lower pons–upper medulla. 
Nauta and Kuypers (1958) demonstrated additional ascend-
ing projections from the mesencephalic reticular formation. 
A fair number of medullary and pontine ascending reticular 
fibres ascend with mesencephalic fibres through the mesen-
cephalon in Forel’s tegmental tract. In the caudal diencepha-
lon, this bundle separates into dorsal and ventral components 
that distribute to the “non-specific” thalamic nuclei and parts 
of the subthalamus, respectively (Nauta and Kuypers 1958; 
Scheibel and Scheibel 1958). Robertson and Feiner (1982) 
studied the diencephalic projections from the feline pontine 
reticular formation with tritiated amino acids. In rats, Jones 
and Yang (1985), Vertes and co-workers (Vertes and Martin 
1988; Vertes 1990a) and Petrovický (1990; Pavlasek and 
Petrovický 1994) analyzed the ascending projections from the 
medullary, pontine and mesencephalic reticular formation in 
more detail. Ascending projections from the reticular forma-
tion, particularly those from the upper brain stem, distribute 
heavily to structures associated with the oculomotor/visual 
system, the subthalamus (the fields of Forel and the zona 
incerta) and “non-specific” thalamic nuclei such as the centre 
médian and the parafascicular nucleus (Fig. 5.9). These con-
nections suggest that the pontomesencephalic reticular for-
mation is involved in control of oculomotor activity, the 
cortical EEG and states of consciousness.

The midline and intralaminar thalamic nuclei have long 
been seen as a “non-specific” nuclear complex that relays the 
activity of the brain stem reticular formation to widespread 
cortical areas. In Golgi preparations of the mouse somatosen-
sory cortex, Lorente de Nó (1938) described a dichotomy in 
the terminal distribution of subcortical afferent fibres:  “specific” 

afferent fibres, terminating primarily in layers III and IV, and 
“unspecific” fibres, which innervate primarily layers I and VI. 
He suggested that both types of subcortical afferents to the 
cerebral cortex arise in the thalamus. Morison and Dempsey 
(1942) demonstrated that electrical stimulation of individual 
medial or lateral thalamic nuclei evoked surface-positive field 
potentials in restricted cortical fields. They attributed the spe-
cific cortical afferent system to a class of specific thalamic 
nuclei, each of which was believed to innervate a single corti-
cal field. Electrical stimulation of midline and intralaminar 
nuclei evoked surface-negative potentials over wide areas of 
the cerebral cortex. As a result, a diffuse “non-specific” cortical 
projection from these non-specific thalamic nuclei was thought 
to play a major role in modulating cortical arousal (see Saper 
1987). Since the retrograde tracer experiments by Jones and 
Leavitt (1974), it has become clear that the organization of 
thalamocortical projections is considerably more complicated 
than the earlier dichotomy of specific and non-specific nuclei 
suggested. The intralaminar nuclei project upon the cerebral 
cortex in a crudely topographical pattern in the anterior–poste-
rior axis (Jones and Leavitt 1974; Macchi and Bentivoglio 
1982). Individual midline and intralaminar nuclei each receives 
specific sets of afferents and project to specific parts of the 
cerebral cortex and striatum (Berendse and Groenewegen 
1990; Groenewegen and Berendse 1994). The midline and 
intralaminar nuclei play a critical role in the control of arousal, 
sensory awareness, cognition and motor behaviour (Benarroch 
2008). The discovery of two classes of thalamic relay cells 
with different chemoarchitecture, connectivity and thalamic 
distribution, forms the basis for Edward Jones’ hypothesis of 
core and matrix (Jones 1998b, 2001), and replaces the older 
ideas of “specific” and “non-specific” or diffuse, but still retains 

AM MD
MH

CEM

ac

RE

VMH MB

NP

fr
RN

gVII

ac

ot

RT

sm

AV

VL PC PF

AD
CL

PPN

ml

CU

bc

Vm

VII

ZI

a b
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lemniscus, MO5 motor nucleus of trigeminal nerve, NP pontine nuclei, 
OT optic tract, PC, PF paracentral and parafascicular nuclei of thala-
mus, PPN pedunculopontine nucleus, RE reuniens nucleus, RN red 
nucleus, RT reticular thalamic nucleus, VB, VL ventrobasal and ventro-
lateral thalamic nuclei, VMH ventromedial hypothalamic nucleus, ZI 
zona incerta (after Vertes and Martin 1988)
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the essence of a dichotomy (see Chap. 1). The core system 
serves the specific sensory and motor systems, whereas the 
matrix system serves the nociceptive and thermoceptive 
senses. The matrix system is also thought to control variations 
in affective and conscious states.

The caudal raphe nuclei (magnus, pallidus and obscu-
rus) send considerably stronger projections caudally than 
rostrally. Fibres from the nucleus raphes pallidus and obscu-
rus terminate predominantly in the ventral horn of the spinal 
cord, whereas those of the nucleus raphes magnus primarily 
end in layers I and II of the dorsal horn and the intermedio-
lateral cell column (see Chap. 9). The rostral raphe nuclei 
(dorsal and median) primarily project rostrally. They distrib-
ute widely throughout the forebrain to limbic, thalamic, basal 
forebrain and cortical structures. In cats, Brodal and co-
workers were the first to suggest that the dorsal raphe nucleus 
has massive ascending projections to the forebrain (Brodal 
et al. 1960). The existence of such projections was later con-
firmed by histofluorescence and immunocytochemical stud-
ies (e.g., Ungerstedt 1971). A more precise description of the 
trajectories of the ascending serotonergic projections became 
possible by using anterograde tracing with tritiated amino 
acids and lectins (Vertes and Martin 1988; Vertes 1991). 
Ascending fibres from the dorsal and median raphe nuclei 
pass via two major bundles, one courses in the central grey 
matter, the other in the ventral part of the mesencephalic teg-
mentum (Fig. 5.10). The dorsal serotonergic bundle contains 

fine fibres with small varicosities, whereas the ventral bundle 
contains primarily thick non-varicose axons. The two fibre 
systems become thoroughly mixed in the medial forebrain 
bundle (MFB), which then distributes axons to many areas in 
the diencephalon and the telencephalon.

Moore and Bloom (1979) described five major pathways 
arising from the locus coeruleus, three ascending, one to the 
cerebellum and one to the spinal cord. The most prominent 
ascending system is the dorsal noradrenergic bundle, which 
courses ventrolateral to the central grey through the mid-
brain, turns sharply at the rostral midbrain/caudal diencepha-
lon, and then joins the dorsal part of the MFB. Locus 
coeruleus fibres continue rostrally within the MFB, giving 
off projections to several forebrain systems en route 
(Fig. 5.11; Jones and Yang 1985).

In cats, brain stem cholinergic peribrachial and latero-
dorsal tegmental neurons project to virtually every sensory 
and motor thalamic relay nucleus as well as to associational 
nuclei (Shute and Lewis 1967; Edley and Graybiel 1983; 
Paré et al. 1988; Steriade et al. 1988). In Macaca sylvana, 
similar projections were shown to the associative pulvinar-
lateral posterior complex and the mediodorsal nucleus 
(Steriade et al. 1988). Moreover, the pedunculopontine 
nucleus is reciprocally connected with the basal ganglia 
(Lavoie and Parent 1994a, b; Mesulam et al. 1989; Petrovický 
et al. 1990; Woolf et al. 1990; Němcová et al. 2000; Mena-
Segovia et al. 2004; see Chap. 11). Ascending cholinergic 

Fig. 5.10 Summary of ascending serotonergic projections. Am 
amygdala, B1–B9 serotonergic cell groups, Cb cerebellum, cc corpus 
callosum, Cd caudate nucleus, Ctx cortex, dab dorsal ascending bundle, 
Hip hippocampus, Hyp hypothalamus, Ob olfactory bulb, Sc spinal 
cord, Th thalamus, vab ventral ascending bundle

Fig. 5.11 Summary of ascending noradrenergic projections. Am 
amygdala, A1–A7 noradrenergic cell groups, Cb cerebellum, cc corpus 
callosum, Cd caudate nucleus, Ctx cortex, dab dorsal ascending bundle, 
dpb dorsal periventricular bundle, Hip hippocampus, Hyp hypothala-
mus, Ob olfactory bulb, Th thalamus, vab ventral ascending bundle
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projections to the cerebrum mainly arise in the Ch1–Ch4 
cell groups (Divac 1975; Kievit and Kuypers 1975; Jones 
et al. 1976; Mesulam and Van Hoesen 1976; Mesulam et al. 
1983a; Fig. 5.12). The Ch1 group corresponds to the medial 
septal nucleus, of which only 10% of the neurons are cholin-
ergic. The Ch1 group innervates the hippocampus. Ch2 cor-
responds to the vertical limb nucleus of the diagonal band of 
Broca, of which at least 70% of the neurons are cholinergic. 
Their main targets of cholinergic innervation are the hip-
pocampus and the hypothalamus. Ch3 cells are found in the 
horizontal limb nucleus of the diagonal band (only about 
10% of its neurons) and innervate the olfactory bulb. Ch4 
corresponds to the basal nucleus of Meynert, of which 90% 
of the neurons are cholinergic. The Ch4 complex projects to 
the thalamus and the brain stem (Parent et al. 1988) and to 
widespread areas of the cerebral cortex and the amygdala:
 1. Ch4am is the major source of cholinergic projections to 

areas on the medial aspect of the cerebral hemisphere.
2. Ch4al projects to frontoparietal opercular areas and the 

amygdala.
3. Ch4im projects to the dorsal prefrontal, insular, posterior 

parietal, inferotemporal and peristriate cortices.
 4. Ch4p innervates superior temporal cortex and immedi-

ately adjacent areas.
In summary, the AAS does not only contain ascending 

projections from the classic reticular formation, but also 
ascending fibres from the mesopontine cholinergic, seroton-
ergic and noradrenergic cell groups. This system divides into 
two major branches, a dorsal branch to the thalamus, mainly 

arising in the mesopontine cholinergic nuclei, and a ventral 
branch, composed mainly of serotonergic and noradrenergic 
fibres. The ventral branch enters the hypothalamus and, via 
the MFB, reaches the basal forebrain. During their course 
through the hypothalamus, the ventral branch is joined by 
histaminergic fibres from the TMN and in the basal forebrain 
by numerous axons from the cholinergic nuclei Ch1–Ch4. 
All these components innervate widespread regions of the 
cerebrum, in particular the cerebral cortex.

5.6  Sleep and Wakefulness

In humans, the waves of the EEG recorded from the surface 
of the head range from 1 to 100 Hz in frequency, and from 1 
to about 100 mV in amplitude. The most consistent correla-
tions between EEG patterns and behavioural states are those 
between different states of vigilance from intense cerebral 
activity with focussed attention, through inattentiveness and 
the several stages of sleep, to deep unconsciousness:
 1. The alpha rhythm (8–12 per second) of relaxed 

wakefulness.
2. Faster waves at 20–40 per second (beta or gamma waves) 

during focussed attention, but also during the rapid eye 
movement (REM) phase of sleep.

3. Spindle waves (7–15 per second) that often appear in the 
early period of going to sleep.

4. Delta waves (1–4 per second), characteristic for deep or 
“slow-wave” sleep.

 5. Slow oscillations (0.3–0.4 per second) that are generated 
by prolonged depolarization of cortical pyramidal neu-
rons (see Steriade 2000, 2001).
In humans, sleep stages were defined by Rechtschaffen and 

Kales (1968). Sleep stages are differentiated on the basis of 
activity occurring in central (C3 or C4) and occipital (O3 or O4) 
EEGs, right and left electro-oculograms (EOGs; recorded from 
the outer canthi) and submental EMGs, together known as poly-
somnographic recordings (Fig. 5.13). Differences in sleep 
stages between children, young adults and older persons are 
shown in Fig. 5.14 (Zepelin 1983; Rechtschaffen and Siegel 
2000). Brain stem and thalamic mechanisms maintain the wak-
ing state. Since Bremer’s (1935, 1937) and Moruzzi and 
Magoun’s (1949) discoveries, it is known that the brain stem 
reticular formation activates the forebrain and that it does so 
through the dorsal thalamus. Activation is defined as a steady 
depolarizing pressure upon forebrain neurons that raises their 
excitability to levels at which they readily respond to afferent 
sensory input or initiate motor actions (Steriade et al. 1980; 
Steriade 2000, 2001; Steriade and Llinás 1988; McCormick and 
Bal 1997; Llinás et al. 1998). This steady activation is accompa-
nied by fast rhythms in the EEG, which replace the alpha rhythm 
of relaxed inattentiveness. Although this EEG pattern was origi-
nally described as “desynchronized”, it is now clear that fast 

Fig. 5.12 Summary of ascending cholinergic projections. Am amygdala, 
cc corpus callosum, Cd caudate nucleus, Ch1–Ch6 cholinergic cell 
groups, Ctx cortex, Hip hippocampus, Th thalamus
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Fig. 5.13 Polysomnograms, showing 30 s epochs of 
different sleep stages, scored according to the 
Rechtschaffen and Kales (1968) criteria. Upper two 
traces: electro-oculogram (EOG), followed by submental 
EMG, four EEG leads (F0-C0, F3-C3, P3-O1 and C4-A1 
derivations) and ECG. (a) Quiet wakefulness with eyes 
closed; note the eye blinks in the EOG channels and 
prominent alpha activity; (b) stage 1 non-REM sleep; less 
than 50% of the epoch shows alpha activity; slow rolling 
eye movements; (c) stage 2 non-REM sleep, characterized 
by the presence of K-complexes and sleep spindles; (d) 
stage 3 non-REM sleep (slow-wave sleep); more than 
20% of the epoch contains delta activity; muscle tone 
clearly reduced; (e) REM sleep; note the fast saccadic eye 
movement, absence of muscle tone and low-voltage 
mixed frequency EEG (courtesy Sebastiaan Overeem, 
Nijmegen).
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rhythms are synchronized in local areas of the cerebral cortex. 
The tonic discharge of thalamocortical relay neurons is main-
tained during waking by the continuous synaptic input from 
cholinergic neurons in the pedunculopontine and laterodorsal 
tegmental nuclei (Steriade et al. 1980, 1982, 1988, 1990, 1993; 
Hobson and Steriade 1986; Mesulam et al. 1989; Woolf et al. 
1990; Lavoie and Parent 1994a). These nuclei receive afferent 
input from spinoreticular fibres and various other sources. They 
project to virtually all dorsal thalamic nuclei.

The onset of sleep is initiated by the decrease in afferent 
sensory signals that accompany drowsiness, and directly fol-
lows a decrease in the discharge frequency of the cholinergic 
and glutamatergic neurons from the pedunculopontine and 
laterodorsal tegmental nuclei projecting to the thalamus 
(Hobson 1999; Pace-Schott and Hobson 2002). The resulting 
hyperpolarization of thalamic neurons leads to intermittent 
spindle waves, the classic EEG sign of light sleep. They spread 
rapidly through the thalamus and may appear almost simulta-
neously in widely separated areas of the cerebral  cortex 

(Contreras et al. 1997; McCormick and Bal 1997; Steriade 
2001). As sleep deepens, thalamocortical relay neurons are 
further hyperpolarized by the decrease in activity in the acti-
vating brain stem systems that project to dorsal thalamic 
nuclei. Spindle waves are largely replaced by the slow delta 
waves, characteristic for deep, slow-wave sleep. REM sleep 
is a distinctive phase of sleep, characterized by REMs, a pro-
found and widespread muscular atonia and a high-frequency, 
low-amplitude synchronization of the EEG, resembling that 
in waking (Aserinsky and Kleitman 1953; Dement and 
Kleitman 1955, 1957). In cats, REM sleep is also character-
ized by large-amplitude pontogeniculo-occipital electrical 
waves (PGOs) in the EEG, which usually just precede the 
onset of eye movements (Vertes 1984, 1990b). Recently, their 
existence has been shown in humans (Lim et al. 2007).

During World War I, a pandemic of encephalitis lethar-
gica caused a profound and prolonged state of sleepiness in 
most individuals affected. From this, they could be awak-
ened briefly with sufficient stimulation but they tended to 

Fig. 5.13 (continued)
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sleep most of the time. Constantin von Economo reported 
that this state of prolonged sleepiness was due to injury to the 
posterior hypothalamus and rostral midbrain (von Economo 
1920, 1930; see Fig. 5.21a). He also recognized that one 
group of patients had the opposite problem: a prolonged state 
of insomnia that occurred with lesions of the preoptic area 
and basal forebrain. Von Economo predicted that the rostral 
hypothalamus contains sleep-promoting neurons, whereas 
the posterior hypothalamus contains neurons that promote 
wakefulness. His observations on the sleep-producing effects 
of posterior lateral hypothalamic injuries were reproduced 
by lesions in rats and monkeys (Ranson 1939; Nauta 1946). 

In the early 1930s, Frédéric Bremer used brain stem-
transected cats to study cerebellar function. After a midcol-
licular transection, which left the oculomotor nuclei intact, 
the pupils contracted and the third eyelids dropped, as they 
do in sleep (Bremer 1935, 1937). This so-called cerveau 
isolé preparation resulted in a permanently sleeping fore-
brain. He then discovered that making the brain stem transec-
tion at the medullary-spinal cord junction, the so-called 
encéphale isolé preparation, produced a forebrain that only 
transiently drifted into sleep and could be aroused by stimuli 
affecting cranial nerves. Somehow, Bremer did not realize 
what was most significant about his observations. The sug-
gestion of an active wakefulness-promoting system within 
the upper pons and midbrain was left to Moruzzi and Magoun 
(1949; Fig. 5.15). Lindsley et al. (1950) observed that cats 
with massive lesions in the midbrain reticular formation were 
continuously comatose (Fig. 5.16). Lesions in lateral regions 
of the midbrain, involving primary sensory pathways but 
sparing the reticular core, did not have this effect.

Since Moruzzi and Magoun (1949) demonstrated the role 
of the upper brain stem in forebrain arousal, the specific 
structures that activate the forebrain have been elucidated. 
Early investigators emphasized the role of the reticular for-
mation (see Brazier 1980) but many of the neurons that con-
tribute to these ascending pathways were found in clearly 
defined cell groups with identified neurotransmitters (Vertes 
1990a; Saper et al. 2001). A key component of the AAS is 
formed by the cholinergic neurons of the pedunculopontine 
and laterodorsal tegmental nuclei (Fig. 5.12). These neurons 
provide major excitatory signals to the thalamic relay nuclei 
and the reticular thalamic nucleus (Levey et al. 1987; Rye 
et al. 1987; Paré et al. 1988; Steriade et al. 1988) and help in 
gating thalamocortical transmission. Several monoaminer-
gic cell groups project to the intralaminar and midline thal-
amic nuclei and also innervate the lateral hypothalamus, the 
basal forebrain and the cerebral cortex (Saper 1987; Vertes 
and Martin 1988). These groups include the serotonergic 
dorsal and median raphe nuclei (Vertes 1991), the noradren-
ergic locus coeruleus (Loughlin et al. 1982; Jones and Yang 
1985) and histaminergic neurons in the TMN (Takeda et al. 
1984; Lin et al. 1988, 1994; Panula et al. 1990; Lin 2000; 
Haas and Panula 2003). Neurons in each of these cell groups 
fire faster during wakefulness than during non-REM sleep 
and most of them stop altogether during REM sleep (Aston-
Jones and Bloom 1981; Vertes 1984; Saper 1987; Aston-
Jones et al. 1991; Pace-Schott and Hobson 2002).

The lateral hypothalamus contains at least three popula-
tions of neurons that contribute to the regulation of wakeful-
ness (Saper et al. 2001, 2005a, b). Neurons in the perifornical 
group producing orexin co-express glutamate and project to 
the cerebral cortex, the basal forebrain and to the brain stem 
arousal system (Peyron et al. 1998; Fig. 5.17). Orexin or 
hypocretin was identified in 1998 as a new pair of peptide 
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Fig. 5.14 The cycling of human sleep stages at different times of life. 
REM sleep is indicated in red, the rest of sleep stages in light red. 
Childhood is broadly defined to include early adolescence, and “old 
age” spans the period from the mid 50s to the early 70s (after Zepelin 
1983 and Rechtschaffen and Siegel 2000)
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neurotransmitters, called orexin based on the assumption of a 
role in feeding (Sakurai et al. 1998) and hypocretin because it 
was a hypothalamic peptide with a sequence similar to secre-
tin (de Lecea et al. 1998). These neurons maintain normal 
wakefulness (Estabrooke et al. 2001; Sakurai 2007). Lateral 
hypothalamic neurons that contain melanin-concentrating 
hormone (MCH) have similar projections, but are most active 
during REM sleep (Saper et al. 2005a, b). Cell-specific lesions 
of the lateral hypothalamus cause severe sleepiness that is not 
seen in knockout mice of both orexin and MCH (Chemelli 
et al. 1999; Gerashchenko et al. 2003). Therefore, additional 
neurons in the lateral hypothalamus probably help to promote 
wakefulness.

In rats, Sherin and co-workers described a sleep-promot-
ing region in the VLPO of the rostral hypothalamus (Sherin 
et al. 1996, 1998). The VLPO neurons produce GABA and 
the inhibitory peptide galanin. Saper et al. (2001) identified 
a corresponding cell group, containing galanin, in monkeys 
and humans (see also Chap. 13). A histaminergic arousal 

system originates in the TMN and innervates the entire fore-
brain as well as brain stem regions that are involved in behav-
ioural state control (Lin et al. 1996; Sherin et al. 1998; Saper 
et al. 2001). The rostral, galaninergic sleep-promoting and 
the caudal, orexinergic arousal-promoting regions of the 
hypothalamus are thought to be mutually inhibitory (Saper 
et al. 2001): the sleep-switch for hypothalamic control of 
sleep and wakefulness (Saper et al. 2001, 2005a, b; Fig. 5.17). 
During wakefulness, orexinergic neurons are active, stimu-
lating monoaminergic nuclei, which causes arousal and 
inhibits the VLPO to prevent sleep. During sleep, the VLPO 
inhibits the monoaminergic groups and the orexinergic neu-
rons, thus preventing arousal.

Hobson and McCarley proposed that monoaminergic and 
cholinergic mesopontine neurons interact in a manner that 
results in the alternation of REM and NREM sleep (Hobson 
et al. 1975; McCarley and Hobson 1975). In this reciprocal-
interaction model, REM-on cells of the pontine reticular for-
mation are cholinoceptively excited postsynaptically and/or 
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Fig. 5.15 Upper row: Transverse sections through the upper medulla 
(a), mesencephalic (b) and caudal diencephalic (c) levels of cats with 
cross hatching to indicate the areas from which the brain stem reticular 
formation activating system arousal responses were elicited with lowest 
voltage. Lower row: Effects of stimulation of the brain stem reticular 

formation upon electrocortical activity of cats under light chloralosone 
anaesthesia. Note the replacement of high voltage slow waves by low 
voltage fast activity during stimulation. SEN-MOT sensory-motor, CRU 
cruciate gyrus, PRO gyrus proreus (frontal lobe). After Moruzzi and 
Magoun (1949)



228 5 The Reticular Formation and Some Related Nuclei

cholinergically excitatory at their synaptic endings. Pontine 
REM-off cells are noradrenergically or serotonergically inhib-
itory. During waking, the pontine monoaminergic system is 
tonically activated and inhibits the pontine cholinergic system. 
During REM sleep, monoaminergic inhibition decreases and 

cholinergic excitation increases. At REM-sleep onset, mono-
aminergic inhibition is shut off and cholinergic excitability 
peaks. Intermediate synaptic steps may intervene in the initia-
tion and augmentation of REMs at the level of both REM-on 
mesopontine neurons and REM-off pontine monoaminergic 
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comatose during postoperative 
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Fig. 5.17 Saper’s flip-flop sleep switch. During 
wakefulness (a) the locus coeruleus (LC), the nucleus 
raphes dorsalis (RD), the ventral periaqueductal grey 
(vPAG) and the tuberomammillary nucleus (TM) are 
active and they inhibit the ventrolateral preoptic area 
(VLPO). During sleep (b) activity in the VLPO predomi-
nates, which suppresses all parts of the ascending arousal 
system. Orexinergic neurons of the lateral hypothalamic 
area (LHA), supporting the activation of the arousal 
system during wakefulness, are inhibited by the VPLO 
during sleep (after Saper et al. 2001)
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neurons (Pace-Schott and Hobson 2002; Lu et al. 2006; Boeve 
et al. 2007b). A distributed neuronal network generates the 
characteristic signs of REM sleep (Fig. 5.18). The initiation of 
REM-sleep by this networks results from changes in the activ-
ity of “executive” neuronal populations in the mesopontine 
tegmentum. The net result of REM-related activity in execu-
tive neuronal populations is the strong tonic and phasic activa-
tion of brain stem reticular and sensorimotor relay neurons in 
REM sleep (Hobson and Steriade 1986; Hobson and Pace-
Schott 2002). The control of REM sleep may be controlled by 
a flip-flop switch (Lu et al. 2006; Boeve et al. 2007b; Fig. 5.19). 
The characteristic signs of REM sleep may be mediated as 
follows:
 1. EEG activation results from a net tonic increase in reticu-

lar, thalamocortical and cortical neuronal firing states 
(Steriade and McCarley 1990).

2. Phasic potentials that are recorded sequentially in the 
pons, lateral geniculate nucleus and occipital cortex of 
cats, termed ponto-geniculo-occipital (PGO) waves, are 
the result of tonic disinhibition and phasic excitation of 

burst cells in the lateral pontomesencephalic tegmentum 
(Vertes 1990b). Recently, Lim et al. (2007) presented hu-
man data.

3. REMs are the result of phasic firing by reticular and ves-
tibular cells; the latter directly excite oculomotor neurons 
(see Chap. 6).

4. The change in the hippocampal EEG from irregular 
rhythms to a regular theta rhythm is influenced by the 
brain stem and is mediated by the medial septal nucleus 
(Vertes and Kocsis 1997).

5. Muscle atonia results from tonic postsynaptic inhibition 
of spinal motoneurons by the pontomedullary reticular 
formation.

5.7  Some Sleep Disorders

Narcolepsy and idiopathic hypersomnia are common causes 
of excessive daytime sleepiness. In sleep disorder clinics, 
these pathologies form the fourth most frequently diagnosed 
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group of pathologies, after obstructive sleep apnea, insomnia 
and the restless legs syndrome. Little is known about the 
pathophysiology of most of these disorders (Mignot and 
Zeitzer 2007). The one exception is narcolepsy–cataplexy, a 
human leukocyte antigen (HLA)-associated disorder, typi-
cally caused by the destruction of most hypocretin-producing 
cells (Mignot et al. 2002). Narcolepsy–cataplexy, first 
described by Gelineau (1880), is a primary sleep–wake dis-
order characterized by excessive daytime sleepiness and 
REM-sleep dissociation phenomena (see Clinical case 5.1). 
It is linked with a selective loss of about 90% of orexin 
(hypocretin) neurons in the hypothalamus, reflected in unde-
tectable cerebrospinal fluid (CSF) levels (Peyron et al. 2000; 
Thannickal et al. 2000, 2003; Overeem et al. 2001; Bourgin 
et al. 2008). A case of symptomatic narcolepsy with damage 
to hypocretinergic neurons is presented in Clinical case 5.2.

Sleep disturbances are major problems in Parkinson  
disease (PD), often more disturbing than its major symp-
toms. Most PD patients have daytime sleep attacks that 
resemble narcoleptic sleep attacks and that may be increased 

with the use of dopaminergic  agonists (Arnulf et al. 2002; 
Arnulf 2005). Moreover,  REM-sleep behaviour disorder 
(RBD) is common in PD (Boeve et al. 2007b; see Clinical 
case 5.3). The pathophysiology of RBD is complex. Based 
on the lesion studies in rodents and cats, a number of brain 
stem structures have been critically implied in the generation 
of REM-sleep atonia (Boeve et al. 2007b). Lesions of these 
structures may lead to REM-sleep without atonia, and conse-
quently RBD. Only a few RBD patients have come to autopsy 
(Uchiyama et al. 1995; Boeve et al. 2007a). When the 
involved lesions are compared to the proposed nuclei involved 
in REM sleep control, the sublaterodorsal nucleus, named 
after the rodent equivalent of the feline subcoeruleus area, 
appears to be the critical region involved in the pathogenesis 
of RBD. This region may be affected in very early stages of 
PD, which might explain that RBD may precede the classic 
parkinsonian symptoms. In two recent studies, a clear loss of 
orexinergic neurons was found in PD patients (Fronczek 
et al. 2007; Thannickal et al. 2007). The loss of orexinergic 
neurons is correlated with the clinical stages of PD.

Clinical Case 5.1 Idiopathic Narcolepsy

The combination of excessive daytime sleepiness and cata-
plexy (muscle weakness triggered by emotions) is virtually 
pathognomonic for narcolepsy (Mignot and Zeitzer 2007). 
The majority of patients with narcolepsy are hypocretin 
deficient (Mignot et al. 2002). Post-mortem studies 
(Thannickal et al. 2000) in a few patients revealed that 
hypocretin-producing cells were not detectable in the lateral 
hypothalamus. The very tight association with a specific 
HLA-subtype (DQB1*0602) suggested that this cell loss 
may be (auto)immune mediated. The loss of hypocretin sig-
nalling in narcolepsy leads to a destabilization of the sleep–
wake switch (Saper et al. 2001). This destabilization is 
reflected in the typical pattern of sleepiness in narcolepsy: 
sudden lapses from wakefulness into sleep, short-sleep epi-
sodes during the day, and frequent lapses from sleep into 
wakefulness during the night as shown in the Case report.

Case report: A 23-year-old woman presented to the 
sleep disorders clinic with a main complaint of falling 
asleep unintentionally during the day. In retrospect, she 
reported that already during early high-school years she 
often got reprimanded for falling asleep in class. The sleep-
iness now posed severe problems at the working place, and 
she was involved in a near-accident with her car a few 
weeks before. Further questioning revealed that the patient 
could be awake and alert, but up to six times a day she was 
overwhelmed by a feeling of sleepiness. When she fell 
asleep, this usually lasted for 5–10 min. After work, she 

took a planned nap for about 15 min. At work, she often 
slept during lunchtime for a few minutes in the bathroom. 
When asked specifically, there seemed to be moments 
when her vigilance was decreased although appearing to be 
awake. She regularly discovered that her handwriting 
became illegible for a few lines.

The patient had regular bedtimes. She fell asleep very 
quickly, but awakened frequently at night, up to eight 
times. Although she felt refreshed in the morning, the sleep 
fragmentation bothered her. Upon questioning, she admit-
ted that something “funny” happened to her when she told 
a joke or when she suddenly met a friend or relative. 
Several times her knees gave away in such situations and 
she flaccidly fell to the ground. More often, only her head 
and jaw dropped and she was unable to articulate for a 
while. Consciousness was always preserved during these 
attacks, which lasted for only 8–10 s. When she fell asleep 
during the day, she regularly had very vivid, unpleasant 
dreams. There was no history of sleep paralysis, depressed 
mood or weight gain. Nocturnal polysomnography (PSG) 
showed a fragmented nocturnal sleep period (Fig. 5.20). 
There were no nocturnal sleep disturbances such as sleep-
disordered breathing that might explain the daytime sleepi-
ness. There were multiple spontaneous sleep episodes 
during the day. The Multiple Sleep Latence Test following 
nocturnal PSG showed a mean sleep latence of 4 min and 
three sleep-onset REM periods, typical for narcolepsy. 
HLA typing confirmed positivity for HLA-DQB1*0602, 
which is present in more than 90% of patients with  sporadic 
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narcolepsy (Mignot et al. 2002). A lumbar puncture was 
done to assess the CSF level of hypocretin-1, using a 
microassay. Hypocretin-1 levels were undetectable, indi-
cating a complete hypocretin deficiency.
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Fig. 5.20 Hypnogram based 
on a polysomnographic 
recording starting at 16:00 
throughout the night, 
followed by a formal Multiple 
Sleep Latency Test the next 
day. There are several 
spontaneous sleep episodes in 
the afternoon and early 
evening. There is a frag-
mented sleep pattern, with 
several awakenings through-
out the night. The episode 
with stage 4 slow-wave sleep 
in the morning is unusual. 
During all episodes of the 
Multiple Sleep Latency Test 
stage 2 is reached, with a 
mean sleep latency of 4 min. 
In addition, there are three 
sleep-onset REM periods 
(during episodes 1, 2 and 4). 
Finally, there is a spontaneous 
nap between episodes 1 and 2 
(courtesy Sebastiaan 
Overeem)

Clinical Case 5.2 Symptomatic Narcolepsy

In his landmark description of the sleep disorders associ-
ated with encephalitis lethargica, Constantin von Economo 
observed that patients with severe sleepiness often had 
inflammatory lesions of the posterior hypothalamus and 
upper midbrain (von Economo 1930; Fig. 5.21a). Scammell 
and co-workers reported a case of symptomatic narcolepsy 

following a diencephalic stroke (Scammell et al. 2001; see 
Case report).

Case report: An 18-year-old male became comatose 
after surgery for a large craniopharyngioma. MR imaging 
showed bilateral infarcts of large parts of the caudal hypo-
thalamus, extending to the mediodorsal thalamus and the 
rostral midbrain (Fig. 5.21b, c). Moreover, the left amygdala 
was also involved. The lesion corresponded strikingly to 
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the posterior hypothalamic lesions reported by von 
Economo. At age 23, the patient still had cognitive defects 
including memory disturbances and pseudobulbar affect. 
Several times a day, he experienced episodes of sleepiness 
with confusion. In addition, he slept for 10 h each night 
with sleep inertia in the morning. He experienced  occasional 

episodes with muscle weakness brought about by laughter, 
sometimes leading to falls. Overnight PSG showed sleep 
fragmentation and a sleep-onset REM period. The Multiple 
Sleep Latence Test yielded a mean sleep latency of less 
than 0.5 min with four sleep-onset REM periods. Unlike 
the majority of idiopathic narcolepsy patients, this patient 

a

b c

Th

Hy

Fig. 5.21 (a) Von Economo’s drawing, showing the region (shaded) in 
which inflammatory lesions produced hypersomnia (after von Economo 
1929); (b, c) T1-weighted sagittal and horizontal MR images demon-
strating ex vacuo changes (between arrows) in the posterior hypothala-

mus and rostral midbrain in a patient with secondary narcolepsy  
(from Scammell et al. 2001; courtesy Tom Scammell, Boston; with  
permission from Wolters Kluwer Health). Th thalamus, o optic nerve, 
Hy hypothalamus, N. oculomot oculomotor nerve
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was negative for HLA-DQB1*0602. CSF hypocretin-1 
levels were undetectable, but significantly lower than for 
healthy controls. This patient developed secondary narco-
lepsy after surgical damage to the hypothalamic area. In 
addition to direct damage to hypocretin neurons, parts of 
the ascending arousal pathways that traverse the hypothal-
amus and hypothalamus were likely to be affected.
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Data for this case were kindly provided by Tom Scammell (Department 
of Neurology, Beth Israel Deaconess Medical Centre Boston, MA).

Clinical Case 5.3 Sleep Disturbances in PD

REM sleep behaviour disorder (RBD), a parasomnia, 
tends to precede the onset of parkinsonism in patients with 
PD and related neurodegenerative disorders (Boeve et al. 
2003, 2007a, b). In RBD, there is a loss of the normal ato-
nia of REM sleep, leading to the “acting out” of dreams. 
Originally described as an idiopathic disorder, it is now 
known that the majority of RBD cases are followed by a 
parkinsonian disease after several years (see Case report). 
Excessive daytime sleepiness is also a common complaint 
in PD as shown in the Case report.

Case report: A 60-year-old male visited the sleep disor-
ders clinic 4 years after he was diagnosed with idiopathic 
PD. Motor symptoms were reasonably well controlled with 
a moderate dosis of a non-ergot dopamine agonist. He cur-
rently experienced two sleep-related problems: nocturnal 
restlessness and unintentional sleep episodes during the 
day. He reported to had “violent nights” for several years 
now, starting about 3 years before the onset of his PD. 
Three to five nights a week, he started moving around with 
his arms during his sleep. The episodes occurred mainly in 
the second half of the night and worsened towards the 
morning. His wife reported that this behaviour was almost 
always violent with hitting or boxing movements or defen-
sive postures. He often yelled and even cursed out loud, in 
striking contrast to his normal, soft and non-aggressive 
daytime behaviour. The patient wounded his hands on sev-
eral occasions. His wife explained that she could almost 
see what her husband was dreaming. There were no other 

signs of sleep disorders such as snoring and/or sleep apneas 
or the restless legs syndrome.

The sleepiness during the day started only a few months 
ago. The patient always was an avid reader, but currently it 
was almost impossible to read a book, because he fell asleep 
quickly. When sitting in a car as a passenger, he dozed off 
within minutes. He started to take a 1-h nap after lunch, 
which was refreshing; his PD symptoms seemed to improve 
also after such a nap. A nocturnal PSG was made to confirm 
the diagnosis of RBD. During REM sleep, there was a clear 
increase in EMG activity of the mentalis muscle, with 
prominent phasic activity (Fig. 5.22). Frequent phasic EMG 
activity was also found in both tibialis anterior muscles. 
Using synchronized infrared videography, several episodes 
with yelling and hitting movements of the arms were 
recorded during REM sleep. There were no sleep-related 
breathing disorders or other nocturnal sleep disturbances.

The excessive daytime sleepiness in PD is often second-
ary to disturbed nocturnal sleep. Furthermore, dopaminer-
gic agonists may have sleepiness and sometimes even 
“sleep attacks” as a side effect. Finally, as was the case in 
this patient, PD may be accompanied by a primary hyper-
somnia, which may even resemble narcolepsy. His hypo-
cretin-1 levels in lumbar CSF were normal. Recent data, 
however, suggest the involvement of the hypocretin system 
in PD as well. Cell counts of hypocretinergic neurons in 
post-mortem material of PD patients showed significant 
reductions, which was reflected in drops of hypocretin lev-
els in projection areas such as the frontal cortex (Fronczek 
et al. 2007).
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5.8  Disorders of Consciousness

Two major classes of structural brain injuries cause coma, 
the most radical disturbance of consciousness (Posner et al. 
2007):
 1. Compressive lesions may impair consciousness either by 

directly compressing the AAS or by distorting brain tis-
sue so that it moves out of position and secondarily com-
presses components of the AAS or its forebrain targets. 
The falx cerebri separates the two cerebral hemispheres. 
Its free edge normally rests just above the corpus callo-
sum (Fig. 5.23a). Therefore, severe head injury may cause 
a contusion of the corpus callosum by violent upward dis-
placement of the brain against the free edge of the falx. 
Displacement of the cingulate gyrus under the falx by a 
hemispheric mass may compress the pericallosal artery, 
which results in ischaemia or infarction of the cingulate 
gyrus (falcine herniation). Such herniation syndromes 
include a wide-range of space-occupying lesions by 

tumours, haemorrhages and abscesses (see Clinical cases 
5.4 and 5.5).

 2. Destructive lesions cause coma by direct damage to the 
AAS or its forebrain targets. Such lesions may be caused 
by damage to the paramedian portion of the upper mid-
brain and caudal diencephalon as in a patient with a “top 
of the basilar” embolus (Caplan 1980; see Clinical case 
5.6). Teasdale and Jennett (1976) devised the Glasgow 
Coma Scale (GCS) to categorize patients with head 
trauma. Eye response is scaled from 4 to 1: 4 eyes open 
spontaneously; 3 eye opening to verbal command; 2 eye 
opening to pain; 1 no eye opening. Motor response is 
scaled from 6 to 1: 6 obeys commands; 5 localizing pain; 
4 withdrawal from pain; 3 flexion response to pain; 2 
extension response to pain; 1 no motor response. Verbal 
response is scaled from 5 to 1: 5 oriented; 4 confused; 3 
inappropriate words; 2 incomprehensible sounds; 1 no 
verbal response. A GCS score of 13 or higher indicates 
mild brain injury; 9–12 moderate brain injury; and 8 or 
less severe brain injury.
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Fig. 5.22 Nocturnal polysomnography. Upper panel: hypnogram, 
showing slight sleep fragmentation, small amount of slow-wave 
sleep and several longer awakenings. Lower panel: 30-s epoch dur-
ing REM sleep. There is a striking increase in muscle tone, as dem-
onstrated by increased phasic EMG activity in the submental 

muscles (“EMG-Chin”). Furthermore, there is rather prominent 
twitching activity in the lower leg muscles (“Tib.R.” and “Tib.L.”). 
These findings suggest the presence of REM sleep without atonia, 
the polysomnographic hallmark of REM sleep behaviour disorder 
or RBD (courtesy Sebastiaan Overeem, Nijmegen)
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Damage to the upper brain stem reticular formation is 
known to cause coma (Loeb 1958; Chase et al. 1968; Plum 
and Posner 1980; Bassetti 2001; Parvizi and Damasio 2003; 
Posner et al. 2007). Plum and Posner (1980) established the 
now classic notion that coma in humans is caused by lesions 
in the reticular formation, extending from the rostral third of 
the pons to the rostral limits of the midbrain. Parvizi and 
Damasio (2003) narrowed down the crucial brain stem terri-
tory to the rostral pons (see Clinical case 5.7).

Patients in coma after a stroke usually have a simultaneous 
involvement of the ARAS and motor pathways (Plum and 
Posner 1980; Bassetti 2001). Occasionally, a dissociated 
involvement of the two systems occurs with, at the one 
extreme, patients with preserved ARAS but tetraplegia 
(locked-in syndrome) and, at the other extreme, patients with 
preserved motor control but disrupted ARAS (akinetic mut-
ism). The term akinetic mutism was introduced by Cairns 
et al. (1941) to describe the behaviour of a patient with an 
epidermoid cyst of the third ventricle, who was mute and 

immobile, but followed with her eyes the observer as well as 
many objects. Two forms of akinetic mutism have been identi-
fied: one form described in patients with bilateral occlusion of 
the anterior cerebral arteries and haemorrhages from anterior 
communicating aneurysms (Bassetti et al. 1994a, b; Minagar 
and David 1999), another in paramedian thalamic and thalam-
omesencephalic strokes, characterized by the association of 
akinetic mutism with disturbances of vertical eye movements 
and hypersomnia (Lhermitte et al. 1963; Segarra 1970; van 
Domburg et al. 1996; see Clinical case 5.8). Plum and Posner 
(1980) suggested the term locked-in syndrome for a condition 
first described by Alexandre Dumas in his book Le Comte de 
Monte-Cristo. The criteria for a classic locked-in syndrome 
are paralysis of all cranial nerves except vertical eye move-
ments, tetraplegia and preserved consciousness. This syn-
drome occurs in bilateral pontine infarction related to basilar 
thrombosis, bilateral occlusion of paramedian arteries and 
vertebral artery dissection (Fisher 1977; Plum and Posner 
1980; Bassetti et al. 1994a, b; see Clinical case 5.9).

Fig. 5.23 (a) Supratentorial and (b) infratentorial compartments and resulting herniation syndromes (see text for further explanation; after ten 
Donkelaar et al. 2007)

Clinical Case 5.4 Uncal Herniation Syndrome

Compressive lesions may impair consciousness either by 
directly compressing the AAS or by distorting brain tissue 
so that it moves out of position and secondarily compresses 
parts of the AAS or its forebrain targets. Herniation syn-
dromes include a wide range of space-occupying lesions 
such as tumours, haematomas or abscesses (Posner et al. 
2007). The falx cerebri separates the two cerebral hemi-
spheres. Its free edge normally rests just above the corpus 
callosum (Fig. 5.23a). Therefore, severe head injury may 
cause a contusion of the corpus callosum by violent upward 

displacement of the brain against the free edge of the falx. 
Displacement of the cingulate gyrus under the falx by a 
hemispheric mass may compress the pericallosal artery, 
which results in ischaemia or infarction of the cingulate 
gyrus (falcine herniation). Space-occupying lesions within 
the temporal lobe may lead to horizontal herniation of the 
parahippocampal gyrus and the uncus into the direction of 
the pons and the midbrain, resulting in obliteration (efface-
ment) of the lateral suprasellar cistern (see Case report). 
Initially, widening of the ipsilateral ambient and lateral 
pontine cisterns occurs through the horizontal contralateral 
displacement of the pons (Kalita et al. 2009).
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Fig. 5.24 CTs of a large right temporal haemorrhagic contusion (a) 
with ipsilateral widening of the lateral prepontine cistern (arrow) and 
(b) suprasellar cistern effacement. The mass lesion herniates to the 

left with compression and displacement of the pons (courtesy Pieter 
Vos, Nijmegen)

Case report: A 73-year-old woman was driving a bicy-
cle when she was hit by a car. At the scene of the accident, 
she was confused and showed altered psychomotor activ-
ity. One hour later, she was brought into the emergency 
room of our hospital. On admission, her blood pressure 
was 200/106 mmHg and her blood oxygen 97%. The GCS 
score was 13 with eye-opening upon request, obeying com-
mands and disorientation in time and place (E3M6V4). 
The pupils were mid sized, the pupillary reactions were 
normal, the tendon reflexes were symmetrical and brisk 
and the plantar responses were normal. Apart from a left 
forearm fracture, there were no other systemic injuries. 
A plain X-ray of the cervical spine did not show a fracture. 
Her blood chemistry was normal. During her stay at the 
emergency department, suddenly a decrease in conscious-
ness was noted with eyes opening to pain, localization of 
painful stimuli and speaking words only (E2M5V3). The 
right pupil was wider than the left. Pupillary reactions 
showed an efferent defect on the right. She was sedated and 

incubated. Brain CT revealed a right temporal contusion 
and uncal herniation (Fig. 5.24a). After 3 days, increased 
intracranial pressure was present. Attempts to treat the 
increased intracranial pressure with osmotic substances 
and to augment the cerebral perfusion pressure with vaso-
pressors failed. A CT showed transtentorial herniation 
(Fig. 5.24b). Compression of the posterior part of the pos-
terior cerebral artery (PCA) resulted in severe ischaemia. 
The patient died from untreatable raised intracranial 
pressure.
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Clinical Case 5.5 Transtentorial Uncal/Tonsillar Herniation

The tentorium cerebelli separates the cerebrum (the 
supratentorial compartment) from the brain stem and the cere-
bellum (the infratentorial compartment). Rostrally, the tento-
rium attaches at the petrous ridges and the posterior clinoid 
processes and laterally to the occipital bone along the trans-
verse sinus (see Fig. 1.11). When the tissue volume of the 
supratentorial or infratentorial compartments exceeds the 
respective compartment’s capacity, there is no alternative but 
for tissue to herniate through the tentorial opening, known as 
transtentorial uncal herniation (see Case report).

Case report: A 17-year-old boy was driving a scooter 
when he was hit by a car. At the scene of the accident, he 

was unresponsive with eyes closed, no motor responses and 
no sounds (GCS: E1M1V1). He was immediately sedated 
and intubated. Thirty minutes after the accident, he was 
brought into the emergency room. On admission, his blood 
pressure was 100/50 mmHg and his blood oxygen 100%. 
A grade IV spleen injury and a right femur fracture were 
present. Neurological examination showed a bilateral peri-
orbital haematoma, unequal pupils (right side: 5 mm; left 
side: 9 mm) and no motor responses. The GCS score 
remained 3. During a CT scan, he developed bradycardia 
and hypotension. The CT scan showed a left-sided large 
subdural haematoma with a shift to the right and falcine, 
transtentorial and tonsillar herniations (Fig. 5.25). He was 
thought unsalvageable and died.

Fig. 5.25 CTs of (a) tonsillar herniation with complete filling of the 
foramen magnum; (b) transtentorial herniation, note that the supra-
sellar, ambient and prepontine cisterns are absent; and (c) large 

 left-sided subdural haematoma with subfalcine herniation and brain 
shift to the right (courtesy Pieter Vos, Nijmegen)
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Fig. 5.26 (a) CT scan at the time of hospital admission with normal 
posterior fossa anatomy; (b, c) CTAs showing occlusion of the top of 
the basilar artery; (d, e) MRAs showing occlusion (d) and opening of 

the basilar artery after intra-arterial thrombolysis (e); (f, g) MRIs 
showing infarction of the right pons and both cerebellar hemispheres 
(courtesy Pieter Vos, Nijmegen)

a b c
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Clinical Case 5.6 “Top of the Basilar” Syndrome

Distal basilar occlusion typically presents with a charac-
teristic set of findings (the “top of the basilar” syndrome) 
that may include impairment of consciousness (Caplan 
1980). The basilar artery gives rise to the PCAs, which per-
fuse the caudal medial part of the cerebral hemispheres. 
The PCAs also give rise to the posterior choroidal arteries 

for the caudal part of the hippocampal formation, the glo-
bus pallidus and the CGL. Thalamoperforating branches 
from the basilar top, the PCAs and the posterior communi-
cating arteries supply the caudal part of the thalamus (see 
Chap. 2). Occlusion of the distal PCAs causes bilateral 
blindness, paresis and memory loss, but usually does 
not cause loss of consciousness. More proximal occlusion 
of the basilar artery, however, reduces perfusion of the 
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junction of the midbrain with the posterior thalamus and 
hypothalamus, and may cause profound coma (Caplan 
1980; Schmahmann 2003).

Case report: A 58-year-old man noticed sudden weak-
ness of his arms and legs when he was trying to get out of bed 
in the morning. There was no loss of consciousness, head-
ache or nausea. During transport to the hospital, there was a 
brief period of loss of consciousness. His medical history 
showed a meningitis at the age of two, cataract and suspicion 
of polymyalgia rheumatica. On admission, he had a blood 
pressure of 167/79 mmHg and normal consciousness. A third 
grade nystagmus existed with the fast phase to the left. A 
bulbar dysarthria and a left hemiparesis with paralysis of the 
left arm and weakness of the left leg (MRC 2) were present. 
Ataxia of the right arm was noted. His tendon reflexes 
were increased and asymmetrical with right plantar and left 

extensor responses. His blood values were normal. A CT 
scan of the brain showed a dense artery sign of the top of the 
basilar artery and the following CTA showed thrombosis of 
the  basilar top (Fig. 5.26b, c). Intra-arterial thrombolysis was 
performed immediately and effective (Fig. 5.26d, e). A sub-
sequent MRI showed bilateral infarction of the cerebellum 
and the right pons (Fig. 5.26f, g). He recovered well with 
dysarthria and ataxia of both arms as the only neurological 
deficits and was discharged home.

Selected References

Caplan LR (1980) “Top of the basilar” syndrome. Neurology 30: 
72–79

Schmahmann JD (2003) Vascular syndromes of the thalamus. Stroke 
34:2264–2278

Fig. 5.26 (continued)
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Fig. 5.27 Topography of high pontine and lower midbrain lesion 
resulting in coma. The lesions that resulted in coma included the ros-
tral pons and the pontomesencephalic junction with the locus coer-

uleus, the parabrachial nucleus the oral pontine reticular nucleus and 
the rostral raphe nuclei (after Parvizi and Damasio 2003)

Clinical Case 5.7 High Pontine/Lower Midbrain Lesions 

Leading to Coma

Damage to the tegmentum of the brain stem is known to 
cause coma. Parvizi and Damasio (2003) analyzed MRIs 
from 47 patients with brain stem stroke. They retrospec-
tively studied MRIs from 47 patients with brain stem 
strokes, and found that in the 38 patients who did not have 
coma, brain stem damage was located outside the tegmen-
tum or only slightly involved the tegmentum. In contrast, in 
the nine patients who had coma, the lesions in the tegmen-
tum were mostly bilateral, and were located either in the 

pons alone or in the upper pons and the midbrain. The max-
imum overlap territory of the lesions coincided with the 
location of the rostral raphe nuclei, the locus coeruleus, the 
laterodorsal tegmental nucleus, the nucleus pontis oralis, 
the parabrachial nucleus and the white matter in between 
these nuclei (Fig. 5.27).
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Clinical Case 5.8 Akinetic Mutism

The term akinetic mutism was introduced by Cairns et al. 
(1941) to describe the behaviour of a patient with an epider-
moid cyst of the third ventricle, who was mute and immo-
bile, but followed with her eyes the observer as well as many 
objects. Two forms of akinetic mutism are known, one vari-
ety in patients with bilateral occlusion of the anterior cere-
bral arteries and haemorrhages from anterior communicating 
aneurysms, another in paramedian thalamic and thalam-
omesencephalic strokes (Segarra 1970; Castaigne et al. 1981; 
van Domburg et al. 1996; see Case report).

Case report: A 42-year-old male public servant was 
admitted to hospital after he could not be woken up normally 
in the morning. His medical history was inconspicuous and 

he had no predisposition to epilepsy. On admission, he pre-
sented with a sleep-like state with double incontinence, 
sometimes alternated by short periods of restlessness. His 
blood pressure was 150/90 mmHg, he had normal regular 
pulsations of the carotids and a normal body temperature 
and ECG. On neurological examination, there were no 
signs of meningeal irritation, he had narrowed pupils that 
did not react to light and his eyes remained in mid-position. 
The reactions to painful stimuli were predominantly stretch-
ing of the extremities and some facial pain expression. 
From the third day onwards, gaze gradually restored but 
without response to various stimuli. One week after admis-
sion, the patient still showed this akinetic and mute state, 
with a normal sleep-waking cycle, double incontinence and 
without particular signs of motor or sensory impairment. 
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a b

Fig. 5.28 CT-scan (a) and MRI (b) of a patient with akinetic mutism (from van Domburg et al. 1996; courtesy Peter van Domburg, Sittard)

A  symmetrical ring-shaped paramedian bilateral thalamic 
lesion with contrast-enhanced surrounding was present on 
the CT scan (Fig. 5.28a). No source of septic or thrombotic 
embolization was found by cranial angiography. EEG 
recording in the initial phase showed generalized spike-and-
wave discharges, suggesting the elimination of the “non-
specific” intralaminar nuclei. During the second and third 
week of recovery, spontaneous body movements gradually 
returned. There was still no adequate response to stimula-
tion, however, and a tendency to automatisms or stereotypic 
movements. During the third week, the mute state changed 
into a hypokinetic state, and he began to talk excessively, 
although largely unintelligibly, often slurred and indistinc-
tively. MR imaging, 2 months after admission, showed that 
the central part of the thalamus was most severely affected 
with involvement of the intralaminar thalamic nuclei and a 
small part of the rostral midbrain (Fig. 5.28b).

After a clinical revalidation period, he became indepen-
dent for daily activities, although very slow, after three quar-
ters of a year. Selective downgaze palsy, with incapacity to 
read or write, loss of initiative, absent-mindedness, slightly 

disturbed balance and difficulty in performing combined 
tasks or precise movements were the remaining signs. After 
1 year he resumed his former job, partially under adapted 
circumstances. Two years after admission, there were only 
selective downgaze paresis, slight inertia and complete recov-
ery of overall intelligence, learning capability and retention.
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Clinical Case 5.9 Locked-in Syndrome
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Even after a long clinical revalidation period, he remained 

totally dependent for all daily activities on the care of oth-
ers and was transferred to a nursing home.
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6.1  Introduction

With the exception of the olfactory and optic nerves, all cra-
nial nerves enter or leave the brain stem. Three of the cranial 
nerves are purely sensory (I, II and VIII), five are motor (III, 
IV, VI, XI and XII) and the remaining nerves (V, VII, IX and 
X) are mixed. The olfactory nerve will be discussed in 
Chap. 14, the optic nerve in Chap. 8 and the cochlear nerve in 
Chap. 7. The nuclei of the cranial nerves are arranged in an 
orderly, more or less columnar fashion in the brain stem: 
motor nuclei, somatomotor, branchiomotor and visceromo-
tor (parasympathetic), derived from the basal plate, are 
located medially, whereas sensory nuclei, somatosensory, 
viscerosensory and vestibulocochlear, derived from the alar 
plate, are found lateral to the sulcus limitans. The cranial 
nerves innervate structures in the head and neck as well as 
visceral organs in the thorax and abdomen. The cranial 
nerves control eye movements, mastication, vocalization, 
facial expression, respiration, heart rate and digestion. One 
or several of the cranial nerves are often involved in lesions 
of the brain stem, of which the location can usually be deter-
mined if the topographical anatomy of the cranial nerves and 
their nuclei is known (Brodal 1981; Duvernoy 1995; Leblanc 

Hans J. ten Donkelaar, Johannes R.M. Cruysberg, Ton van der Vliet, 
Peter van Domburg, and Willy O. Renier

The Cranial Nerves 6

H.J. ten Donkelaar (*) 
935 Department of Neurology,  
Radboud University Nijmegen Medical Centre,  
P.O. Box 9101, 6500 HB Nijmegen, The Netherlands 
e-mail: h.tendonkelaar@neuro.umcn.nl

Contents

6.1  Introduction .........................................................................  249

6.2  A Few Notes on the Development of the Brain Stem .......  250
 Clinical Case 6.1 Congenital Cranial  

Dysinnervation Disorders .....................................................  253

6.3  The Oculomotor, Trochlear and Abducens Nerves ..........  254
 Clinical Case 6.2 Lesions of Individual  

Ocular Motor Nerves ............................................................  257
 Clinical Case 6.3 Lesions of the Oculomotor  

Nerve and Nucleus ................................................................  261
 Clinical Case 6.4 Sinus Cavernosus Syndromes ...................  262

6.4  Eye Movements ...................................................................  264
6.4.1  Overview ...............................................................................  264
6.4.2  The Vestibulo-Optokinetic System .......................................  264
6.4.3  Brain Stem Control of Horizontal and  

Vertical Eye Movements .......................................................  266
 Clinical Case 6.5 Brain Stem Lesions Affecting  

Horizontal Eye Movements: INO .........................................  268
 Clinical Case 6.6 Brain Stem Lesions Affecting  

Vertical Eye Movements: Parinaud Syndrome .....................  269
6.4.4  Voluntary Control of Eye Movements ..................................  270
 Clinical Case 6.7 Paralysis of Saccades and Pursuit ............  271

6.5  The Trigeminal Nerve .........................................................  272
6.5.1 The Sensory Part of the Trigeminal Nerve ...........................  272
 Clinical Case 6.8 Trigeminal Neuralgia ................................  274
6.5.2  The Motor Part of the Trigeminal Nerve ..............................  274
 Clinical Case 6.9 Late Blink Reflex Changes in  

Lateral Medullary Lesions ....................................................  277

6.6  The Facial Nerve .................................................................  279
 Clinical Case 6.10 Facial Nerve Paralysis ............................  280
 Clinical Case 6.11 Congenital Facial Palsy ..........................  281

6.7  The Gustatory System ........................................................  283

6.8  The Vestibulocochlear Nerve .............................................  284
6.8.1  The Vestibular Nerve and Nuclei ..........................................  287
6.8.2  Fibre Connections of the Vestibular Nuclei ..........................  287

6.8.3  Functional and Pathophysiological Aspects  
of Vestibular Control .............................................................  288

 Clinical Case 6.12 Peripheral Vestibular Disorders ..............  290
 Clinical Case 6.13 Central Vestibular Disorders...................  292

6.9  The Glossopharyngeal, Vagal and Accessory  
Cranial Nerves .....................................................................  293

6.9.1 The IXth, Xth and XIth Cranial Nerves ................................  293
 Clinical Case 6.14 Lesions of the IXth, Xth  

and XIth Cranial Nerves .......................................................  294
6.9.2  Swallowing ...........................................................................  295
 Clinical Case 6.15 Dysphagia ...............................................  296

6.10  The Hypoglossal Nerve ........................................................  297
 Clinical Case 6.16 Hypoglossal Paresis ................................  298

References ......................................................................................  298



250 6 The Cranial Nerves

1995). Several examples are shown in Clinical cases 6.1–
6.15. Following a few notes on the development of the brain 
stem and some developmental disorders (Sect. 6.2), the ocu-
lar motor nerves (Sect. 6.3), eye movements (Sect. 6.4), the 
trigeminal nerve (Sect. 6.5), the facial nerve (Sect. 6.6), the 
gustatory system (Sect. 6.7), the vestibulocochlear nerve and 
vestibular control (Sect. 6.8) and the last four cranial nerves 
(Sects. 6.9 and 6.10) will be discussed.

6.2  A Few Notes on the Development  
of the Brain Stem

At least during development, the brain stem is segmentally 
organized. The midbrain is composed of two temporarily 
present segments known as the mesomeres, whereas the 
hindbrain is composed of eight, also temporarily present, 
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Fig. 6.1 The development (a) and position of motor (b) and sensory 
(c) components of the human cranial nerves. In a and b, somatomotor 
nuclei are shown in red and branchiomotor nuclei in light red. In c, the 
sensory trigeminal nuclei (Vs) and the trigeminal ganglion (a) are 
shown in light grey, whereas the nucleus of the solitary tract (Sol), the 
geniculate ganglion of the facial nerve (b), the superior (c) and inferior 

(d) ganglia of the glossopharyngeal nerve and the superior (e) and infe-
rior (f) ganglia of the vagus nerve are shown in grey. Other abbrevia-
tions: Amb nucleus ambiguus, ov otic vesicle, III–VII, IX–XII cranial 
nerve nuclei and nerves. 2–6 rhombomeres (after Hinrichsen 1990; 
from ten Donkelaar et al. 2006)
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Fig. 6.2 The congenital cranial dysinnervation disorders. The extraoc-
ular muscles and their innervation are shown in (a) healthy individuals, 
(b) Bosley-Salih-Alorainy/Athabascan-brainstem-dysgenesis syndromes, 
(c) horizontal gaze palsy with progressive scoliosis and (d) congenital 
fibrosis of the extraocular muscles type 1. Aberrant or missing struc-

tures involved are shown in red. cpa crossed pontine axons, mlf medial 
longitudinal fascicle, LPS levator palpebrae superioris muscle, OI, OS 
inferior and superior oblique muscles, RL, RM, RS lateral, medial and 
superior rectus muscles, III, IV, VI oculomotor, trochlear and abducens 
nuclei (after Engle 2006)

rhombomeres. The motor nuclei of the extraocular muscles 
arise from mesomere 2 (the oculomotor nucleus) and rhom-
bomeres 1 (the trochlear nucleus) and 5 (the abducens 
nucleus). The motor nuclei of the cranial nerves, innervating 
the branchial arch musculature, arise from the second, fourth, 
sixth and seventh rhombomeres (Fig. 6.1). The neural crest, 
flanking the developing rhombencephalon, makes important 
contributions to the branchial arches (ten Donkelaar and 
Vermeij-Keers 2006). A great number of genes are involved 
in the proper development of the brain stem (Cordes 2001; 
Pasqualetti and Rijli 2001; Guthrie 2007). The isthmus orga-
nizer regulates the early development of the mesencephalon 
and of the rostral part of the rhombencephalon (Wurst and 
Bally-Cuif 2001; ten Donkelaar et al. 2006). Mutations of 
genes involved in this process, such as Otx2, En1 and En2 
result in extensive defects of the midbrain, the cerebellum 
and the pons.

Rhombomeres are thought to acquire their individual 
identities under the influence of Hox genes that are expressed 
in overlapping or nested domains (Lumsden and Krumlauf 
1996). Hox gene expression precedes rhombomere founda-
tion but becomes progressively sharpened such that the bor-
ders of the expression domains coincide with the emerging 
rhombomeric boundaries. Available human data suggest that 
the pattern of HOX gene expression in the rhombomeres and 
pharyngeal arches is comparable to that of Hox genes in mice 
(Vieille-Grosjean et al. 1997). In mice, spontaneous and tar-
geted (knockout) mutations in these genes result in specific, 

rhombomere-restricted disruptions in the development of the 
motor nuclei of the cranial nerves. In Hoxa1 knockout mice, 
rhombomeres 3–6 are not formed (Carpenter et al. 1993; 
Gavalas et al. 1998, 2003; Rossel and Capecchi 1999). Data 
for the human homologue HOXA1 are shown in Fig. 6.2 
(Tischfield et al. 2005; Engle 2006, 2007). Such rhom-
bomeropathies have recently been described for the HOXA1 
gene (Tischfield et al. 2005; Engle 2006, 2007).

In Fig. 6.3, the relations between rhombomeres, somato-
motor and branchiomotor neurons, the associated pharyn-
geal arches and the expression of several Hox genes are 
shown. Many other genes play a role in the differentiation, 
migration, axon formation and guidance of (moto)neurons 
(for reviews see Cordes 2001; ten Donkelaar et al. 2006; 
Guthrie 2007). Facial branchiomotor neurons arise in 
rhombomere 4 (r4) and migrate through r5 to r6 (passing 
the abducens nucleus), where they form the facial motor 
nucleus. In humans, this caudalward migration continues 
until far in the foetal period. The passing of the abducens 
nucleus may explain the combination of facial and abducens 
motoneuron loss seen in cases of the Möbius syndrome 
and related disorders. Trigeminal motoneurons remain 
within their rhombomeres of origin and move dorsolater-
ally to the point of exit of the trigeminal nerve in the dorsal 
half of r2/r3.

Developmental anomalies of one or more cranial nerves, 
with primary or secondary dysinnervation, may lead to con-
genital, non-progressive, sporadic or familial abnormalities 
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of cranial musculature, currently grouped as congenital 
 cranial dysinnervation disorders (CCDDs; Gutowski et al. 
2003). Maldevelopment of oculomotor and facial motor 
nuclei, in isolation or in combination, may result in various 
phenotypes (Engle 2002, 2006, 2007; Engle and Leigh 2002), 
characterized by abnormal eye, eyelid and/or facial move-
ment. Three CCDDs are summarized in Fig. 6.2: the HOXA1 

syndrome, in which early motoneuron development is dis-
rupted; horizontal gaze palsy with progressive scoliosis, in 
which there is aberrant axonal targeting to abducens motoneu-
rons; and congenital fibrosis of the extraocular muscles 
type 1, in which there is aberrant axonal targeting to the 
extraocular muscles. Some other examples can be found in 
Clinical case 6.1.
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Fig. 6.3 Relations of the 
rhombomeres (1–8) with the 
pharyngeal arches (I–IV, VI), the 
innervation of the head and neck 
muscles, the neural crest and the 
expression of certain Hox genes. 
fp floor plate, gV trigeminal 
ganglion, MHB midbrain–hind-
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nerves (after ten Donkelaar et al. 
2006)
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Clinical Case 6.1 Congenital Cranial Dysinnervation Disorders

Congenital cranial dysinnervation disorders (CCDDs) 
include congenital, non-progressive, sporadic or familial 
abnormalities of, or the complete absence of, one or more 
cranial nerves with primary or secondary muscle dysinner-
vation (Gutowski et al. 2003; Engle 2007). They are char-
acterized by abnormal eye, eyelid and/or facial movement 
(see Case reports).

Case report 1: A 7-year-old boy was referred because 
of frequent head turn to the left since infancy (Fig. 6.4a). 
The iris of the left eye showed a coloboma (Fig. 6.4b). 
Ocular motility showed abduction paralysis of the left eye 
(Fig. 6.4d) with narrowing of the palpebral fissure on 
attempted adduction (Fig. 6.4c). With his torticollis, the 
boy had binocular single vision. When the head was turned 
straight, he had horizontal diplopia caused by the abduc-
tion deficit of the left eye. Diagnosis: ocular torticollis 
caused by typical Duane retraction syndrome type I of the 
left eye. The narrowing of the palpebral fissure is caused by 
co-contraction of the left horizontal rectus muscles in gaze 
to the right. Duane syndrome type I is the most frequent 
CCDD. Duane syndrome occurs more often in left eyes 
than in right eyes and may be associated with other con-
genital anomalies such as iris coloboma.

Case report 2: A 31-year-old woman was referred by her 
internist for ocular examination because of her long history of 
congenital pituitary dysfunction and strabismus. The patient 
had no complaints of her vision. There was exotropia of the 
right eye with small angle of squint. Examination of ocular 
motility showed complete absence of horizontal ocular move-
ments (Fig. 6.5) with retraction of the eyes on attempted 
adduction. Vertical eye movements were intact. The patient 
was diagnosed in the past as bilateral Duane retraction syn-
drome type III associated with congenital panhypopituitarism 
(Cruysberg et al. 1986). In the follow-up of 31 years, the ocu-
lar movement pattern had not changed. However, despite the 
absence of horizontal ocular movements, the extreme conver-
gent strabismus of the first year of life had resolved spontane-
ously and resulted in mild divergent strabismus.

Selected References

Cruysberg JRM, Mtanda AT, Duinkerke-Eerola KU, Stoelinga GBA 
(1986) Bilateral Duane’s retraction syndrome associated with 
congenital panhypopituitarism. Neuro-Ophthalmol 6:165–168

Gutowski NJ, Bosley TM, Engle E (2003) Workshop Report 110th 
ENMC international workshop: the congenital cranial dysinner-
vation disorders (CCDDs). Neuromusc Disord 13:573–578

Engle EC (2007) Oculomotility disorders arising from disruptions in 
brainstem motor neuron development. Arch Neurol 64:633–657

Fig. 6.4 Duane syndrome type I: (a) Head turn to the left, with straight eyes; (b) iris coloboma of the left eye; (c) gaze to the right: note nar-
rowing of palpebral fissure of the left eye; (d) gaze to the left: abduction paralysis of the left eye (courtesy Johannes Cruysberg, Nijmegen)
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Fig. 6.5 Duane syndrome type III: Attempted gaze in horizontal and vertical directions. Note that ocular movements are only possible in 
vertical direction (courtesy Johannes Cruysberg, Nijmegen)

6.3  The Oculomotor, Trochlear 
and Abducens Nerves

Apart from the lateral rectus and the superior oblique, all 
extraocular muscles are innervated by the oculomotor nerve 
(Fig. 6.6). The superior oblique is innervated by the trochlear 
nerve and the lateral rectus by the abducens nerve. The exits 
of the ocular motor nerves from the brain stem can easily be 
visualized by magnetic resonance imaging (MRI) (Fig. 6.7a–c). 
The nuclei of the oculomotor, trochlear and abducens 
nerves are located close to the midline (Fig. 6.7d, f). The 
oculomotor nucleus, situated in the periaqueductal grey 
from the level of the diencephalic–mesencephalic junction 
area to the lower level of the superior colliculus (Fig. 6.7d), 
innervates the levator palpebrae superioris and all extrinsic 
eye muscles except the superior oblique and lateral rectus. 
In macaque monkeys, the oculomotor nucleus contains 
five subnuclei (Warwick 1953; Büttner-Ennever and Akert 
1981; Porter et al. 1983; Evinger 1988). The organization of 
motoneurons within the oculomotor nucleus is more com-
plex than that described by Warwick (1953; Fig. 6.8a) based 
on retrograde degeneration experiments. Injections of horse-
radish peroxide (HRP) into the extraocular muscles resulted 

in the labelling of both sensory and motoneurons supplying 
individual muscles (Porter et al. 1983). Labelled sensory 
neurons are restricted to the ophthalmic part of the geni culate 
ganglion. Each extraocular muscle receives unilateral inner-
vation, with contralateral representation of only the superior 
rectus and the superior oblique (Fig. 6.8b). The location of 
medial rectus motoneurons corresponds to the distribution of 
abducens internuclear terminals (Büttner-Ennever and Akert 
1981; Carpenter and Carleton 1983; Fig. 6.8c). The oculo-
motor nucleus also contains internuclear neurons, which 
project caudally via the ipsilateral medial longitudinal fas-
ciculus (MLF) and terminate in the contralateral abducens 
nucleus (Maciewicz et al. 1975; Büttner-Ennever 1977). 
Recently, Horn and co-workers showed that the oculomotor 
nucleus contains two main categories of motoneurons, inner-
vating twitch muscle fibres, comparable to skeletal muscle 
fibres, and non-twitch muscle fibres giving a more gradual 
contraction of muscle fibres, respectively (Horn et al. 2008). 
The non-twitch motoneurons are situated at the periphery of 
or outside the main motor nucleus (Fig. 6.8b). In macaque 
monkeys, levator palpebrae motoneurons are located in the 
central caudal nucleus, a compact unpaired nucleus situ-
ated dorsal to the caudal pole of the oculomotor nucleus 
and the rostral pole of the trochlear nucleus (Warwick 1953; 
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Fig. 6.6 The innervation of the extraocular muscles in a 
lateral view. c ciliary ganglion, LPS levator palpebrae 
superioris muscle, nII optic nerve, nIII oculomotor nerve, 
nIV trochlear nerve, nVI abducens nerve, OI, OS inferior 
and superior oblique muscles, RI, RL, RS inferior, lateral 
and superior rectus muscles (after ten Donkelaar et al. 
2007a)
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Fig. 6.7 (a–c) MRIs, showing 
the exits of the ocular motor 
nerves and corresponding 
horizontal sections through the 
human brain stem through the 
levels of (d) the oculomotor, (e) 
the trochlear (IV) and (f) the 
abducens (VI) nuclei (after 
Duvernoy 1995). The oculomo-
tor nerve (nIII) is formed by 
various components, median, 
main and more lateral the 
Edinger–Westphal nucleus. The 
trochlear nerve (nIV) decussates 
in the roof of the mesencephalon
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Fig. 6.8 The localization of 
extraocular muscles in, from left 
to right, the caudal, middle and 
rostral thirds and the rostral pole 
of the oculomotor complex of the 
rhesus monkey based on (a) 
experimental data by Warwick 
(1953) and (b) Büttner-Ennever 
and Akert (1981). In a, the 
Edinger–Westphal nucleus is 
shown in black and in (c) the 
distribution of abducens 
internuclear terminals to the 
medial rectus motoneurons is 
shown (after Büttner-Ennever and 
Akert 1981). Abbreviations: CCN 
central caudal nucleus, OI 
inferior oblique nucleus, RI, RM, 
RS inferior, medial and superior 
rectus muscles

Evinger 1988; Porter et al. 1989; Schmidtke and Büttner-
Ennever 1992). This nucleus was first identified in humans 
by Perlia (1889), who thought that it innervated the medial 
recti, a view that was held until Warwick’s experiments.

Lesions affecting the oculomotor nerve or its rootlets result 
in ipsilateral oculomotor paralysis (see Clinical case 6.2). 
Oculomotor paralysis may be isolated (Bogousslavsky et al. 
1994; Schwartz et al. 1995) or, more often, occurs in combina-
tion with contralateral hemiparesis in which the pyramidal 
tract in the cerebral peduncle is involved (Weber syndrome) or 
in combination with contralateral ataxia (Benedict syndrome 
or upper rubral syndrome and Claude syndrome or lower 
rubral syndrome) with involvement of the red nucleus and the 
brachium conjunctivum (see Clinical case 6.3). A lesion of 
the oculomotor nucleus leads to a more or less complete ocul-
omotor paralysis of the ipsilateral eye with isolated paralysis 
of the contralateral superior rectus muscle (Pierrot-Deseilligny 
et al. 1981b; Pierrot-Deseilligny 2001).

The Edinger–Westphal nucleus, a group of parasympa-
thetic neurons, is part of the oculomotor complex. Their 
axons pass to the ciliary ganglion (Fig. 6.6), where they syn-
apse with postganglionic neurons, which innervate the 
sphincter pupillae and ciliary muscles. The Edinger–Westphal 
nucleus forms an important component in the light and 
accommodation reflexes (see Chap. 8). Recently, Horn et al. 

(2008) showed that the parasympathetic motoneurons are not 
restricted to the borders of the traditional Edinger–Westphal 
nucleus but are much more scattered. The trochlear nucleus, 
located at the level of the inferior colliculus (Fig. 6.7e), 
innervates the contralateral superior oblique. A lesion in the 
brain stem may affect the trochlear nerve nucleus or rootlets 
(Guy et al. 1989).

The abducens nucleus lies in the pontomedullary part of 
the brain stem and together with the internal genu of the 
facial nerve forms a dorsal protrusion into the fourth ventri-
cle, known as the facial colliculus (Fig. 6.7f). The abducens 
nucleus contains motoneurons innervating the lateral rectus, 
internuclear neurons and neurons with projections to the cer-
ebellum (Büttner-Ennever and Horn 2004; Leigh and Zee 
2006). The third and last component forms part of the cell 
groups of the paramedian tract (PMT), which innervate 
the flocculus, the paraflocculus and the vermis (Büttner-
Ennever et al. 1989a; Büttner-Ennever and Horn 1996). 
Axons of the internuclear abducens neurons ascend in the 
contralateral MLF and terminate in the medial rectus sub-
nucleus of the oculomotor nerve (see Fig. 6.8c). Some forms 
of the Duane syndrome appear to result from a selective 
absence of the abducens motoneurons, sparing the internu-
clear neurons (Hotchkiss et al. 1980; Miller et al. 1982; see 
Clinical case 6.1).
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Lesions affecting the abducens nerve rootlets in the lower 
pons lead to complete paralysis of abduction in the ipsilateral 
eye. In such lesions, often ipsilateral peripheral facial paraly-
sis and contralateral hemiparesis with sparing of the face are 
associated, due to damage to the adjacent facial nerve fibres 
and the pyramidal tract, respectively (see Fig. 6.7f). After a 
lesion of the abducens nucleus, there is paralysis of all 
 ipsilateral eye movements (Meienberg et al. 1981; Pierrot-
Deseilligny and Goasguen 1984; Müri et al. 1996a), usually 
associated with an ipsilateral peripheral facial paralysis since 
the internal genu fibres of the facial nerve pass around the 
abducens nucleus (see Fig. 6.7f).

The ocular motor nerves are intimately related to the sinus 
cavernosus, which consists of a duplicature of the dura mater 
enveloping a large venous space at both sides of the sella tur-

cica and the body of the sphenoid. Its venous connections are 
manifold: rostrally the sinus receives blood from the orbit and 
the nasal cavity, over the midline both sinuses are connected 
by a circular sinus surrounding the pituitary stalk and laterally 
the superior petrosal sinus drains into the cavernous sinus. 
The outflow is usually directed towards the jugular foramen 
via the inferior petrosal sinus. The sinus is essential for the 
venous drainage of the eye. The internal carotid artery and the 
abducens nerve pass through the sinus cavernosus and several 
cranial nerves are closely related to its walls (Fig. 6.9): the 
oculomotor and trochlear nerves as well as the ophthalmic 
(V1) and maxillary (V2) nerves are situated in the lateral wall. 
Disorders within or close to the sinus cavernosus result in 
damage to one or more oculomotor nerves and one or more 
branches of the trigeminal nerve (see Clinical case 6.4).
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Fig. 6.9 Lateral view (a) and frontal section (b), showing the intimate 
relationship of some cranial nerves with the sinus cavernosus. The 
arteries are shown in red, the ocular motor nerves in medium red, the 
trigeminal branches in light red and the dura in light grey. a arachnoid, 
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nIII oculomotor nerve, nIV trochlear nerve, nV1 ophthalmic nerve, nV2 
maxillary nerve, nV3 mandibular nerve, nVI abducens nerve, OA oph-
thalmic nerve, p pia mater, sphs sphenoid sinus, tg trigeminal ganglion 
(after O’Rahilly 1986, and ten Donkelaar et al. 2007b)

Clinical Case 6.2 Lesions of Individual Ocular Motor Nerves

The ocular motor nerves (the oculomotor, trochlear and 
abducens nerves) supply the extraocular muscles. Acquired 
ocular motor palsies always cause diplopia, except when 
vision is poor in one eye or suppression in the non-fixing eye 
has taken place during childhood strabismus. If double vision 
persists after one eye is covered, the patient has monocular 
diplopia, which is not a symptom indicating neurological 
disease. In binocular diplopia, the deviation is maximum 
with gaze in the direction of the paretic muscle. Ocular symp-
toms, such as loss of visual acuity, disturbed colour vision 
(prechiasmal optic nerve involvement), bitemporal hemia-
nopia and homonymous hemianopia need to be assessed. 

Neurological findings further increase the probability of 
establishing a diagnosis. Headache and/or periorbital pain, 
ataxia and incoordination, hemiplegia, and general com-
plaints, such as fever and malaise, which suggest an inflam-
matory cause, must also be excluded. Trauma should always 
be inquired about; ocular motor palsies, involving any of the 
three ocular motor nerves, are often caused by head injury 
with or without fractures of the skull.

The clinical importance of an ocular motor palsy is 
determined largely by the presence of accompanying signs 
and symptoms. Causes for alarm include: papilloedema 
(raised intracranial pressure), a dilated pupil (oculomotor 
nerve compression by an aneurysm or neoplasm; see 
Clinical case 6.3), a constricted pupil (sympathetic  pathway 
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involvement: Horner syndrome), acquired nystagmus (pon-
tine or cerebellar damage), visual field defects (space-
occupying lesions along the optic pathways, see Chap. 8) 
and decreased corneal sensitivity (trigeminal nerve involve-
ment). A mnemonic may help remember the important 
symptoms and these clinical signs. “DON’T PANIC with 
ocular motor palsies, but analyze the risk factors care-
fully!” (Cruysberg 1992):
History

D = Diplopia
O = Ocular symptoms
N = Neurological and general symptoms
T = Trauma

Examination:
P = Papilloedema
A = Anisocoria (unequal pupils)
N = Nystagmus
I = Incomplete visual fields
C = Corneal hypoaesthesia
The presence of one or more alarm signals (PANIC 

signs) makes a serious cause very likely. The cause of mul-
tiple affected ocular motor nerves is frequently a meta-
static or a primary neoplasm. However, if thorough medical 
examination suggests that a palsy is isolated (for example 
abducens nerve palsy without other neurological findings), 
the condition is less likely to be the result of serious intrac-
ranial disease. The analysis of disturbed ocular motility is 
best done by ophthalmological examination and should be 
documented according to the Hess screen to assess the 
course of progression of the paresis or paralysis as shown 
in the Case reports.

Case report 1: A 35-year-old male underwent success-
ful ocular surgery because of a traumatic corneal perfora-
tion of the left eye. In the postoperative follow-up period, 

the left pupil remained in mydriasis after sutures were 
removed and eyedrops were stopped. This was attributed to 
the ocular trauma and the use of atropine eyedrops. However, 
because anisocoria has to be considered as a PANIC sign in 
case of an ocular motor palsy, ocular motility was evaluated 
with orthoptic examination and Hess-screen registration. 
Hess-screen registration confirmed an unsuspected oculo-
motor nerve paresis (Fig. 6.10a), which in combination 
with the anisocoria makes a serious cause very likely. MRI 
studies confirmed a brain tumour (a meningioma).

Case report 2: A 6-year-old girl had a torticollis with 
the head tilted to the left for several years. Ocular examina-
tion showed a trochlear nerve paresis of the right eye with-
out other ocular or neurological abnormalities. Hess-screen 
registration confirmed the trochlear nerve paresis of the 
right eye without any change of ocular motility in a follow-
up period of 6 months (Fig. 6.10b). No PANIC signs devel-
oped. Strabismus surgery was successful (Fig. 6.10c).

Case report 3: A 44-year-old man visited the Department 
of Ophthalmology because of horizontal diplopia in gaze 
to the right. The patient was diagnosed elsewhere as idio-
pathic abducens nerve palsy of the right eye, because no 
abnormal neurological abnormalities were found. Hess-
screen registration confirmed the abducens nerve paresis 
of the right eye (Fig. 6.10d). Evaluation of PANIC signs 
disclosed corneal hypoaesthesia of the right eye, suggest-
ing a serious cause. New imaging studies revealed a right 
intracavernous aneurysm.

Selected Reference

Cruysberg JRM (1992) DON’T PANIC with ocular motor palsies. 
Lancet 340:1540
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Fig. 6.10 Hess-screen registrations: (a) oculomotor nerve paresis of the left eye; (b) trochlear nerve paresis of the right eye; (c) normal 
 Hess-screen after successful strabismus surgery; (d) abducens nerve paresis (courtesy Johannes Cruysberg, Nijmegen)
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Fig. 6.10 (continued)



2616.3 The Oculomotor, Trochlear and Abducens Nerves

Clinical Case 6.3 Lesions of the Oculomotor Nerve  

and Nucleus

The IIIth, IVth and VIth cranial nerves control the upper 
eyelids, the eye movements and the pupils. They run a gen-
erally converging course towards the apex of the orbit from 
widely separate origins in the brain stem (see Fig. 6.6). 
Their long intracranial courses make them vulnerable to 
damage by a wide range of disorders at various sites (Patten 
1977):
 1. Nuclear or fascicular lesions, usually with other brain 

stem damage pointing to the site of the lesion (see 
Case 2)

2. Lesions in the basilar area due to basal meningitis or a 
basilar aneurysm

3. Lesions due to aneurysms of other arteries such as the 
posterior communicating artery (see Case 1)

4. Lesions at the petrous tip, in which only the abducens 
nerve is vulnerable, due to otitis media or mastoiditis 
causing diffuse inflammation of the petrous bone and 
thrombosis of the overlying petrous sinuses; this results 

in severe ear pain and a combination of lesions of the 
abducens, facial and vestibulocochlear nerves, known 
as the Gradenigo syndrome

5. Lesions of the sinus cavernosus (see Clinical case 6.4)
 6. Lesions at the superior orbital fissure and the orbital 

apex, usually due to tumours, meningiomas in particular. 
Since the three oculomotor nerves are rather close together 
here, palsies of the IIIrd, IVth and VIth may occur in vari-
ous combinations. Involvement of the ophthalmic nerve 
(V1) may cause pain and later numbness in its dermatome 
with depression of the corneal response
Case report 1: An 88-year-old lady was first seen at the 

age of 88 for right oculomotor palsy. She was treated for 
trigeminus neuralgia before by an anaesthesiologist. Her 
further medical history was inconspicuous. On imaging, 
a large aneurysm of the right posterior communicating 
artery was found (Fig. 6.11a, b), which is a well-known 
cause of oculomotor nerve compression. She did not want 
to be treated surgically. In the course of the next years, she 
gradually developed also some weakness of the left side of 
the body due to compression of the right cerebral peduncle, 

Fig. 6.11 (a, b) MRAs showing a large aneurysm of the right posterior communicating artery compressing the oculomotor nerve (courtesy 
Peter van Domburg, Sittard)
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which caused incidental falling. Nonetheless, she remained 
self-supporting until the age of 88, when she decided to go 
to a rest-home.

Case report 2: A 69-year-old male presented with an 
invalidating right-sided tremor. He suffered from a hyper-
tensive lacunar stroke 4 months earlier that caused transient 
right hemiparesis and left oculomotor palsy. Afterwards, he 
gradually developed a coarse resting tremor of about 3 Hz. 
The tremor was drug resistant and gradually evolved into a 
more particular action and initiation tremor within 1 year. 
Such a midbrain or Holmes tremor has been attributed to a 
disruption of the dopaminergic and cerebellar outflow sys-
tems (see Chap. 10). The interval of weeks to years between 
the initial lesion and the onset is typical. An MRI showed a 
left-sided paramedian midbrain infarct (Fig. 6.12).

Selected Reference

Patten J (1977) Neurological differential diagnosis. Harold Starke/
Springer, London/Berlin

Clinical Case 6.4 Sinus Cavernosus Syndromes

Various pathological processes may affect the sinus caver-
nosus (Fig. 6.9), collectively known as sinus cavernosus 
syndromes. The relation of the sinus with the deep nasal 
and orbital venous structures allows the extension of 
inflammatory processes such as a nasal furuncle (“furuncu-
lus mortis”) towards the sinus cavernosus and may lead to 
thrombosis. A space-occupying lesion within the sinus 
cavernosus may become manifest by retro-orbital pain in 
combination with the loss of function of one or more of the 
four nerves in question. Examples are an aneurysm of the 
intracavernous (C3) part of the ICA and a metastasis of a 
malignancy within the sinus. The neurological symptoms 
and signs should be differentiated from a fissura orbitalis 
superior syndrome. In the superior orbital fissure, the four 
nerves are also in close relation. Here, they may be com-
pressed by a meningioma of the lesser wing of the sphenoid. 

In both instances, the loss of the cornea reflex at the side of 
the lesion is a characteristic feature. An inflammatory con-
dition of unknown origin affecting the sinus cavernosus is 
the Tolosa–Hunt syndrome.

Case report: A 74-year-old male patient was treated for 
renal disease, hypertension with left ventricular hypertrophy 
and a melanoma of the face. He developed complete ophthal-
moplegia of the left eye, visual field loss of the left eye, facial 
paresis and sensory loss of the left face. Further investigations 
were compatible with left-sided sinus cavernosus thrombo-
sis and occlusion of the central retinal vein. MRI showed 
distention and contrast enhancement of the sinus cavernosus 
and adjacent structures at the left side of the cranial base 
(Fig. 6.13). There was no recovery on anticoagulation ther-
apy. Laboratory investigation showed hyperhomocysteinae-
mia. After 1 year, he also developed a left-sided pontine 
infarct with right hemiparesis for which he had to be admitted 
to a nursing home, where he died after a few months.

Fig. 6.12 Flair MRI of a left-sided paramedian midbrain infarct 
resulting in a left oculomotor palsy (courtesy Peter van Domburg, 
Sittard)
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Fig. 6.13 (a, c) Axial and (b, d) coronal MRIs of a left-sided sinus cavernosus thrombosis (see text for further explanation; courtesy Peter van 
Domburg, Sittard)
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6.4  Eye Movements

Eye movements are highly coordinated and finely tuned; 
motor units of extraocular muscles include only three to six 
muscle fibres. Eye movements are in general conjugated and 
are usually divided into the following types: vestibulo-ocular 
reflexes (VORs), optokinetic responses, saccades, smooth 
pursuit movements, gaze holding and vergence movements, 
each of which is thought to be generated by relatively sepa-
rate oculomotor circuits (Büttner-Ennever and Horn 2004; 
Leigh and Zee 2006). The motoneurons of the oculomotor, 
trochlear and abducens nuclei form the final common path-
way for the control of the extraocular muscles. These nuclei 
are closely related to particular parts of the reticular forma-
tion, to the superior colliculus, the vestibular nuclear com-
plex and the cerebellum. The cerebral cortex and the basal 
ganglia are involved in visually guided and voluntary eye 
movements.

6.4.1  Overview

The following functional classes of eye movements are dis-
tinguished (Büttner-Ennever and Horn 2004; Leigh and Zee 
2006; Fig. 6.14):
•	 Vestibulo-ocular reflexes provide adjustment of the eye 

position in response to head movements. They are gener-
ated by sensory signals from the semicircular canals and 
the otoliths to the vestibular nuclear complex, which inner-
vates the ocular motor nuclei, mainly through the MLF (see 
Sect. 6.4.2). Prolonged stimulation leads to a nystagmus, a 
rhythmic oscillation of the eye balls with a slow, compen-
satory phase alternating with a fast, reset phase. The direc-
tion of the nystagmus is named after the fast phase.

•	 Optokinetic responses hold the image of the seen world 
steady on the retina during sustained head rotation. They are 
elicited by the movement of large visual fields across the 
retina. Extended stimulation in one direction produces opto-
kinetic nystagmus. Such movements across the retina gen-
erate responses in the retino-recipient accessory optic 
terminal nuclei of the mesencephalon (see Chap. 8). Together 
with the nucleus of the optic tract in the pretectum, they feed 
this information into the vestibulo-oculomotor circuits 
through which the optokinetic responses are generated.

•	 Saccades, or gaze shifts, are fast, ballistic conjugated eye 
movements to reset the eye position so that the image of an 
object in the periphery falls on the fovea. Premotor burst 
neurons in the paramedian pontine reticular formation 
(PPRF) activate eye muscle motoneurons during horizon-
tal saccades, whereas those in the rostral interstitial nucleus 
of the medial longitudinal fasciculus (riMLF) activate the 
eye muscles during vertical saccades (see Sect. 6.4.3).

•	 Smooth pursuit movements are used to follow a moving 
object so that the image is kept on the fovea. Retinal informa-
tion reaches via the lateral geniculate body and the primary 
visual cortex the posterior parietal cortex (PPC), which via 
dorsolateral pontine nuclei innervates the dorsal and ventral 
paraflocculus and the caudal vermis of the cerebellum. 
Cerebellar efferents generate smooth pursuit movements.

•	 Gaze holding is used to overcome the elastic properties 
of the eyeball in the orbit and serves to hold the eye in a 
new position after a quick movement. Gaze-holding cir-
cuits include the interstitial nucleus of Cajal (INC) and 
the nucleus prepositus hypoglossi with their reciprocal 
vestibular and cerebellar connections.

•	 Vergence movements refer to binocular disjugate move-
ments, during which each eye moves differently to keep 
the image in the fovea of both eyes when looking at objects 
at different distances from the viewer. If the object moves 
towards the viewer, the eyes converge; if the object moves 
away, the eyes diverge. Vergence premotor neurons have 
been found in the mesencephalic reticular formation dor-
sal to the oculomotor nucleus as well as in the pretectum.

6.4.2  The Vestibulo-Optokinetic System

The vestibular system stabilizes gaze and ensures clear vision 
during head movements, especially for those that occur dur-
ing locomotion. To hold gaze steady, the brain mainly uses 
labyrinthine and visual cues (optokinetic and smooth pursuit 
responses) but in patients with vestibular disease, information 
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Fig. 6.14 A simplified diagram of the premotor networks subserving 
five different types of eye movements and gaze holding. All the rela-
tively independent networks converge at the level of the motoneurons of 
the extraocular eye muscles. IC interstitial nucleus of Cajal, MRF mes-
encephalic reticular fomation, OKN optokinetic nystagmus, PHy peri-
hypoglossal nucleus, PPRF paramedian pontine reticular formation, 
riMLF rostral interstitial nucleus of the medial longitudinal fascicle, SC 
superior colliculus, VOR vestibulo-ocular reflex (after Büttner-Ennever 
and Horn 2004)
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from muscle spindles and joint receptors may substitute for 
deficient vestibular signals. Each semicircular canal (see 
Sect. 6.8.1) influences a pair of extraocular muscles that move 
the eyes approximately in the plane of that canal (McCrea 
et al. 1987a, b). A simplified scheme for the horizontal VOR 
is shown in Fig. 6.15. Hair cells in the ampulla of the left 
horizontal semicircular canal innervate both excitatory and 
inhibitory neurons in the medial vestibular nucleus. The pro-
jections from the excitatory neurons terminate in the contral-
ateral abducens nucleus, which innervates the right lateral 

rectus. The left medial rectus is activated through a disynaptic 
pathway through the left MLF to the oculomotor nucleus. The 
projections from the inhibitory neurons in the medial vestibu-
lar nucleus terminate in the ipsilateral abducens nucleus and 
inhibit the left lateral rectus and the right medial rectus. Hair 
cells in the left anterior and posterior semicircular canals 
innervate the superior and medial vestibular nuclei. Their 
probable connections for the vertical VORs are shown in 
Fig. 6.16. Vertical vestibular and pursuit signals ascend to the 
oculomotor and trochlear nuclei via the MLF.
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Fig. 6.15 The vestibulo-ocular reflex for horizontal eye movements. 
The horizontal semicircular canal and the motoneurons and extraocular 
muscles involved are indicated in light red. atd ascending tract of 
Deiters, HC horizontal semicircular canal, LV lateral vestibular nucleus, 
mlf medial longitudinal fascicle, MV medial vestibular nucleus, OS 
superior oblique muscle, RL, RM, RS lateral, medial and superior rectus 
muscles, III oculomotor nucleus, IV trochlear nucleus, VI abducens 
nucleus (after McCrea et al. 1987a, b)
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Fig. 6.16 The vestibulo-ocular reflex for vertical eye movements. The 
anterior semicircular canal and the involved motoneurons and extraocu-
lar muscles are indicated in light red, the posterior semicircular canal 
and associated structures in red. AC anterior semicircular canal, bc 
brachium conjunctivum, CS colliculus superior, mlf medial longitudinal 
fascicle, MV medial vestibular nucleus, OI, OS inferior and superior 
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lateral and medial rectus muscles, SV superior vestibular nucleus, III 
oculomotor nucleus, IV trochlear nucleus, VI abducens nucleus (after 
McCrea et al. 1987a, b)
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In normal situations, both labyrinths are stimulated in a 
reciprocal way that is indicated as a “vestibular harmony”. 
If, however, a disharmonious state of labyrinthine stimula-
tion occurs, either because of loss of function of one laby-
rinth or because of an overstimulation of the other one, the 
ensuing stimulation pattern will innervate the oculomotor 
system in such a way as though a movement of the head is 
occurring. Actually, a sham movement takes place but the 
compensatory VOR will occur all the same. The patient will 
become aware that he looks away from the object of his 
attention and will correct the position of his eyes. The con-
tinuing misstimulation of the vestibular system will repeat-
edly induce slow conjugated deviation of the eyes away 
from the point of fixation and a fast correction movement 
backwards. This type of eye movement disturbance is indi-
cated as nystagmus. Clinically, the nystagmus is named 
after its fast, corrective component but actually the slow 
phase is the pathological one (see Sect. 6.8.3). The optoki-
netic nystagmus is not related to the vestibular system. It is 
mediated by the so-called cortical fixation reflex and may be 
elicited by repetitiously moving objects in a fast sequence 
past the gaze of the test person. Its presence demonstrates 
the intactness of the cortical circuits involved (see Konen 
et al. 2005; Dieterich 2007).

6.4.3  Brain Stem Control of Horizontal 
and Vertical Eye Movements

The abducens nucleus is the final common pathway for 
horizontal conjugate eye movements. Its motoneurons 
innervate the ipsilateral lateral rectus, whereas axons of its 
interneurons cross the midline to ascend in the MLF to 
innervate the medial rectus motoneurons of the contralat-
eral oculomotor nucleus (Büttner-Ennever and Akert 1981; 
Carpenter and Carleton 1983). The ocular motoneurons for 
vertical eye movements lie in the oculomotor and trochlear 
nuclei. Premotor burst neurons in the PPRF activate eye 
muscle motoneurons during horizontal saccades, whereas 
those in the riMLF activate the motoneurons during vertical 
saccades (Fig. 6.17a). Bilateral chemical lesions of the 
PPRF selectively abolish horizontal saccades (Henn et al. 
1984), whereas bilateral chemical lesions of the riMLF 
abolish vertical and torsional saccades (Suzuki et al. 1995). 
Between saccades, the premotor neurons in the PPRF and 
the riMLF are inhibited by glycinergic omnipause neurons 
(OPNs) in the nucleus raphes interpositus (Horn et al. 
1994) that are tonically active in awake animals (Strassman 
et al. 1987). Burst neurons and OPNs are innervated by the 
superior colliculus, whereas the frontal eye fields (FEFs) 
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Fig. 6.17 (a) Brain stem centres (in light red) involved in the steering 
of conjugate eye movements (after Büttner-Ennever and Horn 2004) 
and (b) transverse section through the mesencephalon showing the 
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only contact the OPNs (Moschovakis et al. 1996). In the 
PPRF, two functional subgroups essential for the genera-
tion of horizontal saccades have been characterized (Horn 
et al. 1995; Horn 2006): premotor excitatory burst neurons 
(EBNs) are glutaminergic and form a compact group of 
medium-sized neurons in the dorsomedial part of the 
nucleus reticularis pontis caudalis, rostral to the level of the 
abducens nucleus. Inhibitory burst neurons (IBNs) are 
glycinergic and lie more caudally in the nucleus paragigan-
tocellularis dorsalis, just caudal to the abducens nucleus 
(McElligott and Spencer 2000).

In the wing-shaped riMLF of monkeys, dorsomedial to 
the red nucleus, premotor neurons for upward and down-
ward saccades appear to be intermingled (Büttner-Ennever 
and Büttner 1978; Büttner-Ennever et al. 1982; Moschovakis 
et al. 1991a, b; 1996; Horn and Büttner-Ennever 1998). 
Vertical and torsional GABAergic IBNs lie in the region of 
the INC and the riMLF (Horn 2006). All saccadic premotor 
neurons, labelled transneuronally with tetanus toxin frag-
ment C, and the OPNs contain the calcium-binding protein 
parvalbumin, which makes it possible to locate the homo-
logue cell groups in the human brain (Horn et al. 1995, 
1996, 2000, 2003; see Fig. 6.17b). In macaque monkeys, 
some neurons medial to the riMLF (the M-group) may be 
related to the coordination of the upper eyelids and eyes 
during upgaze (Horn et al. 2000). In both monkeys and 
humans, the M-group is strongly parvalbumin-immunore-
active and contains high levels of cytochrome oxidase 
activity. The INC is important for vertical gaze holding 
(Fukushima 1987) and is composed of densely packed par-
valbumin-immunoreactive neurons (Horn and Büttner-
Ennever 1998). The INC is reciprocally connected with 
several vestibular nuclei (Carpenter and Cowie 1985b; 
Kokkoroyannis et al. 1996).

Various lesions may affect the premotor structures. In 
monkeys, lesions affecting the medial vestibular nucleus 
and the adjacent prepositus hypoglossi nucleus resulted in 
severe impairment of fixation and slow eye movements 
(Cannon and Robinson 1987). Such selective lesions have 
not been reported in humans. When the medial vestibular 
nucleus is involved in Wallenberg syndrome, disturbances 
of the VOR and nystagmus occur (Vuilleumier et al. 1995; 
Leigh and Zee 2006). A unilateral lesion of the PPRF leads 
to absence of all ipsilateral saccades, including quick phases 
of nystagmus, with the result that both eyes remain on the 
midline. When the lesion affects the caudal part of the PPRF, 

there also occurs a sixth nerve paralysis, since the rootlets of 
the abducens nerve pass through this part of the PPRF.

Lesions of the MLF between the abducens and oculomo-
tor nuclei result in internuclear ophthalmoplegia (INO). 
Both horizontal and vertical eye movements are affected, 
since some of the MLF axons pass from the abducens 
interneurons to the medial rectus subdivision of the contral-
ateral oculomotor nucleus, whereas other axons carry ves-
tibular and smooth pursuit signals from vestibular neurons 
to midbrain nuclei for vertical gaze. The lesion may also 
involve the ipsilateral abducens nucleus, resulting in a “one-
and-a-half” syndrome (Pierrot-Deseilligny et al. 1981a), 
including complete paralysis of lateral conjugate eye move-
ments in one direction (the abducens nucleus lesion) with 
INO in the other direction (the MLF lesion). The eye ipsilat-
eral to the lesion remains immobile during all lateral eye 
movements, whereas the other eye can only abduct. Many 
disorders have been reported to cause INO (Leigh and Zee 
2006). Unilateral INO is usually related to ischaemia, 
whereas bilateral INO is mostly caused by multiple sclero-
sis (see Clinical case 6.5).

Clinical syndromes with vertical eye movement paralysis 
result from lesions affecting the riMLF region. Bilateral 
lesions, located medially and rostrally to the upper pole of the 
red nucleus, result in downward saccade paralysis (Parinaud 
syndrome), with preservation of the downward VOR (Pierrot-
Deseilligny et al. 1982). These lesions are usually due to a 
bilateral infarction in the territory of the posterior thalamo-
subthalamic paramedian artery (Büttner-Ennever et al. 1989b; 
see Clinical case 6.6). A unilateral lesion affecting the poste-
rior commissure or the adjacent pretectal region results in 
upward saccade paralysis with preservation of the upward 
VOR (Pierrot-Deseilligny et al. 1982; Ranalli et al. 1988). 
Large lesions affecting the region of the riMLF bilaterally, 
result in paralysis of upward and downward saccades with 
preservation of the vertical VOR (Büttner-Ennever et al. 1982; 
Pierrot-Deseilligny et al. 1982). For disturbances of the ner-
vous control of eyelid function, see Schmidtke and Büttner-
Ennever (1992) and Büttner-Ennever et al. (1996). Progressive 
supranuclear palsy (PSP), a neurodegenerative disease of 
later life, is characterized by abnormal eye movements, diffi-
culties with swallowing and speech, mental slowing, and dis-
turbance of tone and posture that leads to falls (see Chap. 11). 
The disturbance of eye movements is often present early in 
the course and presents itself as slowing of vertical saccades, 
especially downwards (see Clinical case 6.6).
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Clinical Case 6.5 Brain Stem Lesions Affecting Horizontal 

Eye Movements: INO

The syndrome of a lesion within the MLF, first extensively 
described in humans by Spiller (1924), consists of paraly-
sis of adduction with preserved convergence of the ipsilat-
eral eye and horizontal nystagmus in the contralateral 
abducting eye, and is known as INO. Many disorders have 
been reported to cause INO (Leigh and Zee 2006). 
Unilateral INO is usually related to ischaemia, whereas 
bilateral INO is largely due to demyelination associated 
with multiple sclerosis (see Case reports).

Case report 1: A 29-year-old fireman was seen because 
of recurrent double vision for 1 week, in particular when 
looking to the left upper side. It disappeared when he cov-
ered one of his eyes. Apart from a left oppressive feeling in 
his forehead, initially there were no other complaints. Two 
months later, he also developed slurred speech and loss of 
control over his left leg. Neurological examination showed 
a slight convergent skew deviation in the resting state of the 
eyes. There was paresis of adduction of the right eye, but 
no evident nystagmus in the left eye when it was abducted. 

Pupillary diameters and reactions were normal. A possible 
explanation could be a partial third nerve paralysis of the 
right eye but also an incomplete INO. On second examina-
tion, 2 months later, the ocular signs had disappeared but a 
Babinski sign was seen in the left leg. Cerebrospinal fluid 
(CSF) and MRI findings confirmed the diagnosis multiple 
sclerosis. Apart from brain stem lesions (Fig. 6.18), there 
were also multifocal signs of demyelination in the centrum 
semiovale.

Case report 2: A 57-year-old male was seen at an emer-
gency department after he suddenly experienced severe 
dizziness with double vision. He had no headache or other 
neurological complaints, apart from unsteady gait. He suf-
fered from a small stroke some years ago with transient 
weakness of the right body side. He was treated for hyper-
tension and hypercholesterolaemia and received antiplate-
let therapy. Neurological examination showed slight 
strabismus divergence, whereas on following finger move-
ments adduction of the right eye was impaired and the left 
eye showed a nystagmoid abduction movement in the same 
direction, suggesting unilateral INO. MRI showed conflu-
ent signal disturbances in the brain stem (Fig. 6.19a), 

Fig. 6.18 Axial (a) and coronal (b) T2-weighted MRIs of a case of internuclear ophthalmoplegia due to multiple sclerosis (courtesy Peter 
van Domburg, Sittard)
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Clinical Case 6.6 Brain Stem Lesions Affecting Vertical Eye 

Movements: Parinaud Syndrome

Vertical gaze palsies generally result from tumours or vas-
cular infarcts in the mesencephalon. Cases of downward 
gaze paralysis are rarely seen. Paralysis of upward eye 
movements alone is relatively common. It is usually com-
bined with disturbances of pupillary light reflexes, accom-
modation and eyelid retraction, known as Parinaud 
syndrome (Parinaud 1883). Büttner-Ennever et al. (1982) 
discussed six cases with isolated paralysis of downward 
gaze with bilateral lesions from the literature. The region 
most commonly involved lies around the rostral interstitial 
nucleus of the MLF (riMLF) and the nucleus of 
Darkschewitsch. Büttner-Ennever et al. (1982) examined 

four unilateral lesions giving rise to isolated upward gaze 
paralysis from the literature and found that the common 
lesioned area lies more caudal and ventral than that causing 
an isolated paralysis of downward gaze. The structures most 
involved included the posterior commissure and its nucleus, 
the INC and the nucleus of Darkschewitsch. Two unilateral 
and three bilateral lesions from the literature, giving rise to 
upward and downward gaze paralysis were also discussed. 
For a case of Parinaud syndrome, see the Case report.

Case report: A 39-year-old woman experienced acute 
double vision during a cycle tour. She also had bitemporal 
headache and could no longer bring her surroundings into 
focus. Her gait was uncertain but there were no other focal 
neurological signs or changes in consciousness or cogni-
tion. Her previous medical history was blank, apart from 

Fig. 6.19 Axial MRI (a) and DWI (b) of a brain stem infarct causing internuclear ophthalmoplegia (courtesy Peter van Domburg, Sittard)

whereas diffusion-weighted images showed a diffusion 
deficit located in the MLF (Fig. 6.19b). At the supratento-
rial level, there were some older asymptomatic lacunar 
ischaemic lesions. The patient recovered within a week and 
he experienced only some dizziness on discharge.
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migraine and she used to smoke a few cigarettes every day. 
Several first-grade family members had suffered from car-
diovascular disease. On admission, she could walk unaided 
and there was a divergent strabism of the left eye, which 
only showed some nystagmoid adduction movements. 
Most prominent were a complete vertical gaze paresis, 
diminished pupillary reflexes and eyelid retraction. Addi-
tional investigations showed hyperglycaemia with elevated 
HbA1,c which was treated with oral antidiabetic medica-
tion. MRI showed a central midbrain lesion (Fig. 6.20). 
The infarct extended slightly bilaterally into the thalamus, 

suggesting that it was caused by occlusion of the interpe-
duncular artery (see Chap. 2). Recovery after 1 year was 
complete.
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Fig. 6.20 Sagittal (a) and axial (b) MRIs of a case of Parinaud syndrome (courtesy Peter van Domburg, Sittard)

6.4.4  Voluntary Control of Eye Movements

Saccades and pursuit eye movements are controlled by dif-
ferent cortical areas. Each hemisphere appears to control eye 
movements in both lateral directions. Two main cortical 
areas trigger saccades (Pierrot-Deseilligny et al. 1997): (1) 
the FEF, located in the posterior part of the middle frontal 
gyrus and the adjacent motor area (Fox et al. 1985), controls 
intentional saccades, made in the context of learned or 
remembered behaviour; and (2) the PPC, in humans located 
in the intraparietal sulcus bordering the angular gyrus (Müri 
et al. 1996b), could be mainly involved in the triggering of 

reflexive saccades, made to the locations of novel targets 
suddenly appearing in the external world (Leigh and Zee 
2006). The cerebral cortex can trigger saccades via parallel 
descending pathways to the brain stem reticular formation 
(Pierrot-Deseilligny et al. 2004; Fig. 6.21): (1) a direct path-
way from the FEF to the premotor burst neurons in the PPRF 
and riMLF; and (2) a second path from the PPC with a relay 
in the superior colliculus, before reaching these premotor struc-
tures. The frontal lobe contains three areas that contribute to the 
programming of saccades. FEF neurons discharge before visu-
ally guided and memory-related saccades occur. The supple-
mentary motor area (SMA) seems to be important for 
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the control of sequences of memory-guided saccades and 
complex oculomotor behaviour. The dorsolateral prefron-
tal cortex (DLPC) may contribute to programming of sac-
cades to remembered target locations. The FEFs project to 
the superior colliculus, the brain stem reticular formation 
and, via pontine nuclei, to the cerebellum.

In monkeys, saccades can no longer be triggered after 
bilateral lesions affecting the superior colliculus and the FEF 
(Schiller et al. 1980). In humans, the same holds for lesions 
affecting both the PPC and the FEF (Pierrot-Deseilligny 
et al. 1988; Dehaene and Lammens 1991; Genc et al. 2004; 
see Clinical case 6.7). Posterior parietal lesions impair 
smooth pursuit, predominantly in the ipsilateral direction 
(Morrow and Sharpe 1990). In monkeys, the middle tempo-
ral visual area (MT) is especially sensitive to visual target 
motion (see Chap. 8). Area MT sends this motion signal to the 
ipsilateral and contralateral medial superior temporal visual 
areas (MST). MST cells respond to visual targets moving 
towards the ipsilateral side (see Leigh and Zee 2006). In 
humans, these two areas could lie adjacent to each other at the 
parietotemporo-occipital junction (areas 19, 37 and 39 of 
Brodmann). A unilateral lesion limited to area MT results in 
contralateral bilateral impairment of smooth pursuit initiation 
when the target is in the contralateral visual field (Thurston 
et al. 1988). A unilateral lesion affecting area MST results in 
a decrease in smooth pursuit gain, bilaterally more markedly 
in the movement directed ipsilaterally to the lesion (Thurston 
et al. 1988). Lesions affecting the FEF also result in a decrease 
in ipsilateral smooth pursuit gain (Morrow and Sharpe 1990; 
Rivaud et al. 1994). Bilateral PPC lesions result in Bálint 
syndrome, which includes optic ataxia, peripheral visual inat-
tention and severe deficits of smooth pursuit and reflexive 
visually guided saccades, whereas intentional saccades per-
sist (Pierrot-Deseilligny et al. 1986; see also Chap. 15).
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Fig. 6.21 Cortical centres involved in the steering of conjugate eye 
movements (based among others on Pierrot-Deseilligny et al. 2004). CS 
colliculus superior, DLPFC dorsolateral prefrontal cortex, FEF frontal 
eye field, IPA intraparietal area, PEF parietal eye field, PH nucleus 
prepositus hypoglossi, PPRF paramedian pontine reticular formation, 
Pul pulvinar, riMLF rostral interstitial nucleus of medial longitudinal 
fascicle, SEF supplementary eye field, III oculomotor nucleus, IV tro-
chlear motor nucleus, VI abducens nucleus

Clinical Case 6.7 Paralysis of Saccades and Pursuit

Paralysis of saccades and pursuit is characterized by the 
inability to generate intentional saccades and smooth pur-
suit in the horizontal and vertical planes. Saccades evoked 
by vestibular stimulation are present. The syndrome has 
been described as acquired ocular motor apraxia (Pierrot-
Deseilligny et al. 1988; Genc et al. 2004). The syndrome 
results from bilateral lesions involving the frontal and the 
parietal cortex. Dehaene and Lammens (1991) reported 
one case with postmortem findings (see Case report).

Case report: A 73-year-old woman was resuscitated 
after a cardiac arrest. She rapidly recovered and was 
examined in the intensive care unit while intubated. Her 

consciousness was normal. There was no limb paralysis. 
Facial and eyelid movements were normal, spontaneously 
as well as on command. The pupillary light reflex was 
present. There was no hemianopia. Detailed evaluation of 
neglect was impossible but no major visual neglect and no 
optic ataxia were found. The eyes were in the midline 
position and immobile. Saccades to command and visu-
ally guided saccades were absent in both the horizontal 
and vertical planes. Sporadically, saccade-command elic-
ited a head movement associated with a slow vestibular 
eye movement in the opposite direction. Smooth pursuit 
was absent in all directions. Optokinetic stimulation 
 provoked no eye movements. Oculocephalic movements 
were present. Cold water irrigation of one ear provoked a 
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tonic deviation of both eyes to the irrigated side, with 
irregular, small corrective saccades in the opposite direc-
tion. Convergence was absent. The patient’s situation 
deteriorated after 5 days because of a pulmonary infec-
tion. She died 30 days after the appearance of the eye 
movement disorder. Evaluation of volitional eye move-
ments became impossible because of sedation.

At autopsy, atheromatous plaques were seen in both 
carotid arteries but without stenosis. There was a severe 
coronary atheromatosis and a recent myocardial infarc-
tion. The brain stem with the collicular area was normal. 
Circumscribed areas of pseudolaminar necrosis were 
found in the superior bank of the left inferior frontal sulcus 
(the middle frontal gyrus), immediately rostral to the pre-
central gyrus, and in the upper and lower banks of the left 
intraparietal sulcus, involving the angular gyrus. The left 
frontal lesion (Fig. 6.22a) was 7 mm long in the coronal 
plane and present in only one section, with slices taken 
every 5 mm. The left parietal lesion (Fig. 6.22b) had a 
length of 15 mm in the coronal plane and was seen in two 
consecutive sections. On the right side, several cortical 
micro-infarctions were seen in the depth of the right infe-
rior frontal sulcus, involving both banks, rostral to the pre-
central gyrus, and in the depth of the intraparietal sulcus, 
involving the angular gyrus. All the lesions were compati-
ble with a 30-day-old ischaemia and were interpreted as 
borderzone infarcts after systemic hypotension.

This case clearly shows that small bilateral cortical 
lesions in the posterior part of the middle frontal gyri (the 
FEFs) and in the inferior parietal lobules (the parietal eye 
fields) can completely abolish intentional saccades and 
smooth pursuit eye movements.
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Fig. 6.22 Pseudolaminar necrosis in the superior bank of the left 
inferior frontal sulcus (a) and in the upper and lower banks of the left 
intraparietal sulcus (b) following cardiac arrest (from Dehaene and 
Lammens 1991; courtesy Martin Lammens, Nijmegen)

6.5  The Trigeminal Nerve

6.5.1  The Sensory Part of the Trigeminal Nerve

The trigeminal nerve is a mixed nerve that supplies the 
skin and mucous membranes of the face and the teeth with 
sensory fibres (the portio major) and innervates the masti-
catory muscles via its portio minor. The entrance of the 
trigeminal nerve into the pons can easily be visualized by 

MRI (Fig. 6.23). The main branches of the nerve are shown 
in Fig. 6.24a, and the respective dermatomes in Fig. 6.24b. 
Somatosensory fibres in the large semilunar or trigeminal 
ganglion have peripheral branches in the three main divi-
sions: the ophthalmic (V1), maxillary (V2) and mandibu-
lar (V3) nerves. The central processes of the ganglion cells 
terminate in the three sensory trigeminal nuclei, spinal, main 
sensory and mesencephalic (see Chap. 4). The portio minor 
joins the mandibular nerve and innervates the masticatory 
muscles (the masseter, temporal and medial and lateral 
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Fig. 6.23 (a) MRI and (b) corresponding 
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(after ten Donkelaar et al. 2007a)
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 pterygoids), the anterior belly of the digastric, the tensor 
tympani of the middle ear and the tensor veli palatini. The 
most frequent disorder of the trigeminal nerve is trigeminal 
neuralgia. It starts in the second and third divisions of the 
trigeminal nerve and affects the cheek or the chin (Bowsher 
1997; Love and Coakham 2001). The essential features of 
idiopathic trigeminal neuralgia are defined by the International 
Association for the Study of Pain (ISAP) as sudden, tran-

sient bouts of superficially located pain, strictly confined to 
one or more divisions of the trigeminal nerve, usually pre-
cipitated by light mechanical activation of a trigger point or 
area. This painful disorder undergoes spontaneous remis-
sions and recurrences. The majority of cases are caused by 
vascular compression of the trigeminal nerve at its point of 
entry into the pons (Jannetta 1980; see Clinical cases 4.13 
and 6.8).

Clinical Case 6.8 Trigeminal Neuralgia

Trigeminal neuralgia is a disabling paroxysmal disorder 
consisting of sudden lightning stabs of pain of short 
duration, most often localized in the distribution area of 
the maxillary or mandibular branches of the trigeminal 
nerve. The majority of cases are caused by vascular com-
pression of the trigeminal nerve at its point of entry into 
the pons (Jannetta 1977; Love and Coakham 2001; see 
Case report).

Case report: A 75-year-old female presented with neu-
ralgic pain, more in particular of the orbital branch of the 
trigeminal nerve, but to a lesser degree of the maxillary and 
mandibular branches. The pain had an episodic course with 
tingling, itching and sometimes sharp sensations. An MRI 
in the CISS sequence, accentuating contours instead of par-
enchymatous details, showed crossing of the elongated 
superior cerebellar artery with the trigeminal root, as is 
often seen in the elderly (Fig. 6.25).
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Jannetta PJ (1977) Observations on the etiology of trigeminal neural-
gia, hemifacial spasm, acoustic nerve dysfunction and glossopha-
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Fig. 6.25 A case of trigeminal neuralgia due to compression of the 
trigeminal root by an elongated superior cerebellar artery (courtesy 
Peter van Domburg, Sittard)

6.5.2  The Motor Part of the Trigeminal Nerve

The masticatory muscles are innervated by the trigeminal 
motor nucleus. The trigeminal, facial and ambiguus motor 
nuclei form the branchiomotor nuclei. The trigeminal motor 
nucleus is innervated by various brain stem structures and by 
the cerebral cortex. In cats, corticobulbar fibres terminate 
predominantly in the lateral tegmental field (Kuypers 1958a), 
in monkeys and humans also directly in the trigeminal motor 
nucleus (Kuypers 1958b, c). In cats, Holstege and Kuypers 

(1977) studied the local bulbar connections to the Vth, VIIth 
and XIIth motor nuclei with anterograde degeneration tech-
niques. Their findings suggested the presence of a lateral 
and a medial propriobulbar fibre system within the lateral 
tegmental field. The lateral propriobulbar system projects 
mainly ipsilaterally to these motor nuclei, the medial system 
bilaterally. With anterograde tracing, the origin of these 
systems was further substantiated (Holstege et al. 1977). 
Neurons in the lateral part of the lateral tegmental field form 
the lateral propriobulbar system and distribute fibres mainly 
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to the ipsilateral bulbar motor nuclei (Fig. 6.26). Neurons in 
the medial part of the lateral tegmental field form the medial 
propriobulbar system, which is organized bilaterally and 
tends to distribute fibres to the motor nuclei bilaterally. The 
various neuronal cell groups, which project through the 
medial propriobulbar system to the different motor nuclei 
bilaterally, show relatively less spatial segregation than those 
which project through the lateral system to these motor 
nuclei. In rats, Fay and Norgren (1997a) studied the premo-
tor system of masticatory motoneurons with the transneu-
ronal tracer pseudorabies virus. They confirmed Holstege’s 
data on the propriobulbar systems for the innervation of 
trigeminal motoneurons in cats, but moreover found a num-
ber of other brain stem centres innervating the trigeminal 
motoneurons. Transneuronally labelled neurons were found 
in regions already known to project to the trigeminal motor 
nucleus such as the nucleus subcoeruleus, trigeminal sensory 
areas, the parvocellular reticular formation and dorsal med-
ullary tegmental fields, but also in many other areas of the 

brain stem including the periaqueductal grey, the dorsal 
raphe, the laterodorsal and pedunculopontine tegmental 
nuclei, the substantia nigra and various parts of the pontine 
and medullary reticular formation. They showed that orofa-
cial muscles (masticatory, facial and lingual) are innervated 
by a complex, but remarkably uniform network of multisyn-
aptic connections in the brain stem.

In clinical neurophysiology, the following brain stem 
reflexes related to the trigeminal nerve are currently 
tested: the early (R1) and late (R2) blink reflexes, early (SP1) 
and late (SP2) masseter inhibitory reflexes, and the jaw 
reflex (Cruccu et al. 2005). Multiple reflex abnormalities 
reflect damage of the primary afferent neurons. Cruccu and 
co-workers studied these brain stem reflexes in 180 patients 
with focal brain stem infarction. Patients with abnormalities 
in R1, SP1 and R2 had lesions involving the primary sensory 
neurons in the ventral pons, before the afferent fibres directed 
to the respective reflex circuits diverge. Patients with an iso-
lated abnormality of R1 and SP1 responses had lesions that 
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Fig. 6.26 Diagrams showing the distribution of fibres from neurons in 
the lateral and the medial parts of the bulbar lateral tegmental field to 
the trigeminal (Vm), facial (VII) and hypoglossal (XII) motor nuclei. 
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neurons in the medial part (b). In (c) the ascending and descending 
projections from the medial tegmental field are shown. Abbreviations: 
BC brachium conjunctivum, CN cochlear nerve, LTB lateral tegmental 
bundle, NV trigeminal nerve, PB parabrachial nucleus, RN red nucleus 
(after Holstege et al. 1977)
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involved the ipsilateral dorsal pons, near the floor of the 
fourth ventricle. The area with the highest probability of 
lesion for the R2-afferent abnormality was in the ipsilateral 
dorsolateral medulla at the level of the inferior olive. The jaw 
jerk, the most widely used brain stem reflex in clinical neu-
rophysiology, had no apparent topodiagnostic value.

Touching the (edge of the) cornea with a wisp of cotton 
elicits bilateral blinking, the corneal reflex. The blink reflex 
is an important reflex in clinical studies (see Ongerboer de 
Visser and Kuypers 1978; Ongerboer de Visser 1980; 

Aramideh et al. 1997; Aramideh and Ongerboer de Visser 
2002; Cruccu et al. 2005). It consists of two responses, R1 
and R2 (Fig. 6.27a), R1 is unilateral, R2 bilateral. The affer-
ent limb of this multisynaptic reflex is formed by the oph-
thalmic division of the trigeminal nerve, its efferent one by 
the facial nerve. The central pathway, through which the 
blink reflex responses are mediated, include the spinal 
trigeminal complex and the lateral tegmental field. The blink 
reflex can be interrupted by various types of brain stem 
lesions (see Fig. 6.27b and Clinical case 6.9).

Clinical Case 6.9 Late Blink Reflex Changes in Lateral 

Medullary Lesions

The blink reflex is an important reflex in clinical studies 
(see Ongerboer de Visser 1980; Aramideh et al. 1997; 
Cruccu et al. 2005). It consists of two responses, R1 and R2 
(Fig. 6.27). R1 is unilateral and occurs at a latency of about 
10 ms ipsilateral to the side of stimulation of the supraor-
bital nerve. The second or late response, R2, is bilateral 
and has a latency of some 30 ms. The common afferent limb 
of the reflex components is the ophthalmic division of the 
trigeminal nerve. The facial nerve is the common efferent 
limb. The central pathway, through which the blink reflex 
responses are mediated, includes the spinal trigeminal com-
plex and the lateral tegmental field. Ongerboer de Visser 
and collaborators studied several cases of brain stem lesions 
involving late blink reflex changes (Ongerboer de Visser 
1980; Aramideh et al. 1997; see Case report).

Case report: A 61-year-old hypertensive woman sud-
denly experienced diminished sensation of the left side of 
the body, followed by dysphagia and dysphonia. Physical 
examination revealed an alert woman with a blood pressure 
of 190/110 mm Hg and a regular pulse rate of 76/min. 
There was a right-sided Horner. The right corneal reflex 
response was absent after stimulation of either side, whereas 
a touch of the right or left cornea elicited a normal response 
in the left orbicularis oculi muscle. The strength of the 
facial muscles was normal on both sides. A paresis of the 
right soft palate was noted. No sensory deficits were found 
in the face and vibration sense was normal on the left side. 
Other sensory modalities were disturbed in the limbs and 
trunk on the left side. Stimulation of the right supraorbital 
nerve, ipsilateral to the side of the lesion, elicited a normal 
ipsilateral R1 response with a latency of 10 ms and a  normal 
contralateral R2 response with a latency of 30 ms (Fig. 6.28a), 

but no ipsilateral R2 response could be recorded. Stimulation 
of the left supraorbital nerve evoked normal ipsilateral R1 
and R2 responses, but no contralateral R2 response could 
be elicited.

Seven months later, the patient died from a myocardial 
infarction. Autopsy showed an infarction in the right med-
ullary lateral tegmental field between the inferior olive and 
the spinal trigeminal complex (Fig. 6.28b). Rostrally, the 
lesion extended slightly rostral to the inferior olive and 
caudally as far as the level of the crossing fibres of the 
medial lemniscus. The lesion included the caudal portion 
of the nucleus ambiguus and the spinothalamic tract.

In this patient as well as in the second case with a more 
caudal lesion reported by Aramideh et al. (1997), the R1 
responses were normal. This type of “tegmental type” R2 
abnormality is likely due to a lesion of the lateral tegmental 
field, anywhere from the caudal medulla oblongata to the 
pontomedullary level (see Fig. 6.27), and is characterized 
by the absence of the R2 response ipsilateral to the lesion 
and a normal contralateral R2 response. In patients with this 
type of R2 response abnormality, the sensory modalities of 
the face and the strength of the facial muscles are normal.
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Fig. 6.28 (a) Blink reflexes in a patient with a right-sided lesion of 
the lateral medulla oblongata. The upper three pairs of traces repre-
sent reflex responses in the right (R) and left (L) orbicularis oculi 
muscles after stimulation of the right supraorbital nerve (R*). No ipsi-
lateral R2 response can be recorded on the right side after stimulation 
of the right supraorbital nerve. The ipsilateral right R1 response and 
contralateral left R2 response are elicited normally. The lower three 
pairs of traces represent reflex responses in the left (L) and right (R) 

orbicularis oculi muscles after stimulation of the left supraorbital 
nerve (L*). Normal ipsilateral R1 and R2 responses are recorded on 
the left side, whereas no contralateral right R2 response can be 
recorded after stimulation of the left supraorbital nerve. (b) LFB-
stained section of the medulla oblongata showing an infarct in the 
lateral tegmental field between the inferior olivary nucleus and the 
spinal trigeminal nucleus (from Aramideh et al. 1997; courtesy Majid 
Aramideh, Alkmaar; with permission from Oxford University Press)
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6.6  The Facial Nerve

The facial nerve is a mixed nerve with several functions: (1) 
it is the motor nerve for facial expression; (2) its parasympa-
thetic branches innervate the submaxillary and sublingual 
glands as well as the lacrimal gland and glands of the nasal 
cavity and (3) it relays taste information from the rostral two-
thirds of the tongue (see Sect. 6.7). The latter two compo-
nents are also known as the intermediate nerve of Wrisberg. 
The exit of the facial nerve from the pons is shown in 
Fig. 6.29. The main branches of the facial nerve are shown in 
Fig. 6.30. The tortuous peripheral course of the facial nerve 
from the pons to the parotid is fairly constant and, although 
several variations with clinical significance have been 
described, variation is the exception rather than the rule 
(Gasser and May 2000). Peripheral lesions of the facial 
nerve are discussed in Clinical case 6.10 and congenital 
facial palsy in Clinical case 6.11.

In macaque monkeys, the facial motor nucleus can be 
divided into dorsal, intermediate, medial and lateral subdi-
visions, innervating the frontalis, orbicularis oculi, auricular 
and perioral muscles, respectively (Morecraft et al. 2001). 
In humans, the number of facial motoneurons is between 
4,500 and 9,460 (van Buskirk 1945). In rhesus monkeys 

(Macaca mulatta), Morecraft et al. (2001) studied the corti-
cobulbar projections to the facial nucleus. Although all 
cortical face representations innervate all nuclear subdivi-
sions to some degree (see Chap. 9), the primary motor cor-
tex (M1), the dorsal and ventral parts of the lateral premotor 
cortex, and the caudal cingulate motor area all project pri-
marily to the contralateral lateral subnucleus, which inner-
vates the perioral muscles. The SMA (M2) projects 
bilaterally to the medial subnucleus, which supplies the 
auricular muscles. The rostral cingulate motor area projects 
bilaterally to the dorsal and intermediate subnuclei, which 
innervate the frontalis and orbicularis oculi muscles, respec-
tively. These data indicate that the various cortical face rep-
resentations may mediate different aspects of facial 
expression. Kuypers (1958b) studied the corticofacial pro-
jections in humans (see Chap. 9). In rats, Fay and Norgren 
(1997b) studied the premotor systems of facial motoneurons 
with the transneuronal tracer pseudorabies virus, and found 
a pattern of innervation remarkably similar to that for 
trigeminal motoneurons (see Sect. 6.5). Corticofacial pro-
jections normally reach the facial motor nucleus at its loca-
tion in the caudal pons. Occasionally, however, corticofacial 
fibres continue caudally and reach the facial nucleus via the 
medial lemniscus (Yamashita and Yamamoto 2001). In other 
cases, corticofacial fibres may course with the pyramidal 
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tract to the medulla oblongata, cross the midline and ascend 
in the dorsolateral tegmentum to the facial nucleus (Urban 
et al. 2001a). A lesion after crossing of the corticofacial pro-
jections in the lateral medulla may explain the presence of 
an ipsilateral central facial paresis (Urban et al. 1998, 1999) 
or its occurrence in cases of Wallenberg syndrome (see 
Clinical case 9.10).

Preganglionic parasympathetic fibres of the facial nerve 
arise in the superior salivatory nucleus and form two major 
branches: (1) the greater petrosal nerve for the lacrimal and 
nasopalatine glands (with postgangionic neurons in the sphe-
nopalatine ganglion); and (2) the chorda tympani (with post-
ganglionic neurons in the submandibular ganglion), which 
innervates all salivary glands, except the parotid.

Clinical Case 6.10 Facial Nerve Paralysis

Peripheral lesions of the facial nerve include Bell’s palsy, 
the Ramsay–Hunt syndrome and hemifacial spasm. Bell’s 
palsy is one of the most common neurological disorders. It 
consists of an acute paralysis often preceded by a history of 
aching pain in and around the ear on the day of onset. The 
palsy is usually complete at the onset, but recovery may be 
so rapid that the palsy appears incomplete by the time the 
patient is first seen. The prognosis is usually excellent, 
some 80% of the patients completely recovered in 2–6 
weeks. The aetiology of Bell’s palsy is thought to be a viral 
infection with damage to the swollen nerve caused by 
entrapment in the facial canal. In the Ramsay-Hunt syn-
drome, the facial nerve is damaged by the herpes zoster 
virus. Very severe pain in the ear may precede the facial 
weakness by 24–26 h with the later eruption of vesicles in 
or around the external auditory meatus or over the mastoid 
process. Other cranial nerves may also be involved, partic-
ularly the trigeminal nerve with sensory loss over the face 
and numbness of the palate due to a glossopharyngeal 
nerve lesion. The majority of patients recover to some 

extent but only 50% fully recover. Hemifacial spasm has 
many similarities to trigeminal neuralgia. Both are often 
caused by minor anatomical variations of blood vessels 
overlying the nerve. Hemifacial spasm consists of continu-
ous twitching movements usually maximal around the eye 
and the mouth. The condition is often more annoying and 
embarrassing than unpleasant. It may occur at any age but 
is more commonly found in older age groups. Tumours at 
the cerebellopontine angle, basilar artery aneurysms and 
basal meningitis may all be responsible for this condition, 
but in most cases no definite cause is found. A case of 
a juvenile transient facial paralysis is shown as Case 
report.

Case report: An 8-year-old boy was wakening up in the 
morning with very mild paraesthesias in his right ear and a 
mild right-sided flaccid cheek (Fig. 6.31a). The paralysis 
reached its maximum in a few hours. When trying to smile, 
his mouth was pulled to the opposite non-paralysed side 
(Fig. 6.31b). Lacrimation was preserved but taste was 
reduced. There was no hyperacusis. After 10 days, the 
weakness spontaneously resolved within a week. Recovery 
was complete.
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afferents, tp tympanic plexus, Ty tympanic nerve, Zy zygomatic nerve 
(after ten Donkelaar et al. 2007a)
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Fig. 6.31 A juvenile case of a transient peripheral facial paralysis: (a) mild right-sided flaccid cheek; (b) during smiling (courtesy Willy 
Renier, Nijmegen)

Clinical Case 6.11 Congenital Facial Palsy

Neuropathological data on hereditary congenital facial 
palsy are scarce. Verzijl et al. (2005) described a marked 
decrease in the number of neurons in the facial motor 
nucleus in three members of a family with autosomal dom-
inant congenital facial palsy (see Case report).

Case report: Brain stem pathology could be studied in 
three affected female members of a family with autosomal 
dominant, congenital, non-progressive facial palsy linked 
with chromosome 3q (Kremer et al. 1996). Two of them, 
sisters, died at the ages of 88 and 86 years, respectively, 
owing to unspecific causes. The third patient, a grand-
daughter of the second patient, died suddenly because of an 
undiagnosed acute bacterial meningitis, at the age of 41 
years. Patients 1 and 2 showed bilateral congenital facial 

paresis. In the first patient, the left side was more affected 
than the right side, whereas in the second patient the right 
side was more affected than the left side. The third patient 
showed a congenital right-sided facial palsy. Data on the 
facial nuclei of one of the two sisters and of the grand-
daughter are shown in Fig. 6.32. The number of cells in 
each facial nucleus was estimated by counting the distinct 
nucleoli of facial motoneurons in every tenth 8-mm-thick, 
cresylviolet-stained section and by multiplying the number 
obtained by 10. The number of facial motoneurons clearly 
corresponded with the presence of ipsilateral or bilateral 
facial palsy and the grade of affection. The first case showed 
a bilateral decrease in the number of facial motoneurons, 
the left side (Fig. 6.32c) being more affected than the right 
side (Fig. 6.32d). In the left facial nucleus, 520 motoneu-
rons were estimated and in the right nucleus 950. In the 
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second case, the right side was more affected: 960 motoneu-
rons were estimated at the left side and 600 at the right 
side. In the third case with ipsilateral, right-sided facial 
palsy, in the right facial nucleus only 280 motoneurons 
were present (Fig. 6.32e), whereas in the left, apparently 
normally functioning nucleus 1,680 neurons were esti-
mated (Fig. 6.32f). In three age-matched controls, the num-
ber of neurons ranged between 5,030 and 8,700, comparable 
to van Buskirk’s (1945) data obtained from 37 control cases 
(5,400–9,460 facial motoneurons, with a mean of 6,811).
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Fig. 6.32 Two related cases, an 88-year-old woman (a, c, d) and her 
41-year-old granddaughter (b, e, f) with congenital facial paralysis: 
a, b sections through the pons with the level of the facial nuclei indi-

cated; c, d details of the left and right facial motor nuclei in the first 
patient; e, f details of the left and right facial motor nuclei of her 
granddaughter (from ten Donkelaar et al. 2006).
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6.7  The Gustatory System

The peripheral gustatory apparatus includes various types 
of taste buds on the dorsum of the tongue, the palate and the 
pharynx (see Pritchard and Norgren 2004). On the rostral 
part of the human tongue, taste buds occur in the fungiform 
papillae, but most taste buds are located on the sides of the 
foliate papillae along the lateral edges of the tongue and in 
the trenches of the circumvallate papillae on the posterior 
part of the tongue (Fig. 6.33). In general, the chorda tympani 
branch of the facial nerve innervates the rostral two-thirds of 
the dorsum of the tongue, whereas the lingual branch of the 
glossopharyngeal nerve innervates the posterior one-third. 
Gustatory input from the palate and pharynx most likely 
travels via branches of the glossopharyngeal and vagus 
nerves.

Primary gustatory afferents project to the nucleus of 
the solitary tract (Beckstead and Norgren 1979; Satoda 
et al. 1996; see Fig. 6.34c). In monkeys, axons of the inter-
mediate nerve that innervate taste buds on the rostral part of 
the tongue and the soft palate terminate within the lateral 
part of the nucleus of the solitary tract. The glossopharyn-
geal nerve terminates within both the lateral and medial divi-
sions of the rostral part of the nucleus of the solitary tract. 

The terminations of gustatory fibres passing via the VIIth, 
IXth and Xth cranial nerves overlap considerably. The termi-
nal distributions of these nerves within the nucleus of the 
solitary tract suggest a subdivision of the nucleus into rostral 
(gustatory) and caudal (visceral) segments (Beckstead and 
Norgren 1979; Pritchard and Norgren 2004). For the human 
brain stem, Olszewski and Baxter (1954) distinguished 
medial and lateral subdivisions as well as a rostral prefacial 
extension, termed the nucleus ovalis. Törk and collaborators 
subdivided the human nucleus of the solitary tract into ten 
subnuclei, of which at least one, the interstitial nucleus, con-
tains gustatory neurons (Törk et al. 1990; McRitchie and 
Törk 1993). Of the human cases summarized by Pritchard 
and Norgren (2004), the case of Nageotte (1906) is the most 
informative. Postmortem examination of a patient with stom-
ach cancer, who developed a right facial paralysis a month 
prior to death, revealed a metastasis in the facial canal just 
below the geniculate ganglion. In Marchi material, Nageotte 
(1906) traced degenerating axons to what was then known as 
the nucleus or gelatinous substance of the solitary bundle 
(Fig. 6.34a, b), which is comparable to the nucleus ovalis of 
Olszewski and Baxter (1954) and the interstitial nucleus of 
McRitchie and Törk (1993).

In primates, ascending gustatory projections from the 
nucleus of the solitary tract reach the ventrobasal thalamus 
(Beckstead et al. 1980; Pritchard et al. 2000). Projections 
from the rostral, primarily gustatory, part of the nucleus of 
the solitary tract, ascend in the ipsilateral central tegmental 
tract, bypass the parabrachial nucleus and terminate in the 
caudal half of the parvocellular division of the ventroposter-
omedial nucleus or VPMpc (Fig. 6.35). The parabrachial 
nucleus receives projections only from the caudal and com-
missural viscerosensory regions of the nucleus. The pontine 
gustatory relay found in rodents (see Norgren 1995 for 
review) is either absent or attenuated in primates. Gustatory 
projections from the medulla, unlike most other sensory pro-
jections, are strictly ipsilateral. The few clinical studies avail-
able (Pritchard and Norgren 2004) underline that in humans 
the ascending gustatory projections from the nucleus of the 
solitary tract pass ipsilaterally through the pons. Ipsilateral 
taste deficits were described in patients with pontine damage 
caused by haemorrhage or embolic infarction (Goto et al. 
1983; Nakajima et al. 1983; Graham et al. 1988; Onoda 
and Ikeda 1999) or multiple sclerosis (Uesaka et al. 1998; 
Combarros et al. 2000). In each case, the pontine damage 
included the central tegmental tract.

In primates, electrophysiological studies have shown the 
presence of gustatory neurons within the thalamic gusta-
tory relay, i.e. the medial half of the VPMpc (Pritchard et al. 
1986, 1989). In three awake thalamotomy patients, Lenz 
et al. (1997) electrically stimulated the posterior thalamus 
(the oral and caudal parts of the VPL as well as the VPMpc). 
In several instances, the patients reported taste sensations on 
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Fig. 6.33 The papillae of the peripheral gustatory apparatus shown on 
the dorsal surface of the tongue: on the left, the following types of 
papillae are shown: (1) filiform, (2) fungiform, (3) foliate and (4) val-
late papillae; on the right the various taste qualities: bi bitter, sa salt, so 
sour and sw sweet (after ten Donkelaar et al. 2007a).
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the ipsilateral side of the tongue. The VPMpc projects pri-
marily to the granular part of the rostral insula (the primary 
taste cortex; see Mesulam and Mufson 1982; Pritchard et al. 
1986; Carmichael and Price 1995a, b), which projects to 
nearby dysgranular and agranular regions of the insula (sec-
ondary taste cortices). Subsequent projections to the orbitof-
rontal cortex may provide the anatomical substrate for 
integration of taste with visual, auditory, olfactory, soma-
tosensory and general visceral information (Pritchard and 
Norgren 2004). The gustatory cortex was also demonstrated 
by mapping the evoked potentials produced by electrical 
stimulation of the chorda tympani and the lingual branch of 
the glossopharyngeal nerve, both in New World (Benjamin 
and Burton 1968; Benjamin et al. 1968) and Old World mon-
keys (Ogawa et al. 1985, 1989; Ito and Ogawa 1994). Rolls 
and co-workers demonstrated other gustatory neurons 
throughout the posterior orbitofrontal cortex (Rolls et al. 
1990, 1996; Rolls and Bayliss 1994). In humans, Penfield 
and Faulk (1955) demonstrated the participation of the 
 insular cortex in taste during cortical stimulation carried out 
in awake patients during epilepsy surgery. Cascino and 
Karnes (1990) reported three patients who had gustatory 
aura together with tingling or numbness on one side of the 
body. All three had MRI evidence of lesions in the insula. 
Human imaging studies provided rather conflicting data. In 
some studies (Small et al. 1997, 1999; Barry et al. 2001), 
taste-evoked activity was found in only the ipsilateral insula, 
whereas in others bilateral effects were found (Kobayakama 

et al. 1996, 1999; Faurion et al. 1999; Frey and Petrides 
1999; King et al. 1999; O’Doherty et al. 2001). There is also 
disagreement about the rostrocaudal location of the primary 
taste cortex. PET and fMRI studies showed that gustatory 
stimuli activate parts of the orbitofrontal cortex (Zald et al. 
1998; O’Doherty et al. 2001).

6.8  The Vestibulocochlear Nerve

The VIIIth cranial nerve consists of two divisions, the ves-
tibular and cochlear nerves, which carry sensory impulses 
from the membranous labyrinth of the inner ear to the vestibu-
lar and cochlear nuclei (Fig. 6.36). 3D-CT allows the visual-
ization of the major components of the inner ear (Fig. 6.37). 
CT and high-resolution MR microscopy have improved the 
visualization of many components of the vestibular system 
(Lane et al. 2004, 2005; Gunny and Yousry 2007). The cochlear 
nerve and nuclei will be discussed in Chap. 7.

The labyrinth (Fig. 6.37) consists of the bony labyrinth, 
a set of passages in the skull, lined with membranes that con-
tain endolymph and which form the membranous labyrinth. 
The membranous labyrinth consists of a large swelling, the 
utriculus, a smaller one, the sacculus, and three narrow 
semicircular canals that emerge from the utricle. The semi-
circular canals are oriented orthogonal to each other: there 
are lateral or horizontal, anterior or superior, and posterior 
canals. The vestibular part of the membranous labyrinth is 
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Fig. 6.34 (a, b) Nageotte’s (1906) data on degenerating intracranial 
axons of the intermediate nerve (see text for further explanation); 
(c) Primary gustatory projections to the monkey nucleus of the solitary 
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connected with the auditory part by a thin tube, the ductus 
reuniens. Each semicircular canal contains a sensory end-
organ ridge or crest (the ampullary crest) that rests in a 
swelling near one end of the canal, the ampulla. Hair cells 
extend cilia from the ampullary crest into a gelatinous mass, 
the cupula, that occludes the canal passage. The hair cells 
contain many stereocilia and one kinocilium. Pressure of the 
endolymph on the cupula deflects the stereocilia. Their 
deflection towards the kinocilium depolarizes the hair cells, 
which make synaptic contacts with vestibular afferents. 

Semicircular canal afferents encode rotational velocity of the 
head as shown in squirrel monkeys (Fernandez and Goldberg 
1971; Goldberg and Fernandez 1971). The utricle and the 
saccule each have a specialized area of sensory epithelium, 
the macula or otolith organ. The macula of the utricle is in 
the floor of the utricle, parallel with the base of the skull, 
whereas the macula of the saccule is vertically based on the 
medial wall of the saccule. The sensory epithelia of the two 
maculae contain hair cells among which are embedded small, 
dense particles, the otoliths. The hair cells are deformed and 
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Fig. 6.37 3D-CT imaging anatomy of the vestibular system (courtesy Ton van der Vliet, Groningen)
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Fig. 6.36 (a) MRI and (b) corresponding horizontal section of the 
brain stem showing the entrance of the vestibulocochlear nerve (b based 
on Duvernoy 1995). At this level, the vestibulocochlear nerve (nVIII) 
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activated by head tilt and by linear acceleration of the head. 
The maculae thus respond to gravitational and linear accel-
eration (Fernandez et al. 1972; Fernandez and Goldberg 
1976). The inner ear is vascularized by the labyrinthine 
artery, usually a branch of the anterior inferior cerebellar 
artery (AICA) (Atkinson 1949; Kim et al. 1990; Schuknecht 
1993). Vestibular function testing was recently reviewed by 
Brandt and Strupp (2005) and Wuyts et al. (2007).

6.8.1  The Vestibular Nerve and Nuclei

The vestibular nuclear complex senses the movement and posi-
tion of the head in space. Signals are generated in the labyrinth 
of the inner ear. The ampullary crests of the three semicircular 
canals respond to rotational acceleration of the head and 
the maculae of the sacculus and utriculus respond to linear 
acceleration and gravity. This information is conveyed to the 
vestibular nuclei via the vestibular nerve and used to make 
compensatory eye and head movements as well as postural 
adjustments (Wilson and Melvill Jones 1979). Therefore, the 
vestibular nuclear complex has extensive connections with the 
oculomotor nuclei, the spinal cord and the cerebellum. The pri-
mary vestibular afferent fibres, arising from the primary ves-
tibular neurons in the vestibular ganglion of Scarpa, enter the 
medulla oblongata at the level of the lateral vestibular nucleus 
(Carleton and Carpenter 1983, 1984; Carpenter and Cowie 
1985a; Büttner-Ennever 1999). Almost all fibres bifurcate into 
a descending branch to the medial and spinal vestibular nuclei 
and an ascending branch to the superior vestibular nucleus and 
the cerebellum, particularly the anterior vermis and the nodulus 
and uvula (see Chap. 10). Fibres from the utricular macula 
reach primarily the spinal vestibular nucleus, with some termi-
nals in the other vestibular nuclei (Imagawa et al. 1995). 
Saccular afferents give off terminal branches to the lateral and 
inferior vestibular nuclei (Imagawa et al. 1998). Most of the 
fibres from the semicircular canals end in the superior and 
medial vestibular nuclei. The spinal vestibular nucleus receives 
input from all parts of the vestibular labyrinth.

There are four major vestibular nuclei: the medial vestib-
ular nucleus of Schwalbe, the lateral vestibular nucleus of 
Deiters, the spinal (or inferior) vestibular nucleus of Roller 
and the superior vestibular nucleus of Bechterew (Olszewski 
and Baxter 1954; Sadjadpour and Brodal 1968; Brodal 1984; 
Suárez et al. 1997; Büttner-Ennever and Gerrits 2004). 
Additionally, there are several smaller accessory subgroups 
such as the interstitial nucleus and groups x, f, z and m. The 
medial vestibular nucleus has the greatest volume and is the 
longest vestibular nucleus. Its rostral part is a major recipient 
of input from the semicircular canals and innervates the ocul-
omotor nuclei (McMasters et al. 1966; Carleton and Carpenter 
1983; Carpenter and Cowie 1985a). Its caudal part projects 
via the medial vestibulospinal tract to the spinal cord, espe-
cially the cervical region, and is involved in vestibulocollic 

reflexes (see Wilson and Peterson 1988 and Chap. 9). 
 Büttner-Ennever and Gerrits (2004) suggested a subdivision 
into  magnocellular and parvocellular parts. The rostroventral 
part of the lateral vestibular nucleus receives projections 
from the cristae of the semicircular canals and the macula of 
the utricle. It also participates in VORs, at least in part via the 
ascending tract of Deiters. The lateral vestibular nucleus gives 
rise to the ipsilateral lateral vestibulospinal tract. The spinal 
vestibular nucleus also has vestibulo-oculomotor and ves-
tibulospinal connections. The superior vestibular nucleus 
has mainly ascending projections via the superior cerebellar 
peduncle and a crossed ventral tegmental tract. Closely related 
to the medial vestibular nucleus is the nucleus prepositus 
hypoglossi (Brodal 1983; McCrea and Horn 2006). This 
nucleus lies medial to the medial vestibular nucleus and dor-
sal to the hypoglossal nucleus beneath the floor of the fourth 
ventricle to the level of the abducens nucleus. It is thought to 
contribute to the maintenance of eye position or gaze in the 
horizontal plane (Baker and Berthoz 1975; McCrea and Horn 
2006). The nucleus prepositus hypoglossi projects to the 
abducens nucleus (Langer et al. 1986), the oculomotor nucleus 
(Graybiel and Hartwieg 1974; Steiger and Büttner-Ennever 
1979), the vestibulocerebellum (Langer et al. 1985), the pon-
tomedullary reticular formation and the superior colliculus.

6.8.2  Fibre Connections of the Vestibular Nuclei

The vestibular nuclear complex influences the motor system 
via its connections with the spinal cord (see Chap. 9), the 
cerebellum (see Chap. 10), the ocular motor nuclei and the 
thalamus. Several parallel pathways run from the vestibular 
nuclei to the ocular motor nuclei (Fig. 6.38). The best stud-
ied of the vestibulo-oculomotor pathways is the three neu-
ron arc, composed of the primary afferent canal afferents 
projecting to the vestibular nuclei, which in turn project to 
the motoneurons of the abducens, trochlear and oculomotor 
nuclei (Tarlov 1969, 1970; Carleton and Carpenter 1983; 
Carpenter and Cowie 1985b; McCrea et al. 1987a, b; Graf 
et al. 2002). The secondary vestibular neurons project to the 
ocular motor nuclei via the MLF, the superior cerebellar 
peduncle, a crossed ventral tegmental tract and the ipsilat-
eral ascending tract of Deiters (see Sect. 6.4.2). Secondary 
vestibular neurons do not just excite or inhibit the moto-
neurons of one eye muscle but project to several pools 
of extraocular motoneurons, and generate a particular 
 conjugate eye movement, upward, downward, torsional or 
horizontal (Büttner-Ennever and Gerrits 2004). Ipsilateral 
pathways are inhibitory and contralateral pathways excit-
atory. In guinea pigs, Graf et al. (2002) used transneuronal 
labelling with rabies virus injected into the medial rectus to 
show the entire network underlying and related to horizontal 
eye movements. Time-sequence labelling revealed distinct 
circuitries which involved the VOR and saccade  generation 
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(brain stem circuitry), adaptive plasticity (cerebellar 
 modules) and possibly motivation and navigation (limbic, 
hippocampal and cortical structures).

Vestibulothalamic projections have been demonstrated to 
end bilaterally in the VPL pars oralis and to a lesser extent in 
the VPI and the ventroposterior centralis lateralis nucleus 
(Lang et al. 1979). An ipsilateral vestibulothalamic tract 
passes adjacent to the medial lemniscus (Zwergal et al. 
2008). The thalamic nuclei innervate vestibular cortical 
areas such as the parietal areas 2v, 3a, 7a and 7b and the 
parieto-insular and retro-insular vestibular cortex (Guldin 
et al. 1992; Akbarian et al. 1993; Brandt et al. 1994; Guldin 
and Grüsser 1998). The parieto-insular vestibular cortex 
(PIVC) plays a central role in the cortical vestibular network 
(Grüsser et al. 1990a, b; Dieterich et al. 2005b; Eickhoff 
et al. 2006; Dieterich 2007).

6.8.3  Functional and Pathophysiological 
Aspects of Vestibular Control

Vestibular signals act on neck, trunk and limb muscles, as 
well as on the muscles moving the eye. Vestibulocollic and 
vestibulospinal reflexes make use of semicircular canal and 
otolith signals to stabilize the posture of the head and body. 
Their importance is demonstrated by damage to the labyrinth 
or the VIIIth nerve or by mechanical blockage of the semicir-
cular canals. Unilateral labyrinthectomy causes an initial 
postural disability in which subjects lean or fall towards the 
side of the lesion (Smith and Curthoys 1989; Curthoys and 
Halmagyi 1995). Bilateral symmetrical plugging of the semi-
circular canals in cats, which removes head velocity signals 
with little loss of or imbalance in tonic vestibular nerve activ-
ity, produces severe head instability with oscillations that 
may persist for several days (Baker et al. 1982).

Control of posture involves many levels within the ner-
vous system. Therefore, disorders of posture can result 
from damage to the sensory periphery or to the forebrain, 
cerebellum, brain stem and spinal centres (see Chap. 9). 
Many of the more plainly visible postural disorders stem 
from damage to or diseases of the vestibular system such as 
vestibular neuritis, peripheral and central tumours or infarc-
tion and the Ménière syndrome (see Clinical case 6.12). 
The most obvious form of vestibular system damage is uni-
lateral labyrinthectomy, either performed experimentally in 
animals or caused by disease or surgical intervention against 
disease in humans (Wilson and Melvill Jones 1979; Peterson 
and Richmond 1988; Smith and Curthoys 1989; Hirose and 
Halmagyi 1996; Baloh and Honrubia 2001; Luxon and 
Bamiou 2007). The postural symptoms that appear immedi-
ately after the loss of vestibular input to one side of the 
brain vary across species. Translating or tilting platforms 
provide a means for assessing vestibular damage from uni-
lateral labyrinthectomy or other sources, including those 
that result in total vestibular loss (Keshner et al. 1987; 
Allum et al. 1994). Patients with chronic bilateral loss may 
perform well on posture platforms when visual and soma-
tosensory cues are present, but they fail completely to main-
tain an upright stance when the support surface and visual 
surround are both sway-referenced, so that only vestibular 
information is accurate. In contrast, patients with acute 
bilateral vestibular loss or patients who have not yet com-
pensated for vestibular loss, perform poorly on a posture 
platform if either vision or somatic sensation is sway-refer-
enced. Vestibular neuritis may be caused by a latent infec-
tion of the vestibular ganglia with herpes simplex virus-1 
(Brandt et al. 2005). The virus induces a vestibular tonus 
imbalance, causing acute onset of sustained rotatory ver-
tigo, horizontal rotational spontaneous nystagmus towards 
the unaffected ear, postural imbalance with ipsilateral falls 
and nausea (see Clinical case 6.12).
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The vestibulo-ocular reflex (VOR) may be tested by 
caloric irrigation of the external auditory meatus. This manoeu-
vre induces the endolymph to circulate and therefore generates 
the stimulation of the nerve cells of the semicircular canals. As 
a rule of thumb, the normal reaction is the nystagmus’ fast 
component being directed towards the side of stimulation in 
case of warm fluid perfusion and towards the contralateral side 
in case of cold fluid perfusion (“the nystagmus fleeing the 
cold”). A clinically important source of the occurrence of nys-
tagmus, apart from peripheral vestibular causes, is the pres-
ence of structural lesions in the brain stem and cerebellum.

Central vestibular disorders are associated with demyeli-
nation, degeneration, vascular events or trauma and are usu-
ally accompanied by disequilibrium, nausea and eye 
movement disorders. Vertigo is much more common in 
peripheral vestibular disorders than in central disorders. The 
following central vestibular disorders may be distinguished 
(Baloh and Honrubia 2001; Luxon and Bamiou 2007):
 1. Vertebrobasilar transient ischaemic attacks, characterized 

by brief episodes of vertigo associated with one or more 
brain stem symptoms and signs characteristic for ischaemia 
of the posterior circulation; the commonest cause is athero-
sclerosis of the subclavian, vertebral and/or basilar arteries;

2. Lateral medullary infarction (Wallenberg syndrome);
3. Ischaemia in the territory of the AICA may result in in-

farction in the dorsolateral pontomedullary region and the 
anteroinferior cerebellum (Osis and Baloh 1992). Since in 
about 85% of cases the labyrinthine artery arises from the 
AICA, there is usually also infarction of the membranous 
labyrinth, which results in both peripheral and central 
vestibular damage;

4. Cerebellar infarction or haemorrhage;
5. Posterior fossa tumours, in 50% of which vestibular and 

cochlear symptoms occur (Hirose and Halmagyi 1996);
 6. Multiple sclerosis is commonly associated with disorien-

tation or imbalance (Williams et al. 1997).
Vestibular brain stem syndromes are classified according 

to the three planes of the VOR (Dieterich and Brandt 2001): 

the pitch (the sagittal plane), roll (the frontal plane) and yaw 
(the horizontal plane) planes. Vestibular nuclear lesions due 
to infarction of the lateral medulla (Wallenberg syndrome) 
cause a central vestibular disorder that affects the medial 
vestibular nucleus and possibly also the superior vestibular 
nucleus (Dieterich and Brandt 2001, 2008; Brandt et al. 
2005). Caloric irrigation of the ears in Wallenberg patients 
elicited asymmetrical activations at the cortical level: caloric 
irrigation of the ear ipsilateral to the lesion caused no or a 
significantly reduced activation in the contralateral hemi-
sphere, but in the ipsilateral hemisphere activation seemed 
normal (Dieterich et al. 2005a; Dieterich and Brandt 2008). 
Apparently, the crossed ascending fibres from the medial 
vestibular nucleus passing via the contralateral MLF were 
lesioned, whereas the ipsilateral vestibular thalamocortical 
projection from the superior vestibular nucleus was spared.

Unilateral lesions of the posterolateral thalamus cause 
an imbalance of vestibular tonus that results in perceptual 
disturbances and an imbalance of stance and gait with lateral 
falls but without oculomotor disorders (Dieterich and Brandt 
1993; Brandt et al. 2005). In PET studies, Dieterich et al. 
(Dieterich et al. 2005b; Dieterich and Brandt 2008) showed 
that activation of the multisensory vestibular cortex was 
 significantly reduced in the ipsilateral hemisphere if the ear 
ipsilateral to the thalamic lesion was stimulated, but less 
reduced in the hemisphere contralateral to the irrigated ear 
(see Clinical case 6.13).

Vertigo may be defined as an unpleasant distortion of static 
gravitational orientation or an erroneous perception of motion 
of either the sufferer or the environment (Dieterich and Brandt 
2001). Most of the central vestibular syndromes and some of 
the peripheral vestibular syndromes have a vascular origin 
(Dieterich and Brandt 2001; Brandt et al. 2005). Ischaemia 
may produce a combination of central and peripheral syn-
dromes, as in AICA infarctions, the territory of which encom-
passes the labyrinth, pontine and cerebellar structures (Atkinson 
1949; Kim et al. 1990; Schuknecht 1993). For further data, see 
Dieterich and Brandt (2001) and Brandt et al. (2005).
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Clinical Case 6.12 Peripheral Vestibular Disorders

Common peripheral vestibular disorders include (Strupp and 
Brandt 1999; Brandt et al. 2005; Luxon and Bamiou 2007):
 1. Acute vestibular neuritis: Single episodes of acute rota-

tional vertigo associated with nausea and vomiting, with or 
without cochlear symptoms, are common in all age groups. 
The attacks are thought to be due to a viral infection.

2. The Ramsay–Hunt syndrome, the clinical presentation 
of herpes zoster oticus with facial palsy, auricular rash 
and hearing loss, often associated with acute vertigo.

3. Ménière’s disease: Ménière’s disease remains a clinical di-
agnosis characterized by fluctuating hearing loss, tinnitus 
and vertigo, often associated with sensations of fullness or 
blockage in the ear. The first attack most commonly oc-
curs between the ages of 30 and 60. In about 60% of the 
affected, both vestibular and cochlear symptoms develop 
within 6 months of the onset of the disease. The course 
of Ménière’s disease is variable, but in general there are 
clusters of episodes with attack-free periods that may last 
several years. Other patients, however, have a more pro-
gressive course with ultimate loss of auditory and vestibu-
lar functions. Bilateral involvement occurs in 20–50% of 
cases. Electrocochleography with transsynaptic recording 
at the promontorium is the most sensitive and specific test 
with broadening of the summating potential/action poten-
tial ratio. The underlying pathophysiology of Ménière’s 
disease is thought to be endolymphatic hydrops.

4. Migrainous vertigo.
5. Benign positional paroxysmal vertigo, the most com-

mon cause of vertigo in adults (see Case report). 
Schuknecht (1962) defined degenerative changes in the 
superior vestibular nerve, the utricle and the horizontal 
and anterior semicircular canals in such patients. Later, 
he identified basophilic deposits on the cupulae of the 
posterior semicircular canals and suggested the term cu-
pulolithiasis for the mechanism giving rise to positional 
nustagmus of the paroxysmal type (Schuknecht 1969). 
Hall et al. (1979), however, found free-floating debris 
from the otolith organs moving within the posterior 
semicircular canal (canalithiasis).

6. Auto-immune inner ear disease.
 7. Labyrinthine trauma.

Case report: A 54-year-old female suddenly experi-
enced dizziness in the morning. The environment around 

her was spinning and she was not feeling well but did not 
vomit. She did not experience tinnitus or otalgia at that 
moment. The dizziness usually occurred when she was just 
waking up and turned around in bed to get up. After a min-
ute or so, these symptoms disappeared and she was feeling 
well again. At first, this occurred only sometimes in the 
morning, later on these attacks also occurred during the day, 
for instance when hanging up washing on a washing line or 
taking something from the top shelf. Further questioning 
revealed that she fell off her bike a few weeks ago, she was 
not injured but the attacks started since then. Physical exam-
ination showed normal tympanic membranes at both sides 
and normal hearing. When the patient was tested with the 
Dix Hallpike manoeuvre, positional nystagmus of the par-
oxysmal type was seen. The nystagmus appeared after a 
latency time of a few seconds was short (less than 1 min), 
rotatory, upbeat and came to an end. This ending of the nys-
tagmus was the starting point of therapy for this dizziness 
with a benign clinical course. The goal of treatment is to 
move back the free-floating debris (canalithiasis) into a 
position were it will no longer cause vertigo, i.e. from the 
posterior semicircular duct towards the utricle. Several tech-
niques are available to establish this result (Fig. 6.39):
 1. The Epley canalith repositioning manoeuvre (Hilton 

and Pinder 2008): the first step is to ask the patient to sit 
right up at the end of a table (Fig. 6.39a). In the second 
step, the patient is laid down on its back with the head 
tilted back over the edge of the table and turned to one 
side. The third step includes slowly rotating the head 
towards the other side and finally (the fourth step) tilting 
the whole body and head over, until the patient is almost 
facing the floor. In the end, the fifth step, the patient is 
brought back up into a sitting position.

2. The Semont manoeuvre relies on inertia and therefore 
the transition from one ear to the other must be made 
very quickly (Fig. 6.39b).

 3. The Brandt–Daroff exercises, a sequence of repetitive 
positioning (Fig. 6.39c).
Subjective improvement is achieved in around 90% of the 

patients. It is important to realize the benign course (Richard 
et al. 2005). In this case, the patient was relieved from her 
dizziness after the Epley manoeuvre was performed.

This case was kindly provided by Myrthe Hol (Depart-
ment of Otorhinolaryngology, Radboud University Nijmegen 
Medical Centre).
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Fig. 6.39 Techniques to move back free-floating debris (small dots) 
in the posterior semicircular canal towards the utricle after Epley (a), 
Semont (b) and Brandt-Daroff (c; after various sources; see text for 

explanation). A, H and P are the anterior (or superior), horizontal and 
posterior semicircular canals and Am the ampulla of the utricle
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Fig. 6.40 Caloric irrigation of the right (R, above) and left (L, below) 
ear in healthy volunteers (a, b), a left-sided thalamic lesion (c, d) and 
a right-sided thalamic lesion (e, f). The activated nuclei are shown in 

various grades of red as found by fMRI and those that are not by small 
dots (after Dieterich et al. 2005 and Dieterich and Brandt 2008). PLT 
posterolateral thalamic nucleus, VN vestibular nuclei

Clinical Case 6.13 Central Vestibular Disorders

Dieterich and Brandt extensively studied central vestibular 
disorders (Dieterich et al. 2005; Dietrich and Brandt 2008). 
Some of their data are summarized in the Case report.

Case report: In Fig. 6.40, data based on fMRI studies 
in healthy volunteers versus left and right thalamic lesions 
are presented. Patients with posterolateral thalamic infarcts 
showed significantly reduced activation of the multisen-
sory vestibular cortex in the ipsilateral hemisphere, if the 
ear ipsilateral to the thalamic lesion is stimulated. Activation 
of similar areas in the contralateral hemisphere is also 

diminished but to a lesser extent. These data show the 
importance of the posterolateral thalamus as a relay for 
vestibular information to the cerebral cortex.
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Fig. 6.41 MRIs of the entrance of the glossopharyngeal (a) and vagus nerves (b)

6.9  The Glossopharyngeal, Vagal 
and Accessory Cranial Nerves

6.9.1  The IXth, Xth and XIth Cranial Nerves

The glossopharyngeal nerve, the vagus nerve and the cranial 
part of the accessory nerve all leave the dorsal part of the 
medulla oblongata (Fig. 6.41). The accessory nerve is usu-
ally described as having two parts, a cranial and a spinal, 
which fuse in the jugular foramen to form a single nerve 
trunk. This trunk gives rise to an internal ramus, joining the 
vagus, and an external ramus, representing the accessory 
nerve proper. The latter is a purely efferent nerve and sup-
plies the sternocleidomastoid and trapezius muscles. The 
cranial fibres arise mainly from the nucleus ambiguus, form 
the internal ramus, and may be viewed as an aberrant vagus 
rootlet. The glossopharyngeal and vagus nerves are ana-
tomically and functionally closely related. Their peripheral 
course is shown in Fig. 6.42. The two nerves contain bran-
chiomotor fibres originating in the nucleus ambiguus, para-
sympathetic fibres arising in the inferior salivatory nucleus  
and the dorsal motor nucleus of the vagus and viscerosen-
sory fibres. Viscerosensory fibres of the glossopharyngeal 
nerve come from the posterior third of the tongue, pharynx, 

soft palate, tonsils and tympanic cavity and have their cell 
bodies in the petrous ganglion. Those for the vagus nerve 
come from the thorax, abdomen, pharynx and larynx and 
have their cell bodies in the nodose ganglion. The glossopha-
ryngeal and vagus nerves participate in many important 
reflexes such as respiratory and cardiovascular reflexes (see 
Chap. 12) and in swallowing, vomiting and coughing.

Damage to the glossopharyngeal nerve may occur in 
glossopharyngeal neuralgia or as a result of processes at the 
foramen jugulare. Glossopharyngeal neuralgia consists of par-
oxysms of excruciating pain of short duration that are localized 
in the ear or the throat. The pain’s severity resembles that of a 
trigeminal neuralgia but the location is different. Neurovascular 
compression of the nerve within the subarachnoid space may be 
present. Processes in the vicinity or within the foramen jugulare 
may impair the functions of the glossopharyngeal, vagus and 
accessory nerves. The clinical features of a foramen jugulare 
syndrome consist of difficulty swallowing as the palatal mus-
cles may be paretic at one side. In addition, the paresis of the 
sternocleidomastoid and trapezius muscles may result in a tor-
ticollis position of the cervical spine directed towards the side 
of the lesion, because of an imbalance between the right and left 
muscles. Hoarseness may result from the unilateral loss of func-
tion of the laryngeal recurrent nerve of the vagus, interfering 
with a proper phonation (see Clinical case 6.14).
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Clinical Case 6.14 Lesions of the IXth, Xth  

and XIth Cranial Nerves

The IXth, Xth and XIth nerves leave the cranial cavity via 
the jugular foramen together with the sigmoid sinus. Rather 
closely related to the foramen jugulare is the hypoglossal 
canal through which the hypoglossal nerve leaves. Another 
topographically related structure is the cervical sympa-
thetic tract, which ascends to the skull on the internal 
carotid (see Chap. 12). This means that when the cervical 
sympathetic is involved in a jugular foramen syndrome, the 

lesion is certain to be outside the skull. Due to the proxim-
ity of the last four cranial nerves, several combinations of 
nerve lesions are possible, depending on the site of the 
damage. Symptoms include loss of strength or hoarseness 
of the voice, nasal speech, difficulty in swallowing with 
nasal regurgitation of fluids or aspiration of food particles 
with attacks of choking. Patten (1977) distinguished the 
following syndromes:
 1. The Vernet syndrome of the jugular foramen with dam-

age to the IXth, Xth and XIth nerves. A lesion inside the 
skull is more likely to cause this restricted syndrome 
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Fig. 6.42 Peripheral course of 
the glossopharyngeal, vagal and 
accessory nerves. At auriculotem-
poral nerve, fm foramen 
magnum, gc glomus caroticum, 
ICA internal carotid artery, if 
inferior ganglion, jf jugular 
foramen, lb lingual branch, LR 
recurrent laryngeal nerve, LS, 
LSe, LSi superior laryngeal nerve 
with external and internal 
branches, nV3 mandibular nerve, 
nIX, nX, nXI glossopharyngeal, 
vagus and accessory nerves, og 
otic ganglion, pgl parotid gland, 
ph pharyngeal branches, php 
pharyngeal plexus, PMI minor 
petrous nerve, scb carotid sinus 
branch, sg superior ganglion, tb 
tonsillar branch, tp tympanic 
plexus, Ty tympanic nerve (after 
ten Donkelaar et al. 2007a)
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because a lesion outside the skull most likely affects the 
XIIth nerve and the cervical sympathetic as well.

2. The Collet–Sicard syndrome affecting the last four cra-
nial nerves.

 3. The Villaret syndrome of the posterior retropharyn-
geal space, lying immediately behind the nasopharynx, 
with damage to the last four cranial nerves as well as 
the cervical sympathetic, resulting in a Horner 
syndrome.
A case of involvement of the Xth cranial nerve by a neo-

plasm is shown as Case report.
Case report: A 45-year-old male patient was admit-

ted to the outpatient clinic because of progressive 
hoarseness and dysphonia since 3 months. When the 
patient was asked to say “Aah”, an asymmetrical eleva-
tion of the soft palate was seen, with left-sided droop-
ing of the soft palate and uvular deviation towards the 
non-affected right side. A neoplasm was diagnosed as 
the course of the involvement of the Xth nerve 
(Fig. 6.43).

Selected Reference

Patten J (1977) Neurological differential diagnosis. Harold Starke/
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Fig. 6.43 Asymmetrical elevation of the palate and uvular deviation 
to the right, non-affected side (courtesy Willy Renier, Nijmegen)

6.9.2  Swallowing

Swallowing includes an invariable sequence of muscle activ-
ity (Doty 1968; Hockman et al. 1979; Miller 1982). In cats, 
muscles of the soft palate, tongue, pharynx, esophagus, lar-
ynx and some supra- and infrahyoid muscles participate in 
swallowing. Different stages of swallowing can be distin-
guished (Fig. 6.44). The first, buccopharyngeal, stage is 
characterized by an abrupt onset of activity of the soft 
 palate, upper pharynx, posterior tongue, the mylohyoid and 
geniohyoid muscles. Lower pharyngeal, esophageal and 
laryngeal muscles become active in later stages of swallow-
ing. Many of the motoneurons innervating muscles involved 
in swallowing are located in the trigeminal and hypoglossal 
motor nuclei and in the nucleus ambiguus (Mizuno et al. 
1975; Uemura et al. 1979; Kalia and Mesulam 1980; 
Miyazaki et al. 1981; Holstege et al. 1983). In cats, Holstege 
et al. (1983) showed that motoneurons innervating the soft 
palate and pharynx are located in the dorsal group of the 
nucleus ambiguus, whereas motoneurons innervating the 

upper esophagus and cricothyroid are located in the retrofa-
cial nucleus, i.e. the most rostral part of the nucleus ambig-
uus. The caudal pontine tegmentum possibly contains a 
swallowing centre that projects contralaterally to the ventral 
part of the trigeminal motor nucleus, the dorsal group of the 
nucleus ambiguus and the ventral part of the hypoglossal 
nucleus (Holstege et al. 1983). In these areas, motoneurons 
are located innervating the mylohyoid, soft palate, pharynx 
and geniohyoid muscles, respectively. Several pattern gen-
erators for swallowing may be present in the brain stem 
(Jean 2001; Prosiegel et al. 2005): a dorsomedial medullary 
generator near the nucleus of the solitary tract, a ventrome-
dial one near the nucleus ambiguus, a pontomedullary centre 
near the facial motor nucleus and a pontine centre near the 
trigeminal motor nucleus. In a PET study, Zald and Pardo 
(1999) found that during voluntary swallowing the inferior 
precentral gyrus bilaterally, the right anterior insula and the 
left cerebellum were activated. The most frequent lesions 
resulting in dysphagia are found in the rostral medulla 
oblongata (Kwon et al. 2005; see Clinical case 6.15)
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Fig. 6.45 Sagittal T1-weighted (a) and coronal T2-weighted (b) MRIs of an Arnold–Chiari Type 1 malformation with compression of the 
medulla oblongata resulting in dysphagia (courtesy Peter van Domburg, Sittard)

Fig. 6.44 Stages of swallowing (a–c) with the bolus in black (after ten Donkelaar et al. 2007a)

Clinical Case 6.15 Dysphagia

Case report: A 75-year-old woman was admitted to the 
intensive care unit because of respiratory insufficiency, 
leading to clouding of consciousness. For 2 years, she had 

complained of dyspnoe d’effort and dysphagia but the con-
sulted pulmonologist and cardiologist could not find a 
cause, apart from a temporary pneumonia. She used a rol-
lator but never complained of weakness or any other focal 
neurological signs. On admission, there appeared to be 
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Fig. 6.46 The innervation of the 
tongue. The hypoglossal nerve 
and its branches are shown in 
black. Ai inferior alveolar nerve, 
C1, C3 cervical spinal segments, 
Dia anterior belly of digastric 
muscle, Gg genioglossal muscle, 
Hg hyoglossal muscle, ir inferior 
root of ansa cervicalis, Li lingual 
nerve, Mh mylohyoid muscle, 
nV3 mandibular nerve, nIX 
glosopharyngeal nerve, Oh 
omohyoid muscle (superior 
belly), Pg palatoglossal muscle, 
Sg styloglossal muscle, Sh 
stylohyoid muscle, sr superior 
root of ansa cervicalis, Sth 
sternohyoid muscle, XII 
hypoglossal nucleus (after ten 
Donkelaar et al. 2007a). The 
insert shows an MRI of the exit 
of the hypoglossal nerve
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hypoventilation without obstructive pulmonary signs and a 
normal chest X-ray. No signs of pulmonary embolism were 
present. The unexpected cause of her respiratory insuffi-
ciency was demonstrated by MRI when an Arnold–Chiari 
Type 1 malformation with compression of the medulla 

oblongata was shown (Fig. 6.45). During admission, there 
was progressive respiratory failure. Neurosurgical decom-
pression was complicated by a postoperative haemorrhage 
from which she died.

6.10  The Hypoglossal Nerve

The axons of the hypoglossal nerve leave the medulla oblon-
gata as 10–15 slender rootlets between the pyramids and the 
inferior olive. Its peripheral trajectory is illustrated in Fig. 6.46. 
The hypoglossal nerve innervates not only the intrinsic tongue 
muscles but also the styloglossus, hyoglossus, genioglossus and 

geniohyoid. The hypoglossal nucleus consists of several cell 
groups, each of which innervates a particular tongue muscle 
(Uemura et al. 1979; Fay and Norgren 1997c). In humans, the 
hypoglossal nucleus is directly innervated by the corticobulbar 
tract (Kuypers 1958b). Most of the corticobulbar fibres to the 
hypoglossal nucleus are crossed, since cortical lesions or lesions 
of the internal capsule give rise only to contralateral changes in 
the tongue. Moreover, the hypoglossal nucleus is innervated by 



298 6 The Cranial Nerves

Clinical Case 6.16 Hypoglossal Paresis

Case report: An 8-year-old girl was seen at the outpatient 
clinic for progressive clumsiness of her left hand. Neuro-
logical examination revealed pyramidal signs in the left 
arm and leg and atrophy of the tongue. The wasted left side 
of the tongue and the deviation to the affected side on 
attempted protrusion (Fig. 6.47) were suggestive of a left 
lower motoneuron lesion. On MRI, a syringomyelia was 
diagnosed.

Fig. 6.47 Atrophy of the tongue in an 8-year-old girl (courtesy Willy 
Renier, Nijmegen)

Fig. 6.46 (continued)

the reticular formation (Holstege and Kuypers 1977; Holstege 
et al. 1977). In rats, Fay and Norgren (1997c) studied the pre-
motor systems controlling the tongue muscles with the transneu-
ronal tracer pseudorabies virus. They found a complex network 
of multisynaptic connections in the brain stem, remarkably 
similar to that for the masticatory and facial muscles (see also 
Ugolini 1995). A lesion of the corticohypoglossal projection 
results in a dysarthophonia (Urban et al. 2001b).

The hypoglossal nerve may be damaged during a carotid 
endartectomy. A hypoglossus nerve lesion will result in uni-
lateral tongue atrophy. If an attempt is made to protrude the 
tongue, the tip of the tongue will point towards the paretic side 
as only the contraction of the contralateral genioglossus will 
produce protraction of the tongue (see Clinical case 6.16). 
A hypoglossus paresis will contribute to dysphagia since the 
transport of the food to the pharynx and thereby the initiation 
of the swallowing reflex is impaired. The pronunciation of the 
speech is also disturbed. The type of dysarthria resulting from 
a hypoglossus paresis is often indicated as slurred speech as 
the lingual consonants cannot be produced properly and has to 
be differentiated from a bulbar dysarthria.
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7.1  Introduction

The ear or vestibulocochlear organ is composed of external, 
middle and inner parts (Fig. 7.1). The external ear consists of 
the auricle and the external acoustic meatus with the outer 
layer of the tympanic membrane. The middle ear is formed 
by the tympanic cavity, the auditory ossicles and the inner 
layer of the tympanic membrane. The inner ear comprises 
the labyrinth, a series of fluid-filled spaces in the petrous part 
of the temporal bone. The auditory part of the inner ear con-
sists of the cochlea with the organ of Corti, which contains 
hair cells as auditory receptors. Receptors sensitive to high 
frequencies are located near the cochlear base and those sen-
sitive to low frequencies near the apex of the cochlea. The 
hair cells are innervated by the peripheral processes of bipo-
lar ganglion cells in the spiral ganglion. Their central pro-
cesses form the cochlear division of the vestibulocochlear 
nerve and terminate in the cochlear nuclei. The principal 
auditory pathway passes from the cochlea, via the cochlear 
nuclei, the inferior colliculus and the medial geniculate body 
(MGB) to the contralateral auditory cortex on the dorsal sur-
face of the superior temporal gyrus. Each MGB is bilaterally 
innervated, so that each hemisphere receives cochlear input 
bilaterally. All of the components of the auditory pathway 
are tonotopically organized.

At birth, humans have about 20,000 inner and outer hair 
cells in the organ of Corti, which often do not last a lifetime 
as they do not regenerate when lost (Stone et al. 1998). By 
the age of 65–75 years, many individuals have a bilateral, 
high-frequency progressive hearing loss known as presbycu-
sis associated with hair cell attrition. Hair cell loss is the 
most common cochlear defect causing hearing impairment 
in presbycusis and noise-induced hearing loss. Hearing dis-
orders due to brain stem lesions are rare because of the bilat-
eral projections of the central auditory pathways. Midline 
pontine lesions may result in impaired sound localization 
due to interruption of the input of the superior olivary com-
plex (see Sect. 7.3.2 and Clinical case 7.2). Disorders of 
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auditory perception may follow strokes in the territory of the 
internal carotid arteries or of the vertebrobasilar system. The 
central disorders of auditory perception may result from 
lesions of either the right and the left or both cerebral hemi-
spheres, usually involving parietotemporal cortical areas as 
illustrated in Clinical cases (see Sect. 7.4.4).

7.2  The Cochlea and the Cochlear Nerve

7.2.1  The Middle Ear and the Cochlea: 
Mechanical Transmission of Sound

The middle ear comprises the tympanic cavity, the tympanic 
membrane, the three auditory ossicles, two middle ear muscles, 
air-filled cavities formed by the mastoid antrum and mastoid 
air cells, and the auditory tube. The tympanic cavity commu-
nicates with these air-filled cavities and through the auditory 
tube with the nasopharynx (Fig. 7.1). The three auditory ossi-
cles are the hammer or malleus, the anvil or incus and the stir-
rup or stapes. The head of the malleus is anchored to the 
tympanic membrane, whereas the base of the stapes is con-
nected to the fenestra vestibuli or oval window. Sound waves 
set the tympanic membrane into vibrating movements, which 
via the auditory ossicles are transmitted to the inner ear. The 
inner ear or cochlea is a fluid-filled tube that is coiled two and 
a half times. In cross-section, it has a broad base, a pointed apex 
and a central pillar called the modiolus. The osseous labyrinth 

communicates with the tympanic cavity through two openings 
in its medial wall, the oval window or fenestra vestibuli and 
the round window or fenestra cochleae. The oval window is 
closed by the base of the stapes, so that vibrations of the audi-
tory ossicles are transmitted to the perilymph of the inner ear.

Motion of the auditory ossicles is modified by two small 
middle ear muscles, the tensor tympani and the stapedius. 
The tensor tympani is the largest of the two. It is attached to 
the handle of the malleus and is innervated by the trigeminal 
nerve. The smaller stapedius attaches anteriorly to the head of 
the stapes and is innervated by the facial nerve. The stapedius 
and tensor tympani motoneurons form separate cell groups, 
situated close to the facial and motor trigeminal nuclei, respec-
tively (Lyon 1978; Mizuno et al. 1982; Shaw and Baker 1983). 
The stapedius functions to protect the auditory receptors of the 
inner ear against excessive stimulation caused by too strong 
sound pressure. The sound pressure depends on the amplitude 
of the waves: the greater the amplitude, the higher the sound 
pressure. The stapedius contracts in response to sounds above 
70 dB (the intensity of loud conversation), damping the move-
ments of the auditory ossicle chain. The tensor tympani con-
tracts to louder sounds, especially impulse noises. The acoustic 
middle ear reflex includes projections from the ventral 
cochlear nucleus via the superior olivary nuclear complex to 
the motor nuclei of the trigeminal and facial nerves (Borg 1973). 
With electro-acoustic impedance measurements, stapedius 
muscle  contraction can be readily detected in response to 
ipsilateral or contralateral sound, giving objective information 

Fig. 7.1 Overview of the 
external, middle and internal ear 
(from Brödel 1946)
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about the functional state of the middle and the inner ear, the 
auditory and facial nerves and the central auditory pathways in 
the lower brain stem. Ipsilateral and contralateral measure-
ments can distinguish between right, left and midline lesions 
of the lower brain stem (Hayes and Jerger 1981).

The cochlea is composed of three chambers or scalae: the 
scala vestibuli, the scala media and the scala tympani, sepa-
rated from each other by the vestibular membrane of Reissner 
and the basilar membrane (Fig. 7.2). The inner scala media is 
filled with endolymph, which is rich in potassium and has the 
character of intracellular fluid. The perilymph of the outer 
scalae vestibuli and tympani has approximately the same 
composition as the cerebrospinal fluid. The two perilymph 
compartments form one space, since they are continuous 
with each other at the apex of the cochlea (the helicotrema). 
The perilymph drains to the subarachnoid space. The scala 
media or cochlear duct contains the organ of Corti, which 
rests on the basilar membrane (Fig. 7.3). The superior wall of 

the cochlear duct (the membrane of Reissner) angles down-
wards from lateral to medial, making the cochlear duct wedge 
shaped. The lateral wall is the stria vascularis. The thickened 
epithelium that constitutes the organ of Corti can be divided 
into hair cells and supporting cells. The hair cells are the 
sensory receptor cells of which there is a single row of inner 
hair cells and three rows of outer hair cells. The supporting 
cells include the inner and outer pillar cells, which are sepa-
rated by the tunnel of Corti extending the length of the 
cochlea. Both the hair cells and the supporting cells are over-
laid by the gelatinous tectorial membrane. In humans, there 
are 12,000 outer hair cells in three rows at the basal turn, 
increasing to four to five rows in the second and apical turns, 
and 3,500 inner hair cells in a single row (Retzius 1884; 
Bredberg 1968; Kimura 1975). On their apical side, the hair 
cells contain contractile proteins, including an actin cuticular 
plate, and about 100 stereocilia, graded in length, which 
extend to the overlying tectorial membrane. The stereocilia 
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Fig. 7.2 The foetal cochlear 
duct. At 16 weeks of develop-
ment, the cochlear nerve (cn) 
fibres pass through a central 
pillar, the modiolus (mod), 
whereas their cells of origin form 
the spiral ganglia (spg). Below, 
details of the spiral organ are 
shown for 25 weeks of develop-
ment. Abbreviations: bm basilar 
membrane; cd cochlear duct; ihc, 
ohc inner and outer hair cells;  
st scala tympani; sva stria 
vascularis; sve scala vestibuli;  
tC tunnel of Corti; tm tectorial 
membrane; vm vestibular 
(Reissner) membrane (from ten 
Donkelaar et al. 2006)
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are composed of the active contractile proteins actin and 
myosin (Flock 1980; Corwin and Warchol 1991). The affer-
ent fibres from the hair cells pass from the organ of Corti 
through small openings in the osseous lamina into the modi-
olus. Their cell bodies are located in the modiolus in 
Rosenthal’s canal as the spiral cochlear ganglion (Sect. 7.2.3). 
The inner ear is vascularized by the internal auditory artery 
which in some 80% is a branch of the anterior inferior cere-
bellar artery (Kim et al. 1990; Schuknecht 1993).

7.2.2  Cochlear Hair Cells: Transduction 
and Amplification

The human ear can detect sound waves with frequencies 
between 20 and 20,000 cycles per second or Hertz (Hz), i.e. 
approximately ten octaves of sound. The human ear has the 
greater sensitivity for sounds around 1,000 Hz. The greater the 
frequency, the higher the pitch. The sound vibrations that enter 
the scala vestibuli and the perilymph at the oval window pro-
duce displacement of the basilar membrane before they finally 
dissipate back to the middle ear by movements of the mem-
brane covering the round window. Transduction of sound 
occurs in the sensory cells of the organ of Corti. Oscillations 
of the basilar membrane produce a shearing force on the 
 stereocilia of the receptor cells, which are in firm contact with 
the non-oscillating tectorial membrane. The tilting of the stiff 
cilia is the adequate stimulus for the auditory receptor cells. The 

inner and outer hair cells have different roles in the transduction 
of energy within the cochlea. Inner hair cells provide direct 
input to almost all of the axons in the cochlear nerve. Their 
activity is modified by local amplification of the motion of the 
basilar membrane produced by the outer hair cells and hair-cell 
related supporting cells (Flock et al. 1999; Moore and Linthicum 
2004). Several molecules have been identified as having a vital 
role in hair-cell transduction. They are specifically expressed in 
and around the stereocilia and mutations in their genes lead to 
deafness (Steel and Kros 2001; ten Donkelaar et al. 2006).

7.2.3  Spiral Ganglion Cells and the Cochlear 
Nerve: Neural Transmission

The transition from hair cell activity to neural activity occurs 
within the cochlea. Activation of the stereocilia results in 
changes in the intracellular potential that lead to the release of 
a neurotransmitter from synaptic vesicle clusters at the base of 
the hair cells. Opposite such a cluster of synaptic vesicles, bul-
bous nerve terminals are found on the outer surface of the cell 
wall. Six to eight such terminals are present on the base of 
each inner hair cell, and a smaller number on each outer hair 
cell (Nadol 1990). These terminals continue as short unmyeli-
nated processes, forming the “dendritic” segment of cochlear 
nerve fibres. They become myelinated when they enter the 
osseous spiral lamina. Here, they reach their cells of origin, the 
spiral ganglion cells. The spiral ganglion extends only half-
way from the base of the cochlea to the apex. Therefore, the 
peripheral processes, containing hair cells in the apical and 
middle turns of the cochlea, extend down through the modio-
lus to reach the most apical ganglion cells. In humans, there 
are about 35,000 spiral ganglion cells (Hinojosa et al. 1985; 
Spoendlin 1985). Two types of ganglion cells are found 
(Spoendlin 1985). The majority (90–95%) are type I cells and 
contact inner hair cells. The unmyelinated peripheral pro-
cesses of the remaining ganglion cells (5–10%), the type II 
cells, contact the outer hair cells. The central processes of both 
types of ganglion cells form the cochlear nerve (Spoendlin and 
Schrott 1989). The cochlear nerve enters the ventral cochlear 
nucleus on the ventrolateral side of the inferior cerebellar 
peduncle (see Fig. 7.6a). Upon entering the brain stem, pri-
mary auditory fibres bifurcate into equally sized ascending 
and descending branches (Moore and Osen 1979).

7.2.4  The Auditory Periphery: Generation 
of Evoked Activity

Neural activity is reflected in the brain stem auditory-
evoked potentials or responses (BAEPS or BAERs), an 
externally recordable series of small amplitude and short 
latency wave-like potentials evoked by a transient stimulus 

Fig. 7.3 Photomicrograph of the human cochlea (from ten Donkelaar 
et al. 2006; courtesy Jo Curfs, Nijmegen)
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such as a click (Jewett et al. 1970; Stockard et al. 1978, 
1986). Auditory-evoked responses (AERs) can be subdivided 
according to their latency into brain stem (ABR), middle 
latency (MLR) and cortical (ACR) AERs (Fig. 7.4). In humans, 
the ABR or BAEP is characterized by six or sometimes seven 
deflections (I–VII) in the first 9 ms after the stimulus. Waves 
I, III and V are of greatest interest since they reflect volume-
conducted activity from the levels of the acoustic nerve, pons 
and midbrain, respectively. The earliest BAEP waves (waves 
I and II) are generated by the cochlear nerve, prior to its 
entrance into the brain stem (Stockard et al. 1978, 1986; 
Moller and Jannetta 1982; Martin et al. 1995; Fig. 7.5). A 
potential corresponding to wave II of the scalp-recorded 
BAEP can be recorded intrasurgically from the surface of the 
human cochlear nerve as it passes through the internal audi-
tory meatus and crosses the intradural space (Martin et al. 
1995). This supports an earlier dipole localization study 
(Scherg and von Cramon 1985). Therefore, both waves I and 
II of the human BAEPs are generated by activity in axons of 
the cochlear nerve. BAEPs can distinguish between patholo-
gies of the middle and inner ear, the auditory nerve and the 
brain stem. There are three major applications of BAEPs in 
adults: (1) the detection of tumours in the region of the pos-
terior cranial fossa; (2) evolution of coma; and (3) assess-
ment of patients with suspected  demyelinating diseases such 
as MS. Acoustic neurinomas may cause complete loss of 
wave I on the side of the lesion or a significant increase in the 
I to III interpeak latency.

7.2.5  Hearing Loss

Two types of hearing loss can be distinguished: conductive 
and sensorineural. Conductive hearing loss is related to 

defects in conductive mechanisms in the middle ear, result-
ing from conditions such as otitis media and otosclerosis. 
Sensorineural hearing loss is caused by disease in the 
cochlea or its central connection, the cochlear nerve. 
Hearing loss of cochlear origin is common and can result 
from a variety of conditions, including tumours, infections, 
temporal bone fractures or from exposure to excessive 
noise or ototoxic drugs (Schuknecht 1993). In presbycusis, 
the hearing loss of the aged, the loss begins with degenera-
tion of outer hair cells at the basal end of the cochlea, but 
does not seriously affect hearing until the upper range of 
speech frequencies, around 3,000 Hz, is affected. Noise-
induced hearing loss and severe blows to the head tend to 
affect the anterior basal turn of the cochlea, the region that 
processes 3,000–4,000 Hz (Moore and Linthicum 2004). 
Tinnitus, characterized by noise in the ears such as ring-
ing, humming or whistling, is a common symptom in dis-
orders of the inner ear, but it can also occur in disorders 
affecting the VIIIth nerve such as an acoustic neurinoma 
(see Clinical case 7.1) and with vertebrobasilar disease. 
Sudden onset of unilateral or bilateral deafness usually 
accompanied by dizziness or vertigo can be a sign of occlu-
sion of the basilar artery (Huang et al. 1993; Levine and 
Häusler 2001).
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 Clinical Case 7.1 Cerebellopontine Angle Tumour

Electrocochleography and auditory brain stem response 
(ABR) are important electrophysiological tools for routine 
use in diagnosing vestibular schwannomas (Eggermont 
et al. 1980; Chandrasekhar et al. 1995). Kaga et al. (1997) 
reported a case of a vestibular schwannoma in which elec-
trocochleography and ABR were correlated with temporal 
bone pathology (Fig. 7.6).

Case report: A 74-year-old female presented with a left 
hearing impairment. In 1975, she had undergone mastec-
tomy of her left breast and in 1987, at the age of 73, she 
was treated with cobalt radiotherapy for a recurrence of the 
breast cancer. Pure tone audiometry revealed threshold 
elevation in the middle- and high-frequency range. ABR 
showed no response in the left ear but electrocochleogra-
phy showed clear compound action potentials. CT scanning 

and MRI demonstrated the presence of a medium-sized 
cerebellopontine angle tumour in the left ear (Fig. 7.7a, b). 
Three years later, she died of metastatic lung cancer and 
sepsis. At autopsy, metastases of the breast cancer were 
found in the right upper lobe of the lung and in the right 
temporal lobe of the brain. The temporal bone pathology 
consisted primarily of a large schwannoma, originating 
from the left inferior vestibular nerve and occupying the 
left internal auditory meatus (Fig. 7.7c, d). The organ of 
Corti was well preserved in each turn. In the modiolus, the 
numbers of spiral ganglion cells and cochlear nerve fibres 
in each turn were decreased. These histological findings 
suggest that clear compound action potentials were recorded 
from the distal part of the cochlear nerve in spite of the 
presence of the vestibular schwannoma. ABR could not be 
detected because of the blockade of the proximal portion of 
the cochlear nerve by the vestibular schwannoma.
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Fig. 7.6 (a) The course of the vestibulocochlear nerve from the inner 
ear to the brain stem on the right and (b) the cerebellopontine angle. 
The black arrow in (b) points at an acoustic neurinoma and the way 
it extends (white arrows). Abbreviations: nIII oculomotor nerve; nIV 

trochlear nerve; nV1 ophthalmic nerve; nV2 maxillary nerve; nV3 
mandibular nerve; nVI abducens nerve; nIX glossopharyngeal nerve; 
nX vagal nerve; nXI accessory nerve; sps superior petrosal sinus ((b) 
after ten Donkelaar et al. 2007)
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a

b

c

d

Fig. 7.7 (a, b) CT and MRI demonstrating the presence of a medium-
sized tumour in the left internal auditory canal and the cerebellopon-
tine angle. (c) Mid-modiolar section of the left ear showing 
enlargement of the internal auditory canal occupied by a vestibular 

schwannoma (HE stain). (d) Magnification of the vestibular schwan-
noma with mixed Antoni A and B cell types (HE stain; from Kaga 
et al. 1997)
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7.3  The Brain Stem Auditory System

Upon entering the brain stem, the central processes of the 
spiral ganglion cells bifurcate and distribute to the cells of 
the dorsal and ventral cochlear nuclei (Sect. 7.3.1). The orga-
nization of the terminations was first described by Lorente de 
Nó (1933), based on his Golgi studies in a 4-day-old cat. In 
squirrel monkeys, fibres from the basal turn of the cochlea 
project to dorsal regions of the ventral cochlear nucleus, 
whereas apical fibres project to ventral regions (Moskowitz 
and Liu 1972). The primary cochlear nuclei contribute bilat-
eral ascending projections to the superior olivary complex 
and to the lateral lemniscus (Sect. 7.3.2). The majority of the 
lateral lemniscal fibres ascend directly to the inferior collicu-
lus (Sect. 7.3.3). Ascending projections from the inferior 
colliculus form the brachium of the inferior colliculus and 
reach the MGB (Sect. 7.4.1), which via the acoustic radiation 
(Sect. 7.4.2) projects to the auditory cortex (Sect. 7.4.3).

7.3.1  The Cochlear Nuclei: Diversification 
of Cochlear Input

The human cochlear nuclei consist of a large ventral nucleus 
and a smaller dorsal nucleus (Moore and Osen 1979; Terr 
and Edgerton 1985; Adams 1986). The dorsal cochlear 

nucleus contains a large variety of cell types, and is situated 
dorsolateral to the inferior cerebellar peduncle. The ventral 
cochlear nucleus contains many different cell types and has 
anteroventral, ventral and posteroventral subnuclei, which 
borders are not well defined, however. The cochlear nuclei 
receive a rich blood supply from multiple sources, including 
branches of the anterior and posterior inferior cerebellar 
arteries (Oas and Baloh 1992).

The secondary auditory projections from the cochlear 
nuclei to the superior olivary complex and the inferior colliculus 
take various routes (Fig. 7.8). Ipsilaterally, a major projection 
from both ventral and dorsal cochlear nuclei reaches the supe-
rior olivary complex (Sect. 7.3.2). Contralaterally, there are 
three major ascending cochlear projections (Strominger 1973; 
Strominger et al. 1977): (1) the largest originates in the ventral 
part of the ventral cochlear nucleus and forms the trapezoid 
body; its axons may proceed directly to the contralateral lem-
niscus or terminate in the superior olivary complex; (2) fibres 
from the dorsal part of the ventral cochlear nucleus form the 
intermediate acoustic stria; they contribute to the lateral lem-
niscus; and (3) a contralateral projection from the dorsal cochlear 
nucleus, forming the dorsal acoustic stria. The dorsal and 
intermediate acoustic striae and the trapezoid body converge to 
form the lateral lemniscus. The auditory nuclei do not only 
serve as relay nuclei in the ascending auditory projection, but 
also as reflex centres. Efferents from the cochlear nuclei enter 
the reticular formation, where they  contact neurons of the 

Fig. 7.8 (a) Overview of the 
auditory projections in the 
human brain (after ten Donkelaar 
et al. 2007); (b–d) the position 
of the cochlear nuclei (in red), 
the lateral lemniscus (in light 
red) and the colliculus inferior 
(in red) in horizontal sections of 
the brain stem (after Duvernoy 
1995). Abbreviations: ar 
acoustic radiation; bci brachium 
of colliculus inferior; CI 
colliculus inferior; cn cochlear 
nerve; Cod, Cov dorsal and 
ventral cochlear nuclei; CS 
colliculus superior; ct corpus 
trapezoideum; gtt gyrus 
temporalis transversus  
(Heschl’s gyrus); ll lateral 
lemniscus; MGB medial 
geniculate body; pt planum 
temporale; sad stria acoustica 
dorsalis; SO superior olive
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ascending reticular activating system (see Chap. 5), and give rise 
to the auditory-evoked startle reflex.

7.3.2  The Superior Olivary Complex:  
Recreation of Auditory Space

The superior olivary complex is the first site for binaural 
convergence. In primates, the cochlear nuclei project to the 
superior olivary complex on both sides of the brain stem 
(Strominger 1973; Strominger et al. 1977). The superior oli-
vary complex is located in the caudal pons, lateral to the 
medial lemniscus and dorsal to the spinothalamic tract. The 
complex contains the medial superior olivary nucleus, the lat-
eral superior olivary nucleus and the nucleus of the trapezoid 
body. The latter nucleus is indistinct in apes and vestigial in 
humans (Moore 2000). The superior olivary complex is 
important for the localization of sounds (Moore and 
Linthicum 2004). A sound is localized by two means depend-
ing on its frequency: (1) low-frequency sounds activate the 
two ears at somewhat different times (interaural time differ-
ences); (2) high-frequency sounds activate the two ears with 
somewhat different intensities (interaural intensity differ-
ences). Neurons in the medial superior olivary nucleus are 
tuned to low-frequency stimuli and are sensitive to interaural 
time differences. The projection from the ventral cochlear 
nucleus is thought to contribute to this sensitivity. In contrast, 
neurons in the lateral superior olivary nucleus are tuned to 
high-frequency stimuli and are sensitive to interaural inten-
sity differences. The lateral superior olivary nucleus receives 
a monosynaptic excitatory connection from the ipsilateral 

ventral cochlear nucleus and a disynaptic inhibitory connec-
tion from the contralateral ventral cochlear nucleus via the 
nucleus of the trapezoid body. Since the dorsal cochlear 
nucleus does not innervate the superior olivary complex, it is 
believed not to play a role in the localization of sounds.

Behavioural studies in cats have implicated the superior 
olivary complex in the recreation of auditory space. Cats 
with lesions above the level of the superior olivary complex, 
in the lateral lemniscus, the inferior colliculus, the MGB or 
the auditory cortex, are unable to locate a sound source in the 
spatial field contralateral to the lesion, whereas cats with 
lesions below the superior olivary complex have more dif-
fuse deficits (Casseday and Neff 1975; Thompson and 
Masterton 1978; Jenkins and Masterton 1982). A compara-
ble deficit has been observed in human subjects with exten-
sive midline pontine lesions that eliminated crossed input to 
the superior olivary complex on both sides (Griffiths et al. 
1997a; Furst et al. 2000; see Clinical case 7.2). These animal 
and human studies suggest that the auditory spatial field is 
recreated in the brain stem by transformations occurring at 
the level of the superior olivary complex.

7.3.3  The Upper Brain Stem: Integration  
of Ascending Auditory Pathway

The lateral lemniscus is clearly visible in the rostral pons and 
the midbrain. Most of its fibres terminate in the inferior colli-
culus. Many of these fibres send a collateral branch to the 
nuclei of the lateral lemniscus, which innervate the inferior 
colliculus and also directly the MGB. In most mammalian 
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species, the lateral lemniscus contains sizable ventral, inter-
mediate and dorsal lemniscal nuclei (Moore 1987). In humans, 
only the dorsal lemniscal nucleus is well developed (Geniec 
and Morest 1971; Moore 1987). It gives rise to Probst’s com-
missure to the contralateral inferior colliculus.

The inferior colliculus is composed of three nuclei: cen-
tral, external and pericentral. The central nucleus is the 
principal nucleus of the inferior colliculus and receives input 
from: (1) the direct pathway from the dorsal and ventral 
cochlear nuclei; (2) projections arising from the ipsilateral 
and contralateral superior olivary complex and (3) fibres 
from the dorsal nucleus of the lateral lemniscus. These pro-
jections all pass via the lateral lemniscus. The central nucleus 
is laminated (Geniec and Morest 1971) and processes the 
physical characteristics of sounds for auditory perception. In 
this nucleus, neurons in a single layer are maximally sensi-
tive to similar tonal frequencies. The function of the other 
two nuclei of the inferior colliculus is not entirely clear. 
Lesion studies in cats suggest that the external and pericen-
tral nuclei play a role in acousticomotor function such as the 
orientation of the head and body to auditory stimuli. The 
inferior colliculus projects to the MGB via the brachium of 

the inferior colliculus, which is macroscopically visible on 
the lateral surface of the midbrain. The inferior colliculi are 
interconnected via the commissure of the inferior colliculi.

7.3.4  Brain Stem Topography: Generation 
of Evoked Potentials

Waves I and II of the ABR are generated by the cochlear 
nerve. The subsequent waves III–VI are generated within the 
brain stem (see Fig. 7.5). Intrasurgical recordings made from 
the surface of the human brain stem and dipole studies sug-
gest that wave III is generated by a volley of action potentials 
in axons emerging from the cochlear nuclei in the ventral 
acoustic stria (Stockard et al. 1978, 1986; Moller and Jannetta 
1982; Scherg and von Cramon 1985). Waves IV and V are 
generated further rostrally in the brain stem: wave IV most 
likely at the level of the superior olivary complex contralat-
eral to the stimulated ear, presumably by the bend in the 
axonal pathway occurring at that point, and wave V by syn-
aptic activity in the inferior colliculus (Moller and Jannetta 
1982; Moore et al. 1996).

 Clinical Case 7.2 Impaired Sound Localization Following 

a Midline Pontine Lesion

In a 45-year-old female patient with an extensive midline 
pontine lesion, eliminating crossed input to the superior 
olivary complex on both sides, Griffiths et al. (1997a, b) 
observed that the patient had no difficulty in detecting fre-
quency and amplitude modulation and no general deficit in 
detection of auditory temporal information, but she was 
unable to determine by sound alone the location and direc-
tion of motion of objects in the environment, such as ring-
ing telephones and passing trains. Furst and co-workers 
analyzed sound localization in patients with multiple scle-
rosis and brain stem infarcts (Furst et al. 2000; 1995; 
Aharonson et al. 1998). Levine and Häusler (2001) reported 
another case (see Case report).

Case report: An 80-year-old male presented with sudden 
onset of vertigo and vomiting. On examination, he was found to 
have a left gaze palsy, dysphagia, dysarthria, and a right hemi-
plegia that included only the lower face. He had no auditory 
complaints, and his bedside hearing evaluation was unremark-
able. MRI showed a left trapezoid body infarct, the location of 
which is indicated in Fig. 7.9a. A year later, he was evaluated 
with a battery of hearing tests. Despite an age-appropriate 
audiogram and normal BAERs, all fusion tests were abnormal 
for the three stimuli used (clicks, low-pass noise and high-pass 
noise) and for interaural time or level disparities (Fig. 7.9b). Just 
noticeable differences were highly abnormal, and regardless of 
the size or type of interaural disparity, the patient indicated that 
everything sounded as though it were coming from or near the 
centre of his head (Fig. 7.9c). Unlike normal subjects, nothing 
was heard coming from the far right or left.
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7.4  The Forebrain Auditory System

For decades, the dominant species for research on the audi-
tory forebrain has been the cat, but the focus has now clearly 
shifted to non-human primates. Although the subcortical 
auditory systems of monkeys and cats are largely similar, 
there are important differences in cortical organization (Kaas 
and Hackett 2000).

7.4.1  The Auditory Thalamus

The medial geniculate body (MGB) or nucleus is clearly vis-
ible on the inferior surface of the inferior thalamus. The MGB 
contains several divisions, the principal auditory relay nucleus 
is the ventral or principal medial geniculate nucleus (Winer 
1984). The ventral division of the MGB is laminated. It 
receives the major ascending  auditory projection from the also 
laminated central nucleus of the inferior colliculus. For both 

nuclei, lamination is a structural correlate of precise tonotopic 
organization. In contrast, the dorsal and medial divisions of the 
MGB are not laminated and receive much less dense input 
from the inferior colliculus. The ventral medial geniculate 
nucleus projects via the auditory radiation to the tonotopically 
organized primary auditory cortex. The dorsal and medial sub-
nuclei project to higher-order auditory cortical areas in the pla-
num temporale, areas that do not have such a precise tonotopic 
organization as the primary auditory cortex.

7.4.2  The Acoustic Radiation

In 1882, Constantin von Monakow first described the origin of 
the acoustic radiation from the MGB in rabbit experiments. 
The classic studies in the human brain located the proximal 
part of the acoustic radiation just caudal to the thalamus, where 
it originates from the MGB, then passes through the sublen-
ticular, posterior part of the internal capsule to curve around 
the inferior sulcus of the insula before reaching Heschl’s gyrus 

Co

SO

TB
I

II

IC

vas

0
0

Right

Left III

V

2 4 6 8 ms

0.2

0.4

mv
o

lt
s

−7.5 0
Interaural level difference (dB)

7.5

S
u

b
je

ct
 r

es
p

o
n

se

Left

Centre

Right

a b c

Fig. 7.9 Impaired sound localization in a patient with a lower pon-
tine lesion (arrow in a) involving the trapezoid body; (b) brain stem 
auditory evoked responses; (c) sound lateralization (after Levine and 
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(Dejerine 1895; Flechsig 1920; Pfeifer 1920). In a more recent 
study, Rademacher et al. (2002) showed the stereotaxic local-
ization, intersubject variability and interhemispheric differ-
ences of the human acoustic radiation (Fig. 7.10). They showed 
that the location of the acoustic radiation varies considerably 
between individuals and hemispheres.

7.4.3  The Auditory Cortex: Sequential Levels 
of Auditory Processing

The primary auditory cortex (A1) is located on the trans-
verse temporal or Heschl’s gyrus in the temporal lobe of the 
cerebral cortex and corresponds to area 41. It is surrounded by 
secondary auditory areas (A2): caudally the caudomedial area, 
also known as the planum temporale, and rostrally, the rostral 
area. Geschwind and Levitsky (1968) demonstrated that the 
planum temporale is larger on the left side in the majority of 
the postmortem brains they examined. Asymmetry of the pla-
num temporale may form the substrate for left hemispheric 
dominance for language-related auditory processes (Geschwind 
and Galaburda 1985; Dorsaint-Pierre et al. 2006) and is cor-
related with handedness (Steinmetz et al. 1989, 1991).

Heschl’s gyrus is located largely within the lateral sulcus 
(von Economo and Horn 1930; Fig. 7.11). The transverse 
temporal gyrus is often partially duplicated into a double, or 
occasionally triple convexity (Pfeifer 1920; Steinmetz et al. 
1989; Penhune et al. 1996; Leonard et al. 1998; Morosan 
et al. 2001). The cytoarchitecture of the human auditory 
 cortex has been described by Brodmann (1908, 1909), von 
Economo and Koskinas (1925), Galaburda and Sanides 
(1980) and, more recently by Hackett et al. (2001) and Hackett 

and Kaas (2004) and Morosan et al. (2001) and Rademacher 
et al. (2001a, b). The primary auditory cortex was designated 
area 41 by Brodmann, TC by von Economo and Koskinas and 

Fig. 7.10 The acoustic and optic radiations in coronal (a) and sagittal (b) probabilistic maps (after Rademacher et al. 2002). Abbreviations: AR 
acoustic radiation; OR optic radiation

Fig. 7.11 The human auditory cortex. The primary auditory cortex is 
composed of two fields, TD and TC. On the right side (R), these occupy 
a double transverse temporal gyrus (Heschl’s gyrus); on the left side 
(L), they correspond to a single Heschl’s gyrus and a part of the more 
caudally situated planum temporale (PT). TD and TC are composed of 
markedly granular subareas (dotted in red) and less granular areas. Note 
the distinct right–left asymmetries with a larger planum temporale on 
the left side. Abbreviations: A anterior; HG Heschl’s gyrus; P poste-
rior; TA superior temporal area; TB magnocellular supratemporal area; 
TC transverse supratemporal area; TD intercalate supratemporal area; 
TG temporopolar area (after Brodal 1981)
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KAm and KAlt (medial and lateral auditory koniocortex) by 
Galaburda and Sanides (Fig. 7.12a–c). KAm is the most 
medial and the most granular area, whereas the more lateral 
KAlt is less granular. Morosan et al. (2001) suggested three 
areas with well-developed layers IV, Te1.1, Te1.0 and Te1.2, 
to represent the primary auditory cortex (Fig. 7.12d). There is 
considerable variability in size of the auditory koniocortex 
and its extent does not coincide with gyral or sulcal anatomy 
(Galaburda and Sanides 1980; Rademacher et al. 1993, 2001a, 
b; Hackett et al. 2001; Morosan et al. 2001). The human audi-
tory koniocortex (area 41/TC/KA/Te) is homologous to the 
core area of the monkey auditory cortex. Based on parvalbu-
min staining, Wallace et al. (2002) suggested that Heschl’s 
gyrus contains two core fields, partially surrounded by at least 
six belt fields that lie mostly on the superior temporal gyrus. 
In an fMRI study, Wessinger et al. (2001) showed that pure 
tones primarily activate the core and that more complex 
sounds activate belt areas.

The primate auditory core area is located in the centre of 
the superior temporal plane (Hackett et al. 2001; Fig. 7.13). In 
primates, a centrally located core region containing two or 
three subdivisions including the primary auditory area (A1), a 
surrounding belt of cortex with some seven divisions, and a 
lateral parabelt region comprised of at least two fields, have 
been described. In monkeys, the core region can be identified 
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on the basis of specific anatomical and physiological features. 
The region shows dense immunostaining for parvalbumin in 
layer IV, surrounded by a more lightly stained belt, which is 
flanked by a very sparsely stained parabelt (Jones et al. 1995; 
Kosaki et al. 1997). Parvalbumin staining also marks the 
human core auditory cortex in humans (Nakahara et al. 2000; 
Wallace et al. 2002; Chiry et al. 2003). In macaque, chimpan-
zee and human brains, Hackett et al. (2001) identified the 
auditory core from serial sets of adjacent sections processed 
for cytoarchitecture, myeloarchitecture, acetylcholinesterase 
and cytochrome oxidase. The position of the core region with 
respect to major sulci and gyri in the superior temporal region 
varied most in chimpanzee and human brains.

In monkeys, most neurons of the ventral division of the MGB 
project to the core cortex (Mesulam and Pandya 1973; Burton 
and Jones 1976; Luethke et al. 1989; Rauschecker et al. 1997). 
These thalamocortical projections terminate in layers IV and 
lower III in regular patches of higher density label, separated by 
areas of less dense labelling (Pandya and Rosene 1993; 
Hashikawa et al. 1995). In contrast, the medial and dorsal divi-
sions of the MGB project to the core area diffusely. It seems 
likely that the human primary auditory cortex also receives 
dense thalamic input. This input explains the cochleotopic orga-
nization shown in this area by functional imaging, including 
magnetoencephalography (MEG) (Elberling et al. 1982; Hari 
et al. 1989; Pantev et al. 1995; Lutkenhoner and Steinstrater 
1998), PET (Lauter et al. 1985; Ottaviani et al. 1997; Lockwood 
et al. 1999), fMRI (Wessinger et al. 1997; Scheich et al. 1998; 
Di Salle et al. 2001) and microelectrode mapping studies in epi-
lepsy patients (Howard et al. 1996).

The human auditory koniocortex is surrounded rostrally, 
laterally and caudally by an area of parakoniocortex (Fig. 7.12). 
This region covers the lateral part of the transverse temporal 
gyrus, and extends rostrally and caudally over the superior 
temporal plane. The auditory parakoniocortex has been called 
area 42 by Brodmann and TB by von Economo and Koskinas. 
Galaburda and Sanides (1980) distinguished three regions: (1) 
a rostral auditory parakoniocortex (PaAr) on the rostral aspect 
of the superior temporal plane; (2) a lateral, internal auditory 
parakoniocortex (PaAl), lateral to A1; and (3) a caudal audi-
tory parakoniocortex (PaAc), covering the caudal portion of 
the superior temporal plane and extending around the insula to 
the parietal operculum. In its turn, the parakoniocortex is sur-
rounded by an extensive area of auditory cortex that covers the 
remaining of the superior temporal plane and the lateral sur-
face of the superior temporal gyrus, except for its rostral pole. 
This region was described as area 22 by Brodmann (1909), as 
TA by von Economo and Koskinas (1925) and as external 
auditory parakoniocortex (PaAe) by Galaburda and Sanides 
(1980).

In primates (Fig. 7.13), anatomical and physiological 
studies defined a belt area surrounding the core rostrally, 
laterally and caudally (Pandya and Sanides 1973; Galaburda 

and Pandya 1983; Morel and Kaas 1992; Morel et al. 1993; 
Hackett et al. 1998a). The area rostral and lateral to the belt 
is nowadays known as the parabelt (Morel et al. 1993; 
Hackett et al. 1998a). Both belt and parabelt areas differ from 
the core area in their pattern of thalamic input. The macaque 
belt area receives projections from only the medial and dor-
sal divisions of the MGB (Rauschecker et al. 1997), whereas 
the parabelt area is also innervated by these two divisions of 
the MGB but, moreover, by the medial division of the pulvi-
nar (Trojanowski and Jacobson 1975; Burton and Jones 
1976; Hackett et al. 1998b).

Ablation of the core of macaque auditory cortex eliminates 
responses to auditory stimuli in the adjacent belt region 
(Rauschecker et al. 1997), suggesting that input from the 
medial and dorsal geniculate nuclei is not sufficient to support 
auditory processing in the absence of direct projections from 
the ventral geniculate nucleus. Instead, information process-
ing to the secondary auditory cortical areas appears to depend 
on transcortical projections that pass successively from core to 
belt to parabelt cortex (Jones and Powell 1970; Seltzer and 
Pandya 1978; FitzPatrick and Imig 1980; Luethke et al. 1989; 
Morel and Kaas 1992; Morel et al. 1993; Hackett et al. 1998a). 
Tardif and Clarke (2001) studied the intrinsic connectivity of 
human auditory areas with anterograde and retrograde label-
ling of the carbocyanine dye DiI. With DTI, the tracts connect-
ing the Heschl’s gyri via the corpus callosum have been studied 
(Hofer and Frahm 2006; Westerhausen et al. 2009). These 
interhemispheric connections are located more rostrally within 
the posterior callosal third than those connecting the posterior 
parts of both superior temporal gyri.

The idea of a two-stream, what/where organization of 
sensory cortex originated in the visual system (see Chap. 8). 
In rhesus monkeys, such a dichotomy has also been demon-
strated for the cortical auditory projections (Rauschecker 
and Tian 2000). The ‘where’ (dorsal) pathway is thought to 
link A1 via the caudomedial belt with the frontal eye field 
and parietal targets (Romanski et al. 1999; Fig. 7.14) that are 
implicated in spatial processing. The ‘what’ (ventral) path-
way is thought to represent a pattern information stream that 
originates in the anterior core and belt areas and influences 
targets within the temporal lobe. A similar two-stream orga-
nization may exist in the human auditory cortex (Griffiths 
et al. 2000; Alain et al. 2001; Maeder et al. 2001; Wessinger 
et al. 2001; Clarke et al. 2002). The right insula is activated 
by a moving sound image (Griffiths et al. 1994) and, con-
versely, a patient with a right hemispheric stroke causing 
atrophy of the right insula was unable to detect sound source 
movement by either phase or loudness cues (Griffiths et al. 
1996). Subjects listening to stimulus movement stimulated 
by changes in binaural timing show maximal activity in the 
inferior parietal area, particularly on the right side (Griffiths 
et al. 1998; Weeks et al. 1999). These findings suggest: (1) 
that there is a transcortical passage of information from 
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 auditory koniocortex mediocaudalwards across the insula 
into the parietal lobe, during processing of information on 
sound source position and motion (see Hackett and Kaas 
2004); and (2) a dominant functional role of the right hemi-
sphere in sound localization.

In functional imaging studies, simple auditory tasks 
such as passive listening to white noise bursts, tones or con-
sonant-vowel speech syllables, activate restricted areas 
within the lateral fissure on the superior temporal plane 
(Zatorre et al. 1992, 1994; Binder et al. 1994, 1997, 2000; 
Zatorre and Binder 2000). The extent of the activation varies 
from subject to subject and may spread rostralwards and cau-
dalwards on the superior temporal plane. The area of activa-
tion is generally within and around the transverse temporal 
gyrus. With exposure of subjects to more complex stimuli 
such as passive listening to tone patterns, single words, 
pseudowords or narrative text, activity is not only present in 
the cortex of the superior temporal gyrus, but now foci of 
activation appear on the lateral aspect of the superior tempo-
ral gyrus in area 22/TA/PaAc (Binder et al. 1994). The human 
primary auditory cortex is functionally organized in a tono-
topic manner. In a combined fMRI and DTI study, Upadhyay 
et al. (2007) showed that the connectivity pattern in the 
human primary auditory cortex is similar to that described in 
tonotopic mapping studies on macaque monkeys (Morel 
et al. 1993) and cats (Lee et al. 2004; Lee and Winer 2005).

In general, activity is bilaterally equal. With complex 
stimuli, language in particular, the question arises whether 
there is a right–left asymmetry in the response. Since hand-
edness influences hemipheric lateralization, imaging studies 
of speech processing are normally restricted to neurologi-
cally normal right-handers. In them, there is a tendency for 

greater activation of the left hemisphere during tasks that 
depend on word meaning. Left lateralization of speech char-
acterizes both males and females (Frost et al. 1999). The 
functional significance of greater left hemispheric activity is 
implied by imaging studies of stroke patients after infarc-
tions of the left perisylvian area (Weiller et al. 1995; Heiss 
et al. 1997; Mummery et al. 1999). Subjects who showed 
good recovery of speech perception had increasing activation 
of the left temporal cortex surrounding the infarct. Some 
indications for an opposite asymmetry in processing musi-
cal stimuli come from cases of pathology:

 1. A patient with a right thalamic tumour experienced dis-
torted perception of music but not of voices (Roeser and 
Daly 1974).

2. Cortical activity has been demonstrated in the right supe-
rior temporal lobe during musical hallucinations (Kasai 
et al. 1999).

3. A case of amusia, a form of auditory agnosia, was seen after 
an infarct involving the right insula (Griffiths et al. 1997b).

7.4.4  Auditory Disorders Related to Stroke

Disorders of auditory perception may follow strokes in the 
territory of the internal carotid arteries or of the vertebrobasi-
lar system (Levine and Häusler 2001; Lechevalier et al. 2007; 
Kaga 2009), and appear as:
•	 Auditory agnosia, the impossibility of recognizing envi-

ronmental sounds, words and music, which the patient, 
however, is said to hear

•	 Pure word deafness, the impossibility to understand spo-
ken language to repeat or to write under dictation in the 
absence of other signs of aphasia

•	 Cortical deafness, the feeling of being deaf contrasting 
with the integrity of the tonal audiogram

•	 Amusia, auditory agnosia specific for music
The central disorders of auditory perception may result 

from lesions of either the right, the left or both cerebral hemi-
spheres, usually involving parietotemporal cortical areas. 
Cortical deafness is characterized by bilateral abolition of the 
middle and late latencies of auditory potentials, caused by 
bilateral lesions of the primary auditory cortices. Such patients 
have the feeling of being deaf to all types of auditory stimuli, 
but often say they are not deaf, rather that they do not under-
stand what is said to them. The term subcortical deafness is 
used to indicate an auditory disorder clinically identical to 
cortical deafness, but due to lesions in subcortical areas of the 
brain. It was first described by Le Gros Clark and Russell 
(1938). The ischaemic lesions involved the two external cap-
sules and extended sufficiently downwards to interrupt the 
acoustic radiations, while sparing the auditory cortices. 
Recent cases were reported by Woods (1996), Levine and 
Häusler (2001) and Kaga et al. (2005; see Clinical case 7.3).
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Fig. 7.14 Topography of auditory-related projections. Caudal (CPB) 
and rostral (RPB) subdivisions of the parabelt and the superior temporal 
gyrus (STG) project topographically to segregated regions of superior 
temporal, posterior parietal and prefrontal cortices. Abbreviations: as 
arcuate sulcus; cs central sulcus; ips intraparietal sulcus; ls lateral sul-
cus; lus lunate sulcus; ps principal sulcus; sts superior temporal sulcus; 
Tpt temporoparietal area (after. Hackett and Kaas 2004)
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Since the pioneering studies of Ferrier (1875) and Henschen 
(1920), there has been a longstanding debate as to whether 
bilateral destruction of either the primary auditory cortex or 
the acoustic radiation results in auditory agnosia. In macaque 
monkeys, bilateral lesions of the primary auditory cortex 
apparently do not cause permanent deafness (Heffner and 
Heffner 1990). Less recovery of function in the human brain, 
compatible with the clinical diagnosis of auditory agnosia, 
may or may not have been caused by the inclusion of the 
 surrounding auditory association areas (Lechevalier et al. 
2007).

Tanaka et al. (1991) differentiated three clinical syn-
dromes of auditory agnosia: (1) disconnection syndromes, 
destroying the acoustic radiation and causing auditory agno-
sia (prephonemic deficit); (2) cortical lesions of the left 
superior temporal lobe may result in pure word deafness (lin-
guistic deficit) and (3) unilateral or bilateral temporoparietal 
or subcortical lesions have been documented in patients with 
non-verbal auditory agnosia (deficit to environmental 
sounds). Lesions occurring peripherally to the MGB (pretha-
lamic) may cause hearing loss and those bilaterally located 
centrally to the MGB (postthalamic) may result in auditory 
agnosia. Small lesions of the MGB may be related to audi-
tory hallucinations (Fukutake and Hattori 1998). Pure word 
deafness may be the result of left or bilateral temporal 
lesions, possibly due to disconnection as suggested by 
Liepmann and Storch (1902). Recent cases were reported by 
Kaga et al. (2000; see Clinical case 7.4) and Levine and 
Häusler (2001).

Disorders of music perception following cerebral dam-
age can be divided into two categories (Lechevalier et al. 
2007):
 1. Multimode perceptive disorders affecting more or selec-

tively musical sounds, but with verbal and environmental 
sound difficulties

 2. A pure amusia, where only music perception is affected 
(for congenital amusia see Ayotte et al. 2000)
In both monkeys and humans, neurons in core areas 

respond strongly to narrow-band sounds such as tones, 
whereas neurons in belt areas respond better to more com-
plex sounds such as noise (Wessinger et al. 2001; Rauschecker 
and Tian 2004; Tian and Rauschecker 2004; Bendor and 
Wang 2006). Within the core areas, two mirror symmetric 
tonotopic maps sharing a low-frequency border have been 
identified, corresponding to A1 and the rostral field R 
(Formisano et al. 2003; Bendor and Wang 2006). In mon-
keys, a third core area (RT) has been found that lies rostral to 
R (Kaas and Hackett 2000; Hackett and Kaas 2004). Kaas 
and Hackett postulated that each core area is connected to 
medial and lateral neighbouring belt areas (see Fig. 7.14), 
with additional belt areas located on the rostral and caudal 
ends of the core. Three of these lateral belt areas (caudal-
lateral, middle-lateral and antero-lateral) have been mapped 

electrophysiologically and possess similar mirror tonotopic 
maps to those of their adjacent core (Rauschecker and Tian 
2004; Tian and Rauschecker 2004). In an fMRI study, 
Patterson et al. (2002) identified a specific region in the lat-
eral part of Heschl’s gyrus that was preferentially activated 
by temporally regular sounds with a pitch. They determined 
that only lateral Heschl’s gyrus, a non-primary auditory 
region rostrolateral to the primary auditory cortex, responded 
to the temporal regularity of pitch of the acoustic stimuli. 
Other imaging studies (Penagos et al. 2004; Schneider et al. 
2005) have confirmed these findings.

Musical perception is not a uniform competence in the 
general population. Some patients will have had musical 
training, others not. Peretz (2001) estimated that 5–10% of 
individuals are completely unable to distinguish the pitches 
of two notes of music or to memorize the smallest musical 
tone. Geschwind and Galaburda (1985) suggested that right-
ward deviation from the usual pattern of cerebral asymmetry 
may be associated with increased giftedness for talents for 
which the right hemisphere is assumed to be important. With 
MR morphometry, Schlaug et al. (1995) presented evidence 
for structural brain asymmetry in musicians. Musicians with 
perfect pitch revealed stronger leftward asymmetry of the 
planum temporale than non-musicians or musicians without 
perfect pitch. This suggests that outstanding musical ability 
is associated with increased leftward asymmetry of the cor-
tex subserving music-related functions.

Neuropsychological studies in epileptic patients who under-
went a unilateral temporal cortectomy have contributed to 
our knowledge of the localization of musical functions 
(Liégeois-Chauvel et al. 1998). A right temporal cortectomy 
was found to disturb melodic perception as well as the per-
ception of pitch intervals, whereas a left-sided lobectomy did 
not disturb perception of the intervals. These data underline 
the key role of the superior temporal gyrus in discrimination 
of melodies. Cortectomy of the posterior part of T1, includ-
ing the planum temporale, the lateral part of Heschl’s gyrus 
and Brodmann area 22, is more striking for the processing of 
pitch and variations of rhythm than cortectomy of the rostral 
part of T1. Disorders of the perception of rhythm and metre 
(recognition of a cadence of march or waltz) can be dissoci-
ated. The right and left rostral parts of T1 would be impli-
cated in the processing of metre. Griffiths et al. (1997b) 
reported a patient with lesions of the middle and posterior 
temporal areas and the insula of the right hemisphere. The 
patient complained of not being able to appreciate music. 
Neuropsychological testing showed a deficit of musical per-
ception without disturbance of the perception of noises, 
 environmental sound and speech sounds. His ability to detect 
continuous changes of sound frequency was preserved. 
However, a disturbance in the analysis of rapid sequences of 
notes seemed to be the basis of his musical perception deficit. 
Neuroimaging studies have revealed that rhythm perception 
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activates area 44 and that detection of pitch changes relies on 
the left cuneus and precuneus (Platel et al. 1997, 2003).

Auditory hallucinations are observed in brain stem (Ross 
et al. 1975; Cambier et al. 1987; Fisher and Tapia 1987; 
Griffiths 2000) and temporal lobe (Lechevalier et al. 1985) 
strokes. Cambier et al. (1987) reported five purely auditory 
observations of hallucinosis (hallucinations, regarded by the 

patient as abnormal), four of which were attributed to para-
median strokes of the pons and one to an infarct of the dor-
solateral mesencephalon. Auditory hallucinations following 
temporal lobe lesions are unusual and have specific charac-
teristics (Liepmann and Storch 1902; Lechevalier et al. 1985; 
Augustin et al. 2001; Evers and Ellger 2004; Sacks 2007; see 
Clinical case 7.5).

 Clinical Case 7.3 Auditory Agnosia Caused by Bilateral 

Lesions Restricted to the Auditory Radiations

Bilateral lesions of the auditory radiations are rare (Tanaka 
et al. 1991; Woods 1996; Kaga et al. 2005; see Case 
report).

Case report: Kaga et al. (2005) reported a patient with 
auditory agnosia due to bilateral lesions of the auditory radia-
tions. A 43-year-old male patient experienced mild left tem-
poral hemiplegia due to a right putaminal haemorrhage. He 
recovered completely but hypertension persisted. When he 
was 53 years old, he had a left putaminal haemorrhage and 

went into a coma. After recovering from the coma and the 
right hemiplegia, he could hear but could not discriminate 
speech sounds. Brain CT and MRI demonstrated small bilat-
eral lesions restricted to the auditory radiations (Fig. 7.15a, b). 
Pure-tone audiograms recorded 1 and 4 years after the sec-
ond haemorrhage are shown in Fig. 7.15c, d. MEG demon-
strated the disappearance of middle latency responses and 
AEP studies showed a very small Pa peak. In contrast, a posi-
tron emission tomographic study showed a marked bilateral 
increase in blood flow in the auditory cortex in response to 
both click and monosyllable stimuli. This may be due to acti-
vation of the auditory cortex via non-specific pathways.

Fig. 7.15 Auditory agnosia caused by bilateral lesions restricted to 
the auditory radiations. In the axial (a) and coronal (b) MRIs, the 
auditory radiations are bilaterally damaged (arrows) by small brain 

infarcts. Pure-tone audiograms recorded one (c) and four (d) years 
after the second haemorrhage (from Kaga et al. 2005)

a b
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Fig. 7.15 (continued)
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Clinical Case 7.4 Neuropathology of Auditory Agnosia 

Following Bilateral Temporal Lobe Infarction

Severe auditory deficits due to bilateral lesions of the pri-
mary auditory cortex or the auditory radiations is very rare. 
The resulting hearing problem is referred to as auditory 
agnosia or cortical deafness. Kaga et al. (2000) reported a 
patient who came to autopsy (see Case report).

Case report: Kaga’s case of auditory agnosia due to 
bilateral lesions of the auditory cortex was first diagnosed in 
1975 when the patient was 37 years old. He was admitted to 
hospital for examination following his second cerebrovascu-
lar accident. MRI of the lesions on admission is shown in 
Fig. 7.16a, b. A comprehensive follow-up examination of 
auditory function was periodically conducted until his sud-
den death 15 years later. His brain was studied neuropatho-
logically. Initial pure-tone audiometry revealed moderate 

sensorineural hearing loss in the right ear and mild sen-
sorineural hearing loss in the left ear. Repeated pure-tone 
audiometry revealed that bilaterally thresholds became pro-
gressively poorer over time. Speech audiometry of both ears 
consistently revealed that the patient was unable to discrimi-
nate any monosyllabic words. In general, speech and hearing 
tests demonstrated that he could not comprehend spoken 
words but could comprehend written commands and ges-
tures. Neuropathological examination of the brain revealed a 
total defect and neuronal loss of the superior temporal gyrus, 
including Heschl’s gyrus, and total gliosis of the MGB 
(MGB; Fig. 7.16c, d). In the right hemisphere, subcortical 
necrosis, gliosis in the centre of the superior temporal gyrus 
and partial gliosis of the MGB were found (Fig. 7.16c, e). 
These data support the clinical observations of imperception 
of speech sounds, music and environmental sounds, which 
may be due to progressive degeneration of both MGBs.
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Fig. 7.16 Auditory agnosia following bilateral temporal lobe infarc-
tion. (a, b) Axial (here the left side is on the left) and coronal (here the 
left side is on the right) MRIs showing a large infarct in the left hemi-
sphere and a small infarct in the right hemisphere including the auditory 
cortex. (c) Lateral views of the brain and two horizontal sections in 
which the auditory cortex is present. In the right hemisphere, a small 

infarct is present in the upper part of the lateral sulcus, whereas in the left 
hemisphere extensive infarction can be seen in Broca’s area, the superior 
temporal gyrus and the supramarginal gyrus. (d, e) HE-stained sections 
of the medial geniculate body (MGB). In the left MGB, neurons have 
been completely replaced by glial cells (d), whereas in the right MGB 
(e) there is partial neuronal preservation (from Kaga et al. 2000)

a b

c



324 7 The Auditory System
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Fig. 7.16 (continued)

Clinical Case 7.5 Auditory Hallucinations Following 

a Metastasis in Heschl’s Gyrus

Case report: A 64-year-old patient presented with word-
finding difficulties. He suffered from coronary sclerosis 
with exercise-induced angina pectoris but he had no previ-
ous neurological complaints. On neurological examination, 
there were no focal signs but his speech was non-fluent 
with word-finding difficulties and suboptimal comprehen-
sion. On hospital admission, he repeatedly complained of 
auditory hallucinations, consisting of incomprehensible 

words and sounds. On MRI, a contrast-enhancing lesion 
was found in the left gyrus of Heschl (Fig. 7.17) that 
appeared to be part of a more lobular contrast-enhancing in 
the left parietotemporal region with surrounding oedema. 
The auditory hallucinations disappeared on treatment with 
dexamethasone. A biopsy showed that the tumour was a 
gemistocytary astrocytoma for which he was treated with 
radiotherapy and temozolamide.

This case was kindly provided by Peter van Domburg 
(Department of Neurology, Orbis Medical Centre, Sittard, 
The Netherlands).
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7.5  The Descending Auditory System

Parallel with the pathways from the organ of Corti to the 
auditory cortex, there is an uninterrupted chain of neurons 
conducting impulses in the opposite, descending direction. 
The final link in this descending auditory system is formed 
by the olivocochlear bundle of Rasmussen, which origi-
nates in the peri-olivary nuclei around the superior olivary 

nucleus (Fig. 7.18). Most of the fibres of the olivocerebellar 
bundle decussate in the tegmentum. They enter the vestibular 
nerve and join the cochlear nerve via the vestibulocochlear 
anastomosis (Schuknecht 1993) to terminate in the inner and 
outer hair cells of the organ of Corti. The human olivoco-
chlear system has been identified with acetylcholinesterase 
histochemistry (Schuknecht et al. 1959) and choline acetyl-
transferase immunohistochemistry (Moore et al. 1999; 
Moore and Linthicum 2004).
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Fig. 7.18 Efferent control of the 
cochlea. Abbreviations: Cod, Cov 
dorsal and ventral cochlear 
nuclei; ct corpus trapezoideum; 
ihc inner hair cells; ll lateral 
lemniscus; ocb olivocochlear 
bundle; ohc outer hair cells; PON 
periolivary nuclei; SO superior 
olivary complex (after 
Nieuwenhuys 1984)
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Fig. 7.17 T1-contrast MRIs of a metastasis in the left gyrus of Heschl that caused auditory hallucinations (courtesy Peter van Domburg, Sittard)
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8.1  Introduction

The topography of the visual pathways is of great importance 
in clinical neurology. Since the pathways extend from the 
orbit to the occipital pole, they are often involved in brain 
lesions. They are highly organized, and lesions in different 
parts of the visual system produce characteristic visual-field 
defects, which usually provide clues about the location of the 
underlying pathological process. Up to the primary visual or 
striate cortex (V1), the visual pathway represents a serial 
relay with a clear retinotopic arrangement. Beyond the striate 
cortex, the projection to extrastriate visual cortex proliferates 
into a complex web of parallel projections, back-projections 
and interconnections among a large number of specialized 
cortical modules. More than 40 of these modules have been 
identified in monkeys (Felleman and Van Essen 1991; Van 
Essen and Gallant 1994). Early recognized visual areas such 
as V2, V3 and V3A form a peristriate zone surrounding the 
primary visual cortex and receive direct input from V1. These 
regions respond differently to form, colour, depth and motion 
(Livingstone and Hubel 1988; Zeki 1993). Beyond this peris-
triate zone, a dichotomy of the extrastriate visual areas into a 
ventral (“what”) and a dorsal (“where”) system has been pro-
posed (Ungerleider and Mishkin 1982).

The ventral or temporal system may be specialized in 
object recognition and, in primates, consists of V4 and the 
various subregions of the infratemporal cortex and, in 
humans, of the ventral parts of areas 18 and 19 and the medial 
occipitotemporal cortex. Lesions of the medial occipitotem-
poral cortex, which is vascularized by the PCA, may cause 
dyschromatopsia and a variety of visual agnosias, including 
prosopagnosia and alexia. The dorsal or parietal system may 
be specialized in spatial aspects of vision and consists of V5 
(middle temporal area or MT), V5a (medial superior tempo-
ral area or MST) and regions of the posterior parietal cortex. 
Many of these areas selectively respond to motion, stereodis-
parity and spatial attention. The dorsal stream lies largely in 
the watershed area between the cerebral arteries (Barton and 
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Caplan 2001). Lesions of the cuneus and posterior parietal 
lobe cause visuospatial disorders, such as impaired motion 
perception, spatial disorientation and defects in attention. 
Many vascular lesions do not correspond to the anatomical 
dichotomy, however, and show a mixture of dorsal and ven-
tral impairment.

Computerized tomography is highly useful for evaluating 
bony structures, such as the optic canal and orbital apex. 
Magnetic resonance imaging (MRI) is the preferred method 
for displaying the optic nerve and sheath within the retrobul-
bar orbit, the optic canal and the intracranial visual pathway, 
including the optic chiasm, the optic tract and the optic radia-
tion (Müller-Forell 2002).

8.2  Anatomy and Imaging of the Visual 
System

The photoreceptors of the visual system are located in the 
retina (Rodieck 1973; Sect. 8.2.1). Optical signals emitted 
from the rods and cones are transported via bipolar cells to 
large multipolar ganglion cells. The axons of the ganglion 
cells extend along the inner layer of the retina and converge at 
the optic disc, where they pass through the sclera and form 
the optic nerve. Within the orbit, the optic nerve pursues a 
slightly curved course to allow for free eye movements 
(Sect. 8.2.2). The nerve passes the optic canal, a 5-mm-long 
bony channel, to reach the optic chiasm. Fibres from the 
nasal half of the retina (the temporal visual field) cross in 
the optic chiasm, whereas fibres from the temporal half of the 
retina (the nasal visual field) remain on the same side, as has 
already been described by Bernhard von Gudden (1874). 

The crossed and uncrossed fibres form the 4-cm-long optic 
tracts, which pass to the lateral geniculate bodies. The hat-
shaped lateral geniculate body (LGB) or corpus genicula-
tum laterale (CGL) is made up of six cell layers, separated 
by thin white zones formed by the fibres of the optic tract 
(Sect. 8.2.3). The crossed optic nerve fibres terminate in lay-
ers 1, 4 and 6, the uncrossed fibres in layers 2, 3 and 5. Layers 
1 and 2 contain magnocellular neurons, which serve move-
ment detection, whereas layers 3–6 are composed of parvo-
cellular neurons involved in the recognition of visual detail 
and colour. About 10% of the optic tract fibres extend to the 
superior colliculus (Sect. 8.2.5) and the pretectum (Sect. 8.2.6). 
The LGB gives rise to the optic radiation (Sect. 8.2.4). 
Neurons from its medial half project mainly to the superior lip 
of the primary visual cortex, whereas those from its lateral half 
innervate the inferior lip of the primary visual cortex (Sect. 8.3). 
Fibres from the superior colliculus project to the pulvinar, 
which, in its turn, innervates the extrastriate visual cortex.

8.2.1  The Retina

The sensory part of the eye, the retina, is an evaginated part 
of the forebrain (see ten Donkelaar et al. 2006a). The retina 
is the light-sensitive inner layer of the posterior segment of 
the eye. The surface of the retina can be divided into the cen-
tral retina (the macula lutea with the fovea centralis) and 
the peripheral retina (the midperipheral retina, the equatorial 
retina and the ora serrata). The retina is composed of the 
following layers, from the inner retina to the outer retina 
(Polyak 1941; Rodieck 1973; Sterling 2004; Fig. 8.1): (1) the 
internal limiting membrane; (2) the nerve fibre layer, formed 

A
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D

Fig. 8.1 Circular optical 
coherence tomography (OCT) 
scan around the optic nerve of a 
normal eye. The upper panel 
depicts a retinal photograph 
(left part) and the corresponding 
OCT scan (right part) with its 
location on the retina specified by 
the green circle. Retinal vessels 
cause shadowing, which is 
indicated in part by arrowheads. 
The frame points to a detail of 
the retina scan extracted in the 
lower panel. A retinal nerve 
fibres, B retinal interneurons, 
C retinal receptor cells, D retinal 
photoreceptors (courtesy Thomas 
Theelen, Nijmegen)
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by the axons of the ganglion cells; (3) the ganglion cell 
layer; (4) the inner plexiform layer; (5) the inner nuclear 
layer, composed of the bipolar cells; (6) the outer plexi-
form layer; (7) the outer nuclear layer, composed of the pho-
toreceptor cells; (8) the rod and cone inner segments; (9) the 
external limiting membrane; (10) the rod and cone outer seg-
ments; (11) the retinal pigment epithelium. Retinal thick-
ness can be shown with a thickness scan of the retinal nerve 
fibres (Fig. 8.2a). A case of bitemporal optic nerve atrophy 
due to a hypophysial adenoma is shown in Fig. 8.2b, c.

The visual receptors, the rods and cones, a distinction first 
made by Schultze (1866), are located in the deep portion of 
the retina in close contact with the retinal pigment epithelium, 
which adjoins the choroid. Light entering the eye, therefore, 
passes through the transparent retina before reaching the pho-
toreceptors. The two types of photoreceptors serve different 
functions. The rods are much more sensitive to light than the 
cones and they make it possible to see in dim light. The visual 
pigment in the rods is rhodopsin, which is synthesized in the 
presence of vitamin A. The cones mediate colour vision in 
brighter light (see Solomon and Lennie 2007). There are three 
types of cones, each of which contains a different visual pig-
ment for maximal absorption of light in the blue, red and 
green parts of the visible spectrum. The cones, moreover, 
enable to see sharp images, and the fovea centralis, the area 
of highest visual acuity, is populated by cones only.

The retina contains several major classes of neurons: 
bipolar, amacrine, horizontal and ganglion cells. The bipo-
lar neurons transmit the impulses from the 100 million 
receptor cells to the ganglion cells. The bipolar cells related 
to the cones form direct contacts with the ganglion cells, 
whereas the bipolar cells for the rods use the amacrine cells 
as interneurons to the ganglion cells. The amacrine (axon-
less) and the horizontal cells are interneurons and modulate 
the visual information as it is transmitted from the receptor 
cells to the ganglion cells. The horizontal cells are primarily 
responsible for lateral inhibition, thereby increasing the con-
trast between the illuminated and non-illuminated parts of 
the retina. The retinal ganglion cells are the output cells of 
the retina. Their axons run across the inner surface of the 
retina towards the optic disc, where they form the optic nerve. 
The axons remain ummyelinated until they reach the optic 
disc. There are at least 17 distinct ganglion cell types (Dacey 
2000). Three retinal ganglion cell types are particularly well 
characterized and have been linked with parallel pathways 

that remain segregated through the LGB and into the input 
layers and compartments of V1 (Dacey 2000; Hendry and 
Reid 2000; Kaplan 2004; Field and Chichilnisky 2007; Nassi 
and Callaway 2009).

Midget, parasol and bistratified ganglion cells form 
approximately 90% of all ganglion cells found in the primate 
retina (Fig. 8.3). The midget ganglion cells (or P cells) give 
rise to the parvocellular pathway to the parvocellular layers 
of the LGB and form some 70% of the total population of 
cells that project to the LGB (Dacey 2000). Parasol gan-
glion cells (or M cells) are the origin of the magnocellular 
pathway and project to the magnocellular layers of the LGB. 
They form approximately 10% of the cells that innervate the 
LGB (Dacey 2000). Small and large bistratified ganglion 
cells make up at least part of the koniocellular pathway and 
together constitute some 8% of the total population of cells 
that project to the LGB, which in turn projects to the cyto-
chrome oxidase (CO) blobs of layers 2/3 in V1 (Hendry and 
Reid 2000). Lesion studies in primates have shown that mag-
nocellular lesions result in a large decrease in luminance 
contrast sensitivity but have little effect on colour contrast 
sensitivity or motion discrimination (Merigan et al. 1991a, b). 
Parvocellular lesions cause an almost complete loss of 
colour vision (Merigan 1989; Schiller et al. 1990). The 
koniocellular system is involved in at least some aspects of 
colour vision (Dacey 2000; Kaplan 2004). Long-standing 
retinal visual-field defects may result in retinotopic-specific 
neuronal degeneration of the visual cortex (Boucard 2006; 
Boucard et al. 2009).

The ability to see sharp images is in part related to the 
extent of convergence in the pathways from the photorecep-
tors to the ganglion cells. About 100 million photoceptors 
converge on about one million ganglion cells. The amount of 
convergence varies between cones and rods as well as 
between different parts of the retina. In the fovea centralis, 
one or two cones may contact one bipolar cell, which proj-
ects to one ganglion cell. Rods, however, show considerable 
convergence. Around 1,000 rods project to about 100 bipolar 
cells, which in turn converge on one ganglion cell.

A variety of genetic diseases may lead to blindness by 
affecting the entire globe, primarily the anterior segment (the 
cornea and the lens) or primarily the posterior segment (the 
retina and the optic nerve) of the eye (Traboulsi 1998; ten 
Donkelaar et al. 2006a; Kerryson and Newman 2007). Some 
examples are presented in Clinical case 8.1.
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Fig. 8.2 Normal retinal 
thickness versus bitemporal  
optic nerve atrophy. The upper 
panel (a) shows a thickness scan 
of the retinal nerve fibres of a 
healthy retina. The individual 
scan is well within normal limits, 
which is marked in green in all 
sectors. The middle (b) and 
lower panels (c) demonstrate 
bitemporal optic nerve atrophy 
due to a  hypophysial adenoma 
indicated in red (courtesy 
Thomas Theelen, Nijmegen)
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Fig. 8.3 Parallel streams from the retina (a) to the lateral geniculate 
nucleus (b) and the primary visual cortex (c). Midget (Mi), parasol (P) 
and bistratified (Bi) ganglion cells give rise to parallel pathways that 
remain anatomically separate through the lateral geniculate nucleus 
(LGN) and into the primary visual cortex (V1). Midget ganglion cells 
project to parvocellular layers of the LGN and on to layer 4Cb of V1 

(in red). Parasol ganglion cells project to magnocellular layers of the 
LGN and on to layer 4Ca of V1 (in light red). Small and large bistrati-
fied ganglion cells project to koniocellular layers of the LGN and on to 
the cytochrome oxidase-expressing patches or blobs of layer 2/3 (dot-
ted). Many more types of ganglion cells exist (after Dacey 2000 and 
Nassi and Callaway 2009)

Clinical Case 8.1 Hereditary Retinal Dystrophies

Hereditary retinal dystrophies can be subdivided into 
peripheral retinal degenerations, in which the rods are pri-
marily affected, and central retinal degenerations, in which 
the cones are primarily affected. The classic example of 
retinal rod dystrophy is retinitis pigmentosa, in which there 
are characteristic bone spicule pigmentations in the mid-
periphery of the retina (Fig. 8.4a), in addition to narrowing 
of the arterioles and waxy pallor of the optic disk. Retinal 

dystrophies may present with a large variety of retinal 
images, clinical disorders and all types of inheritance (see 
Case report).

Case report: A 12-year-old boy was referred because of 
problems with his concentration at school. He was treated in 
the alternative circuit with non-evidence-based prisms in his 
glasses. On ophthalmological examination, his uncorrected 
visual acuity was normal in both eyes. External ocular exami-
nation and the ocular media were normal. However, with oph-
thalmoscopy, both eyes showed pigmentary retinopathy with 

Fig. 8.4 (a) Bone spicule pigmentations in the mid-peripheral retina 
of a patient with retinitis pigmentosa; (b) ophthalmoscopic image of 
the retina of the left eye showing atrophy of the choroid and retinal 

pigment epithelium. Note the visibility of large choroidal vessels 
(courtesy Johannes Cruysberg, Nijmegen)
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8.2.2  The Optic Nerve, the Optic Chiasm 
and the Optic Tract

The optic nerve perforates the sclera and extends caudal-
wards to the optic chiasm. As it forms an integral part of the 
central nervous system (CNS), the optic nerve is surrounded 
by dura, arachnoid and pia mater. The subdural and subarach-
noid spaces of the brain, therefore, are continuous along the 
optic nerve, and an increase in intracranial pressure is readily 
transmitted along the optic nerve to the optic disc, where it 
may manifest itself as papilloedema. The optic chiasm most 
commonly lies directly above the pituitary fossa (Fig. 8.6a). 
Within the chiasm, fibres from the nasal half of the retina 
cross and the most ventral axons from the inferior nasal retina 
bend temporally through the contralateral optic nerve, 
whereas the fibres from the temporal half of the retina remain 
ipsilateral (Hoyt and Luis 1963). The fibres transmitting 

visual information from the superior part of the retina remain 
superior in the chiasm, whereas those from the inferior part of 
the retina are situated inferiorly. The papillomacular bundle 
lies superiorly and posteriorly within the chiasm.

The chiasm derives its blood supply from an inferior and 
a superior anastomotic group of vessels (Bergland 1969). 
The inferior group is made up of the superior hypophysial 
arteries, whereas the superior group consists of precommuni-
cating branches of the anterior cerebral artery. The optic 
nerve may be affected by congenital disorders, such as optic 
nerve hypoplasia in septo-optic dysplasia and papillorenal 
syndrome, onset in childhood and adulthood, such as autosomal 
dominant optic atrophy, Wolfram syndrome and Leber’s 
hereditary optic neuropathy, and by virtually every patho-
logical process that can damage an organ in the body (Miller 
2007). A case of isolated absence of the optic chiasm is 
shown in Clinical case 8.2.

atrophy of the choroid and retinal pigment epithelium. Visual-
field examination disclosed incomplete ring scotomas of both 
eyes (Fig. 8.5). Electroretinography (ERG) showed absence 
of rod function and diminished cone function. Electro-
oculography (EOG) showed an abnormal flat EOG. All find-
ings were characteristic for the clinical diagnosis of a rod-cone 

dystrophy, type choroideremia. DNA studies established 
X-linked choroideremia. In a 10-year follow-up period, there 
was progression of the atrophy of the choroid and retinal epi-
thelium (Fig. 8.4b). The patient’s complaints included night 
blindness and peripheral visual-field loss (rod function), but 
central visual acuity (cone function) was spared.

Fig. 8.5 Goldmann visual fields showing severe peripheral depression with deep (IV-4) pericentral scotomas of both eyes. Note that the 
“peripheral” I-4 isopter is contracted to only 12°. However, the central (I-1) isopter is still present (courtesy Johannes Cruysberg, Nijmegen)
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Most retinofugal fibres enter the optic tracts (Fig. 8.6b). 
Retinohypothalamic fibres, however, already leave the chi-
asm. With a post-mortem tracing technique, Dai et al. (1998) 
showed that after leaving the optic chiasm, retinohypotha-
lamic fibres enter the hypothalamus medially and laterally at 
the level of the suprachiasmatic nucleus. The medial fibres 
enter the ventral part of the suprachiasmatic nucleus and 
innervate this part over its entire length. The dorsal part of 
the suprachiasmatic nucleus is only sparsely innervated by 
the retina. Lateral projections reach the ventral part of the 
supraoptic nucleus and the area lateral to the suprachias-
matic nucleus. No retinal projections were found to other 
hypothalamic areas. These retinohypothalamic projections 
provide the anatomical basis for understanding the mecha-
nism of the synchronization of the human biological clock 
(see Chap. 13).

Each optic tract carries visual information from the con-
tralateral hemifields of both eyes, mainly to the LGB (Garey 
1990). The fibres from both eyes are initially not well aligned, 

but the correspondence improves gradually along the course 
of the tract. The retinotopic map becomes rearranged so that 
in the distal part of the optic tract the macula is represented 
dorsally, the superior quadrant laterally and the inferior 
quadrant medially (Hoyt and Luis 1963). The optic tract is 
supplied by branches of the anterior choroidal artery. Medial 
to the optic tract the small accessory optic tract passes to 
the pretectal region and to the accessory optic terminal nuclei 
in the midbrain (see Giolli 1963; Gamlin 2006; Giolli et al. 
2006). The pretectum includes the nuclei of the optic tract 
and is located between the superior colliculus and the thala-
mus. The right and left pretectal regions are connected 
through the posterior commissure. The pretectum contains 
relays for the pupillary light reflex (see Sect. 8.2.6) and for 
the horizontal optokinetic reflex (the nucleus of the optic 
tract). The terminal nuclei of the accessory optic system in 
the midbrain and the nucleus of the optic tract are centres for 
compensatory reflexes that stabilize the image in the retina 
using visual optokinetic information (see Chap. 6).

a b

Fig. 8.6 (a) MRI of the intraorbital part of the optic nerve and of the optic chiasm; (b) MRI of the optic tracts (courtesy Ton van der Vliet, 
Groningen)
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8.2.3  The Lateral Geniculate Body

The LGB or CGL is a triangular, hat-like structure with six 
layers, two ventral magnocellular or M layers and four dorsal 
parvocellular or P layers (Fig. 8.8). Ipsilateral retinogenicu-
late fibres terminate in layers 2, 3 and 5, those from the con-
tralateral eye in layers 1, 4 and 6 (Minkowski 1920; Le Gros 
Clark and Penman 1934; Polyak 1957; Kupfer 1962; Hubel 
and Wiesel 1977; Hubel et al. 1977; Rakic 1977; Fig. 8.8). 
The parasol ganglion cells or M cells of the retina project to 
the magnocellular layers of the LGB and are primarily con-
cerned with high-contrast images and movement. The more 
numerous and smaller midget ganglion cells or P cells of the 
retina project to the parvocellular layers of the LGB and are 
more involved with colour coding and fine detail. The retinal 

koniocellular system projects to sheets of cells between the 
various layers (see Fig. 8.3). In a DiI-tracing study, Hevner 
(2000) showed that retinogeniculate projections are already 
segregated into eye-specific layers by 20 gestational weeks.

Minkowski (1920) studied transneuronal degeneration in 
the LGB some months after enucleations in monkeys and 
humans. In opossums, bilateral enucleation in early develop-
ment decreases the size of the LGB and even of the brain 
(Karlen and Krubitzer 2009). Le Gros Clark and Penman 
(1934) showed that small retinal lesions in monkeys caused 
very restrictive areas of transneuronal degeneration, in fact 
the first retinogeniculate projection map. The most accurate 
maps of the monkey retinogeniculate projection were made 
with electrophysiological techniques (Kaas et al. 1972; 
Malpeli and Baker 1975; Connolly and Van Essen 1984). 

Clinical Case 8.2 Isolated Absence of the Optic Chiasm

Isolated absence of the optic chiasm or non-decussating 
retinofugal syndrome is very rare (Apkarian et al. 1993, 
1995; Jansonius et al. 2001; Korff et al. 2003). The four 
patients described presented with oculomotor instabilities 
(see Case report). In this condition, nasal retinal fibres 
project ipsilaterally, resulting in aberrant retinothalamocor-
tical mapping.

Case report: An otherwise healthy 15-year-old girl 
with a congenital nystagmus was evaluated at a University 
Department of Ophthalmology using visual-evoked poten-
tial recording and subsequent MRI examination. She 
appeared to have the unique inborn absence of the optic 
chiasm (Fig. 8.7). Unlike the cases described by Apkarian 
et al. (1993, 1995), she did not seem to display a seesaw 
nystagmus (Jansonius et al. 2001).

This case was kindly provided by Nomdo M. Jansonius 
and Ton van der Vliet (Departments of Ophthalmology and 
Radiology, Groningen University Medical Centre).
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Fig. 8.7 Axial MRI, showing that both optic nerves curve to the lat-
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Two cases of selective transneuronal degeneration of the 
human LGB following enucleation are shown as Clinical 
case 8.3.

The retinal macula is represented in a dorsal wedge of the 
LGB, including the hilum, and the far periphery of the retina 
is represented ventrally. The inferior and superior visual 
quadrants of the retina are represented in the medial and lat-
eral horns of the LGB, respectively. The LGB has a dual 
blood supply: the lateral choroidal artery, a branch of the 
PCA, supplies the hilum and the dorsal crest in the midzone 
(Frisén et al. 1978), whereas the anterior choroidal artery 
supplies the medial and lateral horns (Frisén 1979; Helgason 
et al. 1986). The geniculocalcarine fibres exit dorsally from 
the LGB and form the optic radiation (Sect. 8.2.4). In pri-
mates, the geniculocalcarine projections have been exten-
sively studied by Hubel and Wiesel (1972, 1977), Hendrickson 
et al. (1978) and Fries (1981). In a patient with an infarct of 
the ipsilateral optic radiation 22 days before death, Mesulam 
(1979) traced degenerating fibres to layer IVc of the primary 
visual cortex with the Nauta–Gygax technique.

Clinical Case 8.3 Selective Transneuronal Degeneration 

of the LGB After Enucleation

Transneuronal degeneration in the LGB follows several 
months after enucleations in monkeys and humans (Minkowski 
1920; Le Gros Clark and Penman 1934). In opossums, bilat-
eral enucleation in early development decreases the size of 
the LGB and even brain size (Karlen and Krubitzer 2009). 
Surprisingly, in a 67-year-old male, 8 years after enucleation, 
no obvious transneuronal degeneration was observed, whereas 
in two cases with longer periods between enucleation and 
post-mortem examination transneuronal degeneration was 
evident (see Case report).

Case report: In a 67-year-old male, the right eye was 
enucleated because of choroidal melanoma. He was hospi-
talized for cardiac infarction and died on admission. Post-
mortem examination revealed cardiac infarction due to 
coronary stenosis, liver metastases of the melanoma and 
basilar arteriosclerosis. Eight years of deprivation of retinal 
input to the LGB, however, did not cause obvious trans-
neuronal degeneration either in the ipsilateral or in the 

 contralateral LGB (Fig. 8.9a). In two other cases with 45 
and more than 50 years of retinal deprivation, laminar neu-
ronal loss was observed in the second, third and fifth layers 
of the ipsilateral LGB and in the first, fourth and sixth lay-
ers of the contralateral LGB (Fig. 8.9b–d). In both cases, 
the right eye was enucleated because of a serious orbital 
trauma.

This case was kindly provided by Akira Hori (Research 
Institute for Longevity Medicine, Fukushimura Hospital, 
Toyohashi, Japan).
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opticum, CGL corpus geniculatum laterale, L left eye, R right eye, I–VI 
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from ten Donkelaar et al. 2006a)
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Fig. 8.9 Selective transneuronal degeneration of the lateral genicu-
late body (LGB) after enucleation: (a) LFB-stained section of the 
contralateral LGB in Case 1; (b–d) LFB-stained sections of the ipsi-

lateral LGB (b), in higher magnification (c ) and of the optic nerve 
(d), all in Case 2 (courtesy Akira Hori, Toyohashi)
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8.2.4  The Optic Radiation

The optic radiation (the bundle of Gratiolet or geniculocal-
carine tract) loops over the temporal horn of the lateral ven-
tricle before turning medially towards the visual cortex around 
the calcarine sulcus (Ludwig and Klingler 1956; Bürgel et al. 
1999; Fig. 8.10). The medial half of the LGB projects mainly 
to the superior lip of the primary visual cortex, whereas the 
lateral half projects to the inferior lip of the primary visual 
cortex. The optic radiation is arranged as follows:
1. Its upper layer contains extramacular fibres, which pass 

through the retrolenticular part of the internal capsule. 
These extramacular fibres ascend at an angle of 20° to the 
bicommissural plane and terminate in the rostral part of 
the superior lip of the primary visual cortex.

2. Its central part contains fibres that conduct signals from 
the macula lutea of the retina to the occipital pole.

3. Its lower layer runs through a loop (the genu of the optic 
radiation or Meyer’s loop; Meyer 1907) at the rostral rim 
of the temporal horn of the lateral ventricle and passes 
below the temporal horn. These fibres descend at an angle 
of approximately 40° to the bicommissural plane and then 
continue to the rostral part of the inferior lip of the pri-
mary visual cortex.
The course of the optic radiation, especially Meyer’s loop, 

varies considerably (Ebeling and Reulen 1988; Bürgel et al. 
1999; Fig. 8.11a, b). Such individual variation results in a 
great variety of visual-field defects following anterior tem-
poral pole resection for the treatment of intractable epilepsy 
(Falconer and Wilson 1958; Van Buren and Baldwin 1958; 
Marino and Rasmussen 1968; Hughes et al. 1999). In DTI 
studies (Ciccarelli et al. 2003; Reinges et al. 2004; Yamamoto 
et al. 2005), Meyer’s loop was located more posteriorly than 
expected from fibre-dissection studies (Ludwig and Klingler 
1956; Ebeling and Reulen 1988; Fig. 8.11c). The optic radia-
tion is vascularized by various arteries: the beginning of the 
geniculocalcarine tract in the retrolenticular part of the inter-
nal capsule by the anterior choroidal artery; the temporal and 
parietal parts by branches of the inferior division of the mid-
dle cerebral artery (MCA) and the distal parts in the occipito-
temporal lobe by the PCA.

8.2.5  The Superior Colliculus and the Pulvinar

The mammalian superior colliculus is a laminated structure. 
Its upper layers receive extensive inputs from the retina, the 
visual cortex and the parabigeminal nucleus, and project to 
several other structures involved in vision, including the 
parabigeminal nucleus, the lateral geniculate nucleus (LGN), 
the pretectum, including the nucleus of the optic tract, and 
the pulvinar (Benevento and Fallon 1975; Huerta and Harting 
1984; Schiller 1984; May 2006). The deeper layers of the 

superior colliculus receive visual, auditory and somatosen-
sory inputs and project extensively to brain stem areas 
involved in the regulation of eye movements and orientation 
as well as to the cervical spinal cord (Huerta and Harting 
1982, 1984). Moreover, the substantia nigra is the main 
source of a GABAergic projection to the deep layers of the 
superior colliculus (Hopkins and Niessen 1976; Faull and 
Mehler 1978; Beckstead et al. 1979; François et al. 1984). 
Ablation of the superior colliculus interferes with eye move-
ments and orientation, although the extent of the deficit var-
ies among species (see Schiller 1984). The spatial arrangement 
of the auditory and somatosensory inputs to the deeper col-
licular layers conform to the visual topography of the supe-
rior colliculus, suggesting that the colliculus is organized 
from the standpoint of visual response.

The visual projections to the superior colliculus are 
selective. The retinal ganglion cells projecting to the collicu-
lus comprise two classes: (1) the rapidly conducting Y-type 
(broad-band) cells, and (2) the slowly conducting W-type 

Fig. 8.10 Klingler’s preparation of the human visual system (from 
Ludwig and Klingler 1956; with permission from S. Karger, Basel)
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cells. The major direct retinal input comes from the W-type 
cells. The indirect visual input to the superior colliculus via 
the geniculostriate system is driven exclusively by Y-type 
ganglion cells. In primates, the superior colliculus is involved 
in the control of visually guided saccadic eye movements. 
In the intermediate and deeper layers of the monkey supe-
rior colliculus eye movement cells predominate. Electrical 

 stimulation of the colliculus elicits saccadic eye movements, 
whereas ablation causes partial deficits in eye movements 
(Schiller 1977, 1984). The superior colliculus is under corti-
cal control, which is most pronounced for visual functions 
(Lund et al. 1975). Disruption of the corticotectal pathway 
from the visual cortex eliminates visually driven activity 
in the deeper collicular layers, whereas disruption of the 
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Fig. 8.11 (a, b) Coronal (a) and axial (b) planes with superimposed 
colour-coded fibre tracts. The acoustic radiation (AR) and the optic radi-
ation (OR) are shown in yellow, the inferior occipitofrontal fascicle 
(IOF) in orange and the uncinate fascicle (UF) in red. In (c), a DTI with 

the StealthDTI V1.2 software (see Chap. 3) is shown (a, b based on data 
by Bürgel et al. 1999; c tractography data kindly provided by Uli Bürgel, 
Department of Neurosurgery, St. Antonius Hospital, Kleve, Germany)
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 corticotectal pathway from auditory and somatosensory 
areas does not affect single-cell activity in the colliculus.

The main efferent projections of the superior colliculus 
are the crossed descending predorsal bundle, the ipsilateral 
tectopontine tract, reciprocal connections with the parabig-
eminal nucleus and ascending connections with the pretec-
tum, the subthalamus and the thalamus, in particular the 
pulvinar (Benevento and Fallon 1975; Harting et al. 1980; 
Huerta an Harting 1982, 1983, 1984). The predorsal bun-
dle, found just ventral to the medial longitudinal fascicle, 
connects the deep layers of the superior colliculus with con-
tralateral gaze centres and the spinal cord.

In the primate pulvinar, four distinct nuclei are identi-
fied: medial, lateral, inferior and oral. With calbindin immu-
nostaining, the macaque monkey pulvinar has been further 
subdivided (Adams et al. 2000; Gutierrez et al. 2000). The 
majority of the pulvinar nuclei are involved in vision 
(Robinson 1993; Robinson and Cowie 1997; Grieve et al. 
2000; Casanova 2004). Bilateral retinal projections termi-
nate in the inferior pulvinar (Mizuno et al. 1982; Itaya and 
Van Hoesen 1983; Cowey et al. 1994). Ascending fibres from 
the superficial layers of the superior colliculus project to the 
lateral pulvinar (Harting et al. 1980; Huerta and Harting 
1983), whereas projections from its deep layers reach the 
medial and oral pulvinar (Benevento and Fallon 1975; 
Benevento and Standage 1983). Cortical afferents form the 
main source of visual signals to all subdivisions of the pulvi-
nar (Ungerleider et al. 1983; Boussaoud et al. 1991; Webster 
et al. 1993). In macaque monkeys, several visual areas have 
connections with distinct parts of the pulvinar. For instance, 
area V4 receives input from parts of the medial and inferior 
pulvinar nuclei (Tanaka et al. 1990) that lay outside those 
projecting to area V5 (Shipp and Zeki 1995). Areas TEO and 
TE have reciprocal connections with distinct portions of the 
lateral, medial and inferior pulvinar nuclei (Webster et al. 
1993). Ungerleider et al. (1984) termed the inferior and lat-
eral pulvinar nuclei as “P1” and “P2” fields of the pulvinar 
with connections with V1, V2, V4 and MT, whereas a third 
field (“P3”) has connections with the middle temporal (MT) 
area, the medial superior temporal (MST) sulcus area and the 
floor of the superior temporal (FST) sulcus area (see also 
Boussaoud et al. 1991; Gutierrez and Cusick 1997; Adams et al. 
2000). In an anterograde degeneration study in a 73-year-old 
man, who died of intestinal bleeding leading to an infarct of 
the right fusiform gyrus, Clarke et al. (1999) studied the thal-
amic projections of the visual cortex. Ipsilaterally, high den-
sity of cortical projections was found in the inferior pulvinar 
nucleus and less densely in the medial pulvinar. In this 
respect, the human fusiform gyrus is similar to the macaque 
extrastriate cortex, in particular to areas MT (Ungerleider  
et al. 1984), MST and FST (Boussaoud et al. 1991) and TEO 
and TE (Webster et al. 1993).

8.2.6  The Pretectum and the Pupillary 
Light Reflex

The neural pathway of the pupillary light reflex was first 
described by Wernicke (1883). Afferent fibres from the ret-
ina pass via the optic tract and medial to the LGB to termi-
nate in the ipsilateral pretectal nucleus. Each pretectal 
nucleus projects bilaterally to the Edinger–Westphal 
nucleus, of which parasympathetic fibres innervate the pupil-
lary sphincter via the ciliary ganglion (Fig. 8.12a). Reflex 
pupillary constriction is also part of the act of convergence 
and accommodation for near objects. The accommodation 
reflex probably involves proprioceptive signalling from the 
contracting medial recti via the oculomotor nerve and the 
mesencephalic nucleus of the trigeminal nerve to the pretec-
tum. From here, the reflex pathway is similar to the pupillary 
reflex (Fig. 8.12b). Pupil size is controlled by a ring of con-
strictor fibres, which are innervated parasympathetically and 
a ring of radially arranged dilator fibres, which are controlled 
sympathetically. The parasympathetic fibres pass via the 
oculomotor nerve to the ciliary ganglion in the posterior 
orbit (see Chap. 6), which gives rise to 8–10 short ciliary 
nerves. These subdivide into 16–20 branches that pass 
around the eye to reach the constrictor pupillae.

The sympathetic pathway includes three neurons (see 
Chap. 12): the first neuron is located in the paraventricular 
nucleus and the adjacent lateral hypothalamus and projects 
via the medial forebrain bundle and the lateral brain stem 
tegmentum to the lateral horn of the thoracic spinal cord 
(Loewy et al. 1973; Saper et al. 1976). The existence of a 
similar central sympathetic pathway in humans can be 
inferred from the presence of an ipsilateral deficit following 
injury to the hypothalamus, the lateral brain stem tegmentum 
or the lateral funiculus of the spinal cord (Nathan and Smith 
1986; Marx et al. 2004). The second neuron projects from 
here to the superior cervical ganglion and the third neuron 
sends its axon from the superior cervical ganglion to the 
pupil and the blood vessels of the eye. The fibres from the 
superior cervical ganglion enter the cranial cavity on the sur-
face of the internal carotid artery and then pass via the third 
nerve to smooth muscle fibres in the upper eyelid, via the 
nasociliary nerve of the ophthalmic nerve (V1) to the blood 
vessels of the eye and as long ciliary nerves to the dilator 
pupillae (the m. dilatator pupillae).

Lesions affecting the parasympathetic control of the 
pupil include (Patten 1977):
1. Lesions in the retina, the optic nerve and the optic chiasm, 

in particular optic nerve damage due to multiple sclero-
sis, cause an “afferent pathway lesion”. This results in an 
 abnormal pupillary response known as the Marcus Gunn 
pupil: when the normal eye is stimulated by bright light, 
there is no abnormality due to the consensual reaction, but 
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when the affected eye is stimulated, the reaction is slower, 
less complete and so brief that the pupil may start to dilate 
again.

2. Lesions affecting the superior colliculus will interfere 
with the decussating light reflex in the roof of the mid-
brain (see Fig. 8.12). This results in pupils that are dilated 
and fixed to light. This is often coupled with loss of up-
ward gaze in the Parinaud syndrome (see Chap. 6).

3. The Argyll–Robertson pupil is small, irregular and fixed 
to light but reacts to accommodation. The Argyll–Robert-
son pupil reaction was a classic sign of meningovascular 
syphilis but may also be caused by pinealomas, diabetes 
and brain stem encephalitis.

4. Lesions affecting the third cranial nerve may or may not in-
volve the pupillary fibres. If the nerve trunk is infarcted, the 
superficially located pupillary fibres may well be spared.

5. Degeneration of the nerve cells of the ciliary ganglion 
cause a Holmes-Adie or “tonic” pupil.
Abnormalities of the sympathetic pathway to the pupil, 

wherever the site of the lesion, result in a Horner syndrome, 
described in 1869 by Johann Friedrich Horner (Horner 1869). 
Horner syndrome is characterized by: (1) an affected pupil 
smaller than the normal one, with normal reactions to light 
and accommodation; (2) a variable degree of ptosis of the 
upper eyelid and (3) impairment of sweating over the fore-
head, depending on the site of the lesion. The associated 
symptoms usually allow the location of the causing lesion. 
A Horner syndrome may be caused by (Patten 1977):
1. Hemispherectomy or massive infarction of one hemi-

sphere, causing an ipsilateral Horner.
2. Brain stem lesions: Throughout their course in the brain 

stem, the sympathetic pathways course adjacent to the 

Fig. 8.12 (a) The pupillary light 
and (b) the accommodation 
reflex pathways. CB ciliary body, 
cb communicating branch, CG 
ciliary ganglion, CGL corpus 
geniculatum laterale, EW nucleus 
of Edinger–Westphal (parasym-
pathetic), iml intermediolateral 
nucleus (sympathetic), L lens, nII 
optic nerve, nIII oculomotor 
nerve, or optic radiation, P pupil, 
PA pretectal area, pc posterior 
commissure, pf parasympathetic 
fibres, R retina, SA striate area, 
SC short ciliary nerves, SCG 
superior cervical ganglion, sf 
sympathetic fibres (after 
Nieuwenhuys et al. 1988)
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spinothalamic tract (Nathan and Smith 1986; Marx et al. 
2004). A Horner syndrome due to a brain stem lesion may, 
therefore, be associated with pain and temperature loss on 
the opposite side of the body. Vascular lesions of the brain 
stem, multiple sclerosis, pontine gliomas and brain stem 
encephalitis may all cause a Horner syndrome.

3. Cervical cord lesions: Upper thoracic spinal cord lesions 
may often include the sympathetic tract. Syringomyelia, 
spinal cord gliomas or ependymomas will usually cause 
loss of pain sensations in the arms, loss of arm reflexes 
and often a bilateral Horner.

4. T1 lesions: The T1 root may be affected by simple disc 
lesions. Moreover, since it lies on the apical pleura, it may 
be damaged by primary or metastatic malignant disease. 
The classic Pancoast syndrome is usually due to a cancer 
of the lung apex and includes pain in the axilla, wasting 
of the small hand muscles and a Horner, all ipsilaterally.

5. The sympathetic chain: Throughout its course in the 
neck, the sympathetic fibres may be damaged by neo-
plastic infiltration or during surgery of the larynx and the 
thyroid or by other neck operations. Neoplastic processes 
in the jugular foramen may cause various combinations 
of a Horner syndrome with lesions of the last four cranial 
nerves (see Chap. 6).
The pupillary light reflex depends also on supragenicu-

late input. A relative afferent pupillary defect (RAPD) is 
characterized by diminished pupillary constriction on direct 

illumination with a normal consensual response to illumina-
tion of the contralateral eye. It is typically related to lesions 
within the anterior visual pathways and is almost always pres-
ent in unilateral or asymmetric bilateral optic nerve disease 
(Wilhelm 1996, 1998\). An RAPD contralateral to the side of 
the lesions may also be observed in lesions of the optic tract 
characterized by incongruent homonymous visual-field 
defects and asymmetric bilateral optic disc atrophy (Savino  
et al. 1978). The presence of a contralateral RAPD in an optic 
tract lesion is thought to be related to the greater nasal-retina 
photoceptor density, a ratio of crossed to uncrossed fibres in 
the chiasm of 53:47 and a temporal visual field 61–71% larger 
than the nasal field (Bell and Thompson 1978). An optic tract 
lesion disrupts fibres from the contralateral nasal retina and 
the ipsilateral temporal retina, therefore disproportionately 
diminishing input from the contralateral eye and producing a 
corresponding RAPD (King et al. 1991). An RAPD has also 
been described in patients with congenital occipital hemi-
anopia, for which transsynaptic optic tract atrophy following 
intra-uterine or perinatal damage to the suprageniculate visual 
pathways has been suggested (Tychsen and Hoyt 1985a, b). 
Papageorgiou et al. (2008) studied 23 patients with homony-
mous visual field defects, in ten of whom an RAPD was pres-
ent. They found an association with the involvement of a 
region including the course of the optic radiation at its early 
beginning in the temporal white matter.

Clinical Case 8.4 Lesions of the Pupillary  

Light Reflex Pathway

Pupils are considered to be normal if they are central and 
round, equal in size (isocoria) and with adequate reactivity 
to light, accommodation and pharmacological influences. 
Normal pupils constrict to light. However, paradoxical 
pupillary reactions, i.e. constriction of the pupils to dark-
ness, may occur in various retinal diseases, including con-
genital achromatopsia, congenital stationary night blindness 
and blue-cone monochromatism (Barricks et al. 1977; 
Flinn et al. 1981; Sobol et al. 1991).

Case report: A 15-month-old boy was referred 
because of nystagmus and photophobia of both eyes. The 
parents observed nystagmus at 2 months. Ocular exami-
nation disclosed fine vertical nystagmus of both eyes and 
paradoxical pupillary reactions with constriction of the 
pupils to darkness (Fig. 8.13). Measurement of refraction 
showed hyperopia (S + 2.5). Ocular media and fundus 
were normal. A diagnosis of congenital achromatopsia 
was made, which was established in later follow-up 
 studies of visual acuity (0.16), colour vision and ERG 
(Fig. 8.13).
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Fig. 8.13 Electroretinography in congenital achromatopsia, showing 
absence of cone function: (a) scotopic response is normal; (b) mixed 
responses: normal amplitude but abnormal pattern with lack of cone 
components; (c) oscillatory potentials (OPs) normal; (d) photopic 
responses absent (however, small rod responses are visible); (e) 30 Hz 
photopic responses are absent (courtesy Maria van Genderen, Zeist)
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8.3  The Visual Cortex

The human occipital cortex is usually divided into three 
areas, 17, 18 and 19 according to Brodmann (1909) or OC, 
OB and OA according to von Economo and Koskinas (1925). 
Area 17, the primary visual cortex, is also known as the stri-
ate cortex and has clear-cut boundaries (Fig. 8.15). Areas 18 
and 19 contain multiple visual areas. In monkeys, several 
boundaries between visual areas are characterized by bands 
of callosal afferents and/or by changes in myeloarchitecture 
(Zeki 1978a, b; Van Essen and Zeki 1978; Van Essen 1985). 
Clarke and Miklossy (1990) described a similar pattern in 
the human occipital cortex.

8.3.1  The Striate Cortex

The primary visual or striate cortex may be recognized by the 
pale colour of a macroscopically visible fibre layer, known as 
the visual stria of Gennari or Vicq d’Azyr (see Fig. 1.9), and 

corresponds to the outer band of Baillarger (Braak 1982). This 
line can be seen as a region of T1-shortening or T2-hyperintensity 
on MRI at 3 T (Barbier et al. 2002; Gunny and Yousry 2007). 
The striate cortex is situated mainly in the medial part of the 
occipital lobe surrounding the calcarine sulcus. The calcarine 
sulcus cuts deep into the occipital lobe. The shape of the pri-
mary visual cortex is asymmetrical and is individually rather 
variable (Rademacher et al. 1993). From early data from war 
trauma (Inouye 1909; Holmes and Lister 1916) and more recent 
studies of strokes using MRI (Horton and Hoyt 1991a, b; see 
Fig. 8.16), it was concluded that the human striate cortex 
receives a systematic retinotopic map of the contralateral visual 
field. Central vision is far better represented than peripheral 
vision: more than half of the striate cortex is devoted to the 
central ten degrees of vision (Horton and Hoyt 1991a; McFadzean 
et al. 1994). Central, foveal vision is located at the posterior tem-
poral pole. The striate cortex is largely supplied by the PCA, a 
parieto-occipital branch for the superior calcarine bank and a pos-
terior temporal branch for the lower calcarine bank. The occipital 
pole lies in a watershed between a calcarine branch of the PCA 
and the MCA. The variation found both in the primary visual 

Clinical Case 8.5 Horner Syndrome

In childhood, iatrogenic T1 Horner syndrome is a rare com-
plication of chest tube insertion. Reported cases include a 
3-year-old girl who developed Horner syndrome after repair 
of a diaphragmatic hernia with placement of an intrapleural 
chest drain (Ozel and Kazez 2004), a 3-month-old girl after 
placement of a chest tube for treatment of pneumonia 
(Bhaskar et al. 2006) and a 13-month-old boy after place-
ment of a chest tube for treatment of a left-sided pneumonia 
and an associated pleural effusion (Baird et al. 2009).

Case report: A 14-month-old boy was observed with 
acute miosis and ptosis of the left eye (Fig. 8.14), second-
ary to thoracostomy for pleural empyema at the left side. 
The pneumonia had occurred after a varicella-zoster infec-
tion. Ocular examination showed miosis of the left pupil 
with anisocoria, increasing in darkness, and relative ptosis 
of the left upper eyelid. The history and findings were com-
patible with a left Horner syndrome. During a 4-year fol-
low-up period, visual acuity developed normally but there 
was no change of the left Horner syndrome.
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Fig. 8.14 A 14-month-old boy with miosis and relative ptosis of the 
left eye, caused by Horner syndrome secondary to thoracostomy 
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Fig. 8.15 Nissl-stained section 
of areas 17–19 (from Sarkissov 
et al. 1955)
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Fig. 8.16 (a, b) Schematic 
diagrams showing the arrange-
ment of V1, V2 and V3 along the 
posterior (a) and medial 
(b) occipital surface. Most of V1 
is buried in the calcarine sulcus. 
(c) Artificially flattened map 
showing the retinotopic 
organization of V1 (stippled 
area), V2 (small triangles) and 
V3 (stripes) in the left occipital 
lobe. More than half of the visual 
cortex is devoted to processing of 
the central 10° of vision (after 
Horton and Hoyt 1991a)
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cortex (Rademacher et al. 1993) and in its vascularization (see 
Chap. 2) means that foveal vision may be supplied by either 
artery (Smith and Richardson 1966). For gender-specific left–
right asymmetries in the human visual cortex, see Amunts et al. 
(2007). Vision loss can occur from damage to the retrochiasmal 
visual pathways (see below). A case of a mitochondrial disorder 
(Mitochondrial encephalopathy, and lactic acidosis and 
stroke-like episodes or MELAS), leading to central blind-
ness is shown in Clinical case 8.6.

In the primary visual cortex, cells with common func-
tional properties tend to be grouped into repeating units 
known as columns. Hubel and Wiesel (1977) and Livingstone 
and Hubel (1984) identified both ocular dominance columns 
and orientation columns. The ocular dominance columns 
are related to the eye preference of the cortical neurons. 
Following injection of tritiated proline into one eye of a 
macaque monkey, the label is taken up by retinal ganglion 
cells and is transported to the LGN. Following transneuronal 
transport into LGN cells, the label reaches the visual cortex 
via the optic radiation. The ocular dominance columns can 
be recognized as periodic bright padges (Fig. 8.17). The 
labelled patches are separated by unlabelled areas which 

 represent the ocular dominance columns of the other, non-
injected eye. These banded projections are limited to layer 
IV, where most of the geniculocalcarine fibres terminate. 
Orientation columns were the first columns to be described 
in the visual cortex by David Hubel and Torsten Wiesel. 
They discovered that a sequence of cells responded to a line 
with a specific orientation as they inserted a microelectrode 
perpendicular to the surface of the visual cortex. A complete 
set of orientation columns, representing 360°, forms an ori-
entation hypercolumn, which covers about 750 mm in pri-
mates. This is roughly equivalent to the dimension of a pair 
of ocular dominance columns. CO-stained blobs represent 
aggregations of cells with apparent chromatic properties. 
The strong reaction with the CO stain indicates that they are 
metabolically more active than their neighbours. The blobs 
are most pronounced in layers 2 and 3 and are involved in 
colour vision. The interblob system is concerned with form.

Various aspects of the visual image are analysed by different 
subdivisions of the visual pathways. This segregation begins in 
the retina itself. Originally, it was thought that the pathways 
from the retina to the primary visual cortex might contain strict 
segregation in V1 and underlie separate  processing streams in 
the extrastriate cortex (Livingstone and Hubel 1988). The dis-
tinctive laminar organization of V1 and the alternative light and 
dark staining for CO in the superficial layers (Horton and Hubel 
1981) suggested a high degree of processing modularity and the 
possibility that parallel inputs to V1 remain segregated. 
Livingstone and Hubel (1988) suggested that the magnocellular 
pathway from the magnocellular or M layers of the LGB forms 
the basis for motion- and depth-related processing in layer 4B 
and that the parvocellular pathway from the parvocellular or P 
layers of the LGB forms the basis for colour and form process-
ing in the CO blobs (dark staining) and interblobs (light stain-
ing). The magnocellular pathway projects to layer 4Ca of the 
striate cortex and from there to layer 4B (Fig. 8.17). This layer 
contains both orientation- and direction-selective cells which 
after further processing give rise to two different channels. The 
M channel, related to the orientation-selective cells which are 
associated with form vision, projects to V3, both directly and 
through V2. The M-derived form channel is likely to be linked 
with motion, i.e. dynamic form. The M channel associated with 
the direction-sensitive cells, i.e. the motion pathway, reaches 
the motion area of the extrastriate cortex, area V5, either directly 
or via V2 (area 18). Semir Zeki (1974, 1978b) discovered that 
most of the cells in the primate V5 are direction selective and 
also identified a visual motion area in the human brain (see 
Sect. 8.3.2). The parvocellular pathway reaches layer 4Cb of 
the striate cortex, which in turn projects to layers 2 and 3 where 
the blob and interblob cells are located. In further processing 
within the P system, therefore, at least two different parvocel-
lular channels can be recognized: (1) the parvocellular blob 
system for the processing of colour, and (2) the parvocellular 
interblob system for the detection of form. These two channels 
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Fig. 8.17 The “ice-cube” model of the visual cortex in the macaque 
monkey. Abbreviations: L and R indicate ocular dominance columns; 
running orthogonally, are shown at the right surface of the cube. The 
cytochrome oxidase-rich “blobs” appear as light-red cylinders in the 
centre of ocular dominance columns. Thalamic afferent fibres, originat-
ing from the magnocellular (M) and parvocellular (P) layers of the lat-
eral geniculate nucleus, respectively, terminate in separate subdivisions 
of layer 4 within appropriate ocular dominance columns (after Hubel 
and Wiesel 1972; from ten Donkelaar et al. 2006b)
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proceed to area V2 and from there to V4, which is especially 
concerned with form in association with colour. This system 
was attractive in its simplicity but more recent studies have 
questioned such a strict segregation (Sincich and Horton 2004; 
Nassi and Callaway 2009): rather than maintain strict segrega-
tion, the early parallel pathways converge significantly in the 
first synapses in V1. This is most evident in the connections 
from layer 4C to the CO blobs and interblobs of layer 2/3. The 
blobs and interblobs of layer 2/3 receive convergent input from 

both the magnocellular and the parvocellular pathways, with the 
blobs receiving additional input from the koniocellular layers of 
the LGB (Hendry and Yoshioka 1994; Yoshioka et al. 1994). 
Functionally, the intermixing of magnocellular, parvocellular 
and koniocellular pathways in V1 has been confirmed by show-
ing that lesions of either magnocellular or parvocellular layers 
of the LGB can strongly affect the response properties of cells 
in both CO blobs and interblobs of V1 (Nealey and Maunsell 
1994; Nassi and Callaway 2009; Nealey and Maunsell 1994).

Clinical Case 8.6 MELAS and Central Blindness

MELAS is caused by a mutation affecting the mitochon-
drial encoded gene for leucine tRNA. Although vision loss 
in mitochondrial genetic disorders more commonly occurs 
from retinal degeneration or optic nerve disease, in MELAS 
vision loss can occur from damage to the retrochiasmal 
visual pathways (see Case report). Other features include 
diabetes mellitus and deafness.

Case report: A 12-year-old boy with normal develop-
ment presented with acute, left-sided homonymous hemi-
anopia. His mother died from an “unexplained” stroke 
some years before. The diagnosis mitochondrial encepha-
lomyelopathy with lactic acidosis and stroke-like episodes 
(MELAS) was made after revision of the mother’s medical 
history and appropriate laboratory investigations in the boy. 
The identification of a pathogenetic mtDNA mutation 
finally proved the diagnosis genetically. Three years later, 
the boy suffered from a stroke-like episode at the contralat-
eral side, leading to central blindness. Cerebral imaging 
showed extensive bilateral occipital defects (Fig. 8.18).

This case was kindly provided by Michèl Willemsen 
(Department of Child Neurology, Radboud University 
Nijmegen Medical Centre). Fig. 8.18 Axial MRI, showing extensive bilateral occipital defects in 

a case of MELAS with central blindness (courtesy Michèl Willemsen, 
Nijmegen)

8.3.2  Extrastriate and Visual Association 
Cortices

Most of our knowledge on the organization of the primate 
visual cortex comes from studies in Old World monkeys of 
the genus Macaca (Fig. 8.19). In post-mortem, fixed human 
brains, Burkhalter and Bernardo (1989) traced projections of 
the V1 and V2 cortices with DiI. They found projections 
from V1 to layers 3 and 4 of V2, whereas V2 projects back 
to layers 1, 2, 3, 5 and 6 of V1. In 1982, Leslie Ungerleider 
and Mortimer Mishkin suggested a subdivision of the corti-
cal visual system of primates into dorsal and ventral streams 
(Ungerleider and Mishkin 1982; Mishkin et al. 1983). The 

projections from the primate visual cortical areas can be 
roughly divided into: (1) a dorsal stream, concerned with 
the analysis of the locations of objects and their movements 
in space, and centred on area V5/MT+; and (2) a ventral 
stream, responsible for the processing and storage of infor-
mation about their identity such as shape, colour and other 
salient physical properties, and aimed at area V4 (Fig. 8.20). 
The classic view of the anatomical organization of the dor-
sal stream is that the nodal area of the stream is area V5/
MT. This area receives direct input from V1 and extrastriate 
visual areas and innervates the inferior parietal lobule (IPL). 
Visual input also reaches the superior parietal lobule (SPL), 
mostly through an area named PO by Colby et al. (1988). 
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Galletti et al. (1996, 1999, 2001) subdivided area PO into 
two different areas: V6, a purely visual area, and V6A with 
more complex properties. Area V6A has again been subdi-
vided into dorsal (V6Ad) and ventral (V6Av) cortical fields 
(Luppino et al. 2005). Gamberini et al. (2009) studied the 
cortical connections of area V6Ad in macaque monkeys. 
Rizzolatti and Matelli (2003) provided evidence for two dif-
ferent streams in the dorsal visual system: (1) a dorso-dorsal 
(d-d) stream to area V6 and areas V6A and MIP of the SPL; 
and (2) a ventro-dorsal (v-d) stream to area MT and the 
visual areas of the IPL. Both substreams provide informa-
tion for the control of action but the v-d stream may also 
play a crucial role in space perception and action under-
standing. Damage to the d-d stream leads to optic ataxia.

For the ventral stream, analysis of objects begins also in 
V1, where information about edges and about the colour and 
brightness of stimuli is extracted from visual inputs from the 
LGB (Van Essen 1985; Felleman and Van Essen 1991). This 
information is then sent to certain divisions of area V2. From 
V2, object recognition takes a largely ventral, occipitotempo-
ral course to area V4 on the lateral and ventromedial surfaces 
of the hemisphere and to a posterior inferior temporal area, 
TEO, just rostral to V4. From these regions, information 
 proceeds forwards to area TE, located in the rostral inferior 
temporal cortex. Together, the areas TEO and TE of von 
Bonin and Bailey (1947) form the inferotemporal cortex. 
From here, visual information is sent to the most ventral and 
rostral parts of the temporal lobe, i.e. the temporal polar area 
TG and the perirhinal area 36. These areas and adjacent 
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 parahippocampal (areas TF and TH) and entorhinal (area 28) 
cortices are interconnected with medial temporal lobe struc-
tures, the hippocampus in particular, which are crucial for form-
ing memories of visual objects (see Chap. 14). At all stages 
of the ventral pathway, connections are reciprocal, so that an 
area receiving feedforward projections from an area earlier in 
the ventral hierarchy provides feedback to that area. Long-range 
non-reciprocal projections do also exist such as projections 
from area TE to V1. Some neurons in area TE respond selec-
tively to faces (Gross et al. 1972; Gross and Sergent 1992).

Tootell et al. (1998) reviewed fMRI studies on the human 
visual cortex (Fig. 8.21; see also Van Essen 2004). Malikovic 

et al. (2007) localized the motion-sensitive area V5/MT + in 
the depths of the anterior occipital sulcus and the anterior 
parts of either the inferior lateral occipital or the inferior 
occipital sulci. Lesion studies in monkeys and humans have 
shown that the ability to identify and recognize objects 
depends on the inferior temporal cortex. Visual information is 
relayed to this cortex through a ventrally directed cortical 
pathway or “stream”, consisting of several functionally dis-
tinct visual areas. At successive stations of the ventral stream 
(Fig. 8.20), the stimulus representation is progressively trans-
formed from one, specifying retinal image properties, towards 
one emphasizing intrinsic object shape properties (Farah  
et al. 1999). In monkeys, Klüver and Bucy (1937) studied the 
role of the temporal cortex in visual recognition (Klüver and 
Bucy 1937). When they removed the temporal lobes bilater-
ally, the monkeys showed complex changes in visual, social, 
sexual and eating behaviour (see also Chap. 14). Mishkin and 
Pribram identified the inferior temporal cortex as the critical 
area for producing the visual deficits (Mishkin 1954; Mishkin 
and Pribram 1954). Monkeys with lesions of the inferior tem-
poral cortex were impaired with respect to learning visual 
discriminations among different patterns of objects and 
retaining previously acquired visual discriminations.

8.4  The Retinogeniculocortical Pathway 
and Typical Visual-Field Defects

The spatial configuration generated by the photoreceptors is 
retained from the retina to the primary visual cortex and is 
known as the retinotopic map. The following spatial arrange-
ment exists between the photoreceptors of the retina and the 
ocular dominance columns of the primary visual cortex 
(Fig. 8.22):
1. As a result of the partial crossing of the optic nerve fibres 

in the optic chiasm, the optic signals arising from the right 
halves of both retinae (the left halves of the visual fields) 
reach the right primary visual cortex.

2. The lower homonymous quadrants of the retina (the upper 
homonymous quadrants of the visual field) project to the 
visual cortex below the calcarine sulcus (the lower lip of the 
primary visual cortex). The upper retinal quadrants project 
to the cortex above the calcarine sulcus (the upper lip).

3. The macula lutea of the retina, the region with the most 
acute sight, has the largest field of projection onto the 
 primary visual cortex and is closest to the occipital pole. 
The visual cortex of the peripheral or extramacular binoc-
ular visual field lies rostral to the occipital pole, whereas 
that of the peripheral monocular visual field is situated 
close to the parieto-occipital sulcus.
Since the visual pathways extend from the eyeball to the 

occipital pole of the hemisphere, they can be interrupted by 
lesions in many parts of the brain. Moreover, as summarized 
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above, the visual pathways are highly organized and lesions 
in different parts of the visual pathways produce characteris-
tic visual-field defects, which in many cases make it possible 
to determine the location of the lesion (see Clinical case 
8.7). The following disorders should be noted in particular: 
(1) pituitary tumours, meningiomas and aneurysms of the 
internal carotid artery or of the circle of Willis, which often 
affect the optic chiasm or nearby regions of the optic nerve or 
tract, and (2) intracerebral tumours and bleedings, affecting 
the optic radiation.

Lesions of the optic nerve cause monocular abnormali-
ties, which can vary from complete blindness to various 
types of restricted areas of blindness (scotomas). If the lesion 
of the optic nerve is complete, the afferent fibres for the 
pupillary light reflex will also be interrupted and the pupil 

will not react to light stimulation. However, the pupillary 
response can be elicited by stimulating the opposite eye (the 
consensual reflex). A lesion of the optic chiasm, which inter-
rupts the midline decussating fibres, produces a typical 
bitemporal hemianopia, i.e. blindness in the temporal halves 
of the visual fields of both eyes. If such a lesion is caused by 
a pituitary tumour, the defect usually starts as an upper 
bitemporal quadrantanopia, since the tumour first exerts 
pressure on the inferior part of the chiasm, where the fibres 
from the lower regions of the nasal halves of the two retinae 
cross. An aneurysm of the anterior cerebral artery or of the 
anterior communicating artery is likely to produce a lower 
bitemporal quadrantanopia. The typical symptom of a post-
chiasmal lesion is a homonymous defect, which affects the 
corresponding halves of the two visual fields:
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Fig. 8.22 Visual-field defects 
from lesions at various locations 
in the optic pathways, the 
geniculocalcarine pathway in 
particular: (a) a lesion of the 
right optic nerve results in 
complete blindness in the right 
eye; (b) a central lesion of the 
optic chiasm causes a bitemporal 
heteronymous hemianopia; (c) a 
lateral lesion of the non-crossing 
fibres in the optic chiasm causes 
an ipsilateral nasal hemianopia; 
d

1
 posterior choroidal artery 

infarction of the CGL causes a 
sectoranopia; d

2
 anterior 

choroidal artery infarction of the 
CGL creates the inverse field 
defect; (e) a parietal optic 
radiation infarction (the inferior 
division of the middle cerebral 
artery) causes a mildly incongru-
ous inferior quadrantic defect; 
(f) a temporal optic infarction 
(parietal branches of the MCA) 
causes a mildly incongruous 
superior quadrantic defect;  
(g) a small infarction of the most 
rostral part of the striate cortex 
(stippled area) causes missing 
monocular temporal crescent;  
(h) congruous hemianopia with 
sparing of monocular temporal 
crescent on the left and sparing 
of the macula indicates an infarct 
of the middle part of the striate 
cortex; (i) a small mid-periphery 
congruous and homonymous 
scotoma from a focal lesion of 
the midzone of the striate cortex 
(stippled area). Abbreviations: 
NT nasal and temporal parts of 
the visual field (after Barton and 
Caplan 2001)
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•	 A	complete	lesion	of	an	optic	tract	results	in	a	contralat-
eral homonymous hemianopia; the same defect occurs if 
the whole geniculocalcarine tract or the striate cortex is 
destroyed;

•	 Lesions of the geniculocalcarine tract are more likely to 
be partial, due to the widespread extent of the geniculo-
calcarine projection. They produce an incomplete hom-
onymous hemianopia: a temporal lobe lesion may interrupt 
Meyer’s loop, the inferior portion of the optic radiation, 
and thereby produce a contralateral upper quadrantano-
pia; a parietal lobe lesion interrupts the superior portion 
of the optic radiation and results in a contralateral lower 
quadrantanopia.

Macular sparing, the preservation of vision in the area of 
the macula lutea, is usually seen in vascular lesions of the 
occipital lobe. It is usually explained on the basis of overlap-
ping blood supply in the occipital lobe, where the macula is 
represented. Visual-field defects in which the blind portion is 
either the lower or the upper half-field and the dividing line 
between the blind and the unaffected area corresponds to the 
horizontal meridian, are called horizontal or altitudinal 
hemianopia. Vanroose et al. (1990) described a case in which 
two successive ischaemic occipital infarcts, resulting in bilat-
eral lesions of the occipital visual cortex above the calcarine 
sulcus, caused a bilateral inferior horizontal hemianopia and 
complex visual hallucinations (see Clinical case 8.8).

Clinical Case 8.7 The Spectrum of Visual-Field Defects

Visual-field defects indicate the site and size of the lesion 
in the visual pathways. Visual fields can be measured with 
various strategies and perimeters such as Goldmann kinetic 
perimetry (90°) and Humphrey static perimetry (30°). 
Three major types of visual-field defects include: (1) 
Monocular visual-field defects (Fig. 8.23a), indicating a 
prechiasmal lesion; (2) bitemporal visual-field defects 
(Fig. 8.23b), indicating a chiasmal lesion and (3) homony-

mous visual-field defects (Fig. 8.23c), indicating a retro-
chiasmal lesion. Perimetry is an important tool in 
neuro-ophthalmology both for making the clinical diagno-
sis and for assessment of the progression of the lesion.

Case report: A 72-year-old female had a complete 
right homonymous hemianopia from a left occipital 
infarction. In addition to this, she presented 2 months 
later with acute incomplete left homonymous hemianopia 
from ischaemic infarction in the right occipital lobe. This 
resulted in extreme narrow visual fields (Fig. 8.24) with 

Fig. 8.23 (a) Goldmann visual fields with unilateral arcuate scotoma 
of the right eye, indicating a retinal nerve fibre bundle defect (cour-
tesy Johannes Cruysberg, Nijmegen); (b) Goldmann visual fields 
showing bitemporal hemianopia in a 50-year-old male with chiasmal 
compression from a pituitary tumour; note that the hemianopia is 

incomplete for the largest (V4) stimulus; (c) Goldmann visual fields 
showing incomplete left homonymous hemianopia in a 23-year-old 
female with arteriovenous malformation in the right retrochiasmal 
visual pathway (courtesy Johannes Cruysberg, Nijmegen)
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Fig. 8.23 (continued)

normal visual acuity in both eyes. The patient developed 
visual hallucinations diagnosed as Charles Bonnet syn-
drome (van Hamont et al. 2005). Charles Bonnet syn-
drome should be considered as a diagnosis in patients 
with a visual handicap who complain of hallucinations 
and who meet defined diagnostic criteria (Teunisse et al. 
1996).
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Fig. 8.24 Goldmann kinetic visual fields with complete right homonymous hemianopia and incomplete left homonymous hemianopia caused 
by bilateral occipital infarction (courtesy Johannes Cruysberg, Nijmegen)

Clinical Case 8.8 Altitudinal Hemianopia

Horizontal or altitudinal hemianopia is a visual-field 
defect in which the blind portion is either the lower or the 
upper half-field and the dividing line between the blind and 
the unaffected area corresponds to the horizontal meridian 
(Berkley and Bussey 1950; Heller-Bettinger et al. 1976; 
Newman et al. 1984). Vanroose et al. (1990) presented a 
case in which two ischaemic occipital infarcts caused a 
bilateral inferior horizontal hemianopia and complex visual 
hallucinations (see Case report).

Case report: A 74-year-old male was hospitalized with 
a minor stroke. A left homonymous hemianopia was noticed. 
Subsequently, vision was recovered in the upper quadrants. 
The following year, he was admitted with a history of chest 
pain followed by blurring of vision and impaired hearing. 
He described complex visual hallucinations in the inferior 
visual half-field; he saw a chicken walking from the right 
side of the table, picking in his dinner plate and then run-
ning back to the right. A few minutes later, he saw a couple 
of men coming out of a hole in the floor, carrying a heavy 
bag; they passed by and then disappeared through the same 
hole. General physical findings were unremarkable. Visual-
field examination revealed an inferior horizontal hemiano-
pia of the right eye (Fig. 8.25a). In the left eye, there was a 
complete loss of the inferior visual field and a very small 

part of the upper temporal quadrant. Ophthalmoscopy did 
not show signs of optic atrophy. A CT scan showed ischae-
mic infarcts in both occipital lobes.

The patient died a fortnight after his admission due to 
extensive pulmonary embolism. At autopsy, multiple pul-
monary emboli with haemorrhagic infarctions in the middle 
and lower lobes of the right lung and in the lower lobe of the 
left lung as well as generalized atherosclerosis. Examination 
of the brain revealed numerous, partly calcified atheroma-
tous plaques of the basal cerebral arteries, the basilar artery 
in particular. Serial coronal sections of the brain showed no 
lesions of the optic tracts or of the lateral geniculate bodies. 
In both occipital lobes multiple infarcts were found 
(Fig. 8.25b). In the left hemisphere, the posteromedial part 
of the base of the occipital lobe was destroyed by an old 
cystic infarct. A second cystic lesion was found in and 
above the upper lip of the calcarine sulcus. Between these 
two lesions, a narrow gyrus containing the lower lip of the 
calcarine sulcus remained almost intact. In the right occipi-
tal lobe, there was an old cystic infarct of the upper lip of the 
calcarine sulcus. More posteriorly, this lesion was continu-
ous with an old pseudolaminar necrosis of the superior stri-
ate cortex and part of the inferior striate cortex. The bilateral 
ischaemic vascular lesions of the visual cortex above the 
calcarine sulci, most probably due to cardiac embolism, 
resulted in an inferior altitudinal hemianopia.
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8.5  The Extrastriate Visual Cortex 
and Abnormalities of Complex 
Visual Perception

Once beyond the striate cortex, vascular or other lesions cause 
very different effects compared with the findings from lesions 
of the retinogeniculocalcarine pathway (Damasio et al. 2000; 
Barton and Caplan 2001). Visual processing and its defects 

become less specific for the part of visual field affected and 
more specific for the type of information involved. Some of 
these deficits can be explained using the “what/where” dichot-
omy of the extrastriate pathways. Most parts of the dorsal 
stream lie in the watershed area between the middle and pos-
terior or anterior cerebral arteries. Many lesions, however, 
involve both the dorsal and the ventral streams, and the result-
ing pattern of dysfunction may present as a varying mixture 
of dorsal and ventral impairments (Barton and Caplan 2001).

a

b

Fig. 8.25 (a) Inferior horizontal hemianopia of the right eye; (b) multiple infarctions in both occipital lobes in a case of altitudinal hemianopia 
(from Vanroose et al. 1990; courtesy Martin Lammens, Nijmegen)
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8.5.1  Dorsal Pathway Lesions

Dorsal pathway lesions include akinetopsia and Bálint syn-
drome. A unilateral dorsal pathway lesion may cause hemi-
akinetopsia.

Unilateral dorsal pathway lesions: Akinetopsia is an 
acquired defect of motion processing caused by cerebral 
lesions. Zihl et al. (1983) reported selective disturbance of 
movement vision after bilateral brain damage, for which Zeki 
(1991) later introduced the term akinetopsia. Their patient LM 
had a severe, persistent disturbance of movement vision fol-
lowing damage to the posterior hemispheres that was probably 
caused by venous sinus thrombosis. She could see movement 
in slowly moving targets, but targets moving at greater than 
10–14˚ per second seemed to materialize at successive posi-
tions with no movement in between. Her smooth ocular pur-
suit of moving targets broke down at 8˚ per second. The lesions 
reported in LM (Zihl et al. 1983, 1991) and other patients with 
motion perception deficits often included structures in occip-
itotemporoparietal and parieto-occipital locations (Thurston  
et al. 1988; Vaina 1989; Vaina et al. 1990; Morrow and Sharpe 
1993; Plant and Nakayama 1993; Plant et al. 1993).

The critical cortical area may be area MT (V5) in the pos-
terior wall of the superior temporal sulcus (Zeki 1974; see 
Fig. 8.21). In monkeys, area MT is extensively innervated by 
M-pathway inputs from areas V1 and V2 (Maunsell and Van 

Essen 1983b), and contains a large proportion of neurons 
that are sensitive to stimulus direction, speed, orientation and 
binocular disparity (Maunsell and Van Essen 1983a, b; 
Mikami et al. 1986). Ibotenic acid lesions of MT in monkeys 
produce a relatively selective deficit for motion perception in 
the contralateral visual hemifield (Newsome et al. 1985) that 
recovers to prelesion levels within a few weeks. fMRI stud-
ies showed an area MT homolog in humans (Orban et al. 
1995; Tootell et al. 1995, 1998).

Bilateral dorsal pathway lesions: Bálint syndrome (Bálint 
1909) is one of the most striking disorders of spatial analysis 
(Damasio et al. 2000) and is composed of three major compo-
nents: visual disorientation (or simultanagnosia), optic ataxia 
(a deficit of visually guided reaching) and ocular apraxia  
(a deficit of visual scanning). A full Bálint syndrome appears to 
be related to bilateral damage of the occipitoparietal region, 
mostly due to infarctions in the border zone between the ante-
rior cerebral arteries and PCAs (Damasio et al. 2000; see 
Clinical case 8.9). Some involvement of area 7 is common. 
Both human (Damasio and Benton 1979) and animal studies 
(Haaxma and Kuypers 1975; Mountcastle et al. 1975; Moll and 
Kuypers 1977; Yin and Mountcastle 1977; Morrow and Sharpe 
1993) suggest that the parietal lobe, especially area 7, contains 
a visuomotor centre capable of directing gaze towards inter-
esting new stimuli that appear in panoramic vision and of guid-
ing hand movements towards visual targets (see Chap. 9).

Clinical Case 8.9 Bálint Syndrome

Case report: A 58-year-old male was admitted with sud-
den speech problems and problems with understanding. 
Neurological examination revealed a severe mixed aphasia 
and problems with orientation. Because of the severe apha-
sia, it was nearly impossible to get an impression of other 
neurological sequelae. His medical history showed a left 
MCA infarction and alcohol abuse with cerebellar atrophy. 
CT showed no new abnormalities but MRI showed multiple 
recent infarctions in the territories of the left MCA and 
both PCAs (Fig. 8.26), probably thromboembolic due to 
atrium fibrillation. In the following days, the patient devel-
oped vision problems with sparing of central vision, optic 
apraxia and simultanagnosia, together known as Bálint 
syndrome. With anticoagulant medication, the patient was 
discharged for revalidation in a special clinic.

This case was kindlyprovided by Ton van der Vliet 
(Department of Radiology, Groningen University Medical 
Centre).

Fig. 8.26 MRI, showing multiple infarctions in the territories of the 
left middle cerebral artery and both posterior cerebral arteries, result-
ing in Bálint syndrome (courtesy Ton van der Vliet, Groningen)
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8.5.2  Ventral Pathway Lesions

Ventral pathway lesions may be unilateral or bilateral. 
A left-sided ventral lesion may cause pure alexia, whereas a 
right-sided ventral lesion may give rise to prosopagnosia. 
Prosopagnosia is, however, mostly due to bilateral involve-
ment of the ventral visual pathways (see also Chap. 15). 
Cerebral achromatopsia is also due to bilateral visual path-
way lesions.

Left-sided ventral pathway lesions: Pure alexia, also 
known as alexia without agraphia or word blindness, is a dis-
order of visual pattern recognition. The reading of most 
words and of sentences is severely impaired. In most 
instances, in spite of quadrantanopic or hemianopic field 
defects, the patient has normal visual acuity and has normal 
recognition of non-verbal visual stimuli. Any lesion capable 
of disconnecting both visual association cortices from the 
dominant, language-related, temporoparietal cortices will 
cause pure alexia (Damasio and Damasio 1983; Damasio  
et al. 2000; see also Chap. 15):
1. In most cases, a lesion in the corpus callosum or its out-

flow, in either hemisphere, achieves an interhemispheric 
disconnection (of right-to-left visual information), where-
as an additional lesion in the left occipital lobe achieves 
an intrahemispheric disconnection (from left visual asso-
ciation cortex to left language cortex).

2. In some cases, the lesion in the left occipital lobe actu-
ally prevents the arrival of visual information in the visual 
cortex.

3. In many cases, a single lesion strategically located in the 
so-called left paraventricular area (the region behind, 
beneath and under the occipital horn of the left lateral 
ventricle) can cause both types of disconnection by dam-
aging pathways en route from the corpus callosum and 
pathways en route from the left visual association cortex. 
Dejerine (1892) published the prototype of a patient with 
such a lesion (see Clinical case 15.14).
Bilateral ventral pathway lesions:
Prosopagnosia or face agnosia, a selective deficit in rec-

ognizing familiar faces, has been documented since at least 
the end of the nineteenth century (Damasio et al. 2000; Fox 
et al. 2008). The term prosopagnosia was suggested by 
Bodamer (1947). Although prosopagnosic patients are aware 
that faces are faces, they fail to reliably identify or even 
achieve a sense of familiarity from the faces of co-workers, 
family members, famous persons and other individuals pre-
viously well known to them. Prosopagnosia is caused by 
damage to the ventral occipitotemporal and temporal cortex. 
The clinical studies of Hécaen and Angelergues (1962) and 
Meadows (1974) suggested that prosopagnosia was prefer-
entially linked with right hemispheric lesions. Post-mortem 

studies, however, demonstrated that most cases of prosopag-
nosia in which the defects endured beyond the acute period 
had bilateral lesions (Wilbrand 1892; Heidenhain 1927; 
Pevzner et al. 1962; Gloning et al. 1970; Lhermitte et al. 
1972; Benson et al. 1974; Cohn et al. 1977). The lesions 
comprised either the inferior and medial visual association 
cortices in the lingual and fusiform gyri or the underlying 
white matter. Consequently, bilateral damage has been 
thought by many to be a necessary precondition for pros-
opagnosia (Damasio et al. 1990). Imaging data suggest that 
the lesions for a full-blown prosopagnosia are approximately 
symmetrical and involve equivalent portions of the central 
visual pathways in the left and right hemispheres (Damasio 
et al. 2000; Barton 2003). In patients who develop face rec-
ognition defects following either right or left lesions alone, 
the prosopagnosia is often incomplete (Damasio et al. 2000). 
Prosopagnosia is rather common in patients with semantic 
dementia (see Chap. 15).

Cerebral achromatopsia is an acquired disorder of colour 
perception involving all or part of the visual field with relative 
preservation of the vision or form, caused by focal damage of 
the visual association cortex or of its underlying white matter. 
The existence of such defects has been known since Verrey’s 
studies on hemi-achromatopsia (Verrey 1888). The ophthal-
mologist, Louis Verrey described a patient who developed a 
right hemi-achromatopsia with no other defect of reading or 
form vision. The lesion was located in the ventral part of the 
visual association cortex in an occipitotemporal area that 
encompassed the fusiform and lingual gyri (see Clinical case 
8.10). A similar location was found by Vialet (1893) in the 
well-known patient of Dejerine (1892) in whom right hemi-
achromatopsia was associated with alexia. Damasio et al. 
(2000) found that lesions in the inferior visual association 
cortex will cause achromatopsia provided they are located 
fairly posteriorly, i.e. immediately below the caudal half of 
the calcarine cortex. More anterior lesions do not lead to ach-
romatopsia. Verrey’s findings were largely forgotten, not in 
the least by Gordon Holmes’ contributions to the understand-
ing of the human visual system. His studies were based on 
patients with gunshot wounds during World War 1. Most of 
the Holmes’ patients had dorsal, occipitoparietal lesions and 
none exhibited achromatopsia (Holmes 1918). He concluded 
that disorders of colour perception could not be caused by 
focal damage of the visual cortices. Replication of Verrey’s 
findings did not come before the application of CT and MRI 
techniques (Pearlman et al. 1979; Damasio et al. 1980; 
Heywood et al. 1987; Victor et al. 1987; Zeki 1990). Three-
dimensional MRI reconstructions in achromatopsia patients 
showed damage in the middle third of the lingual gyrus or in 
white matter just behind the posterior tip of the lateral ven-
tricle (Damasio and Frank 1992; Rizzo et al. 1993).
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Clinical Case 8.10 Cerebral Achromatopsia

In 1888, the Swiss ophthalmologist, Louis Verrey described 
one of the first cases of hemi-achromatopsia (Verrey 1888). 
A 60-year-old woman, who had suffered a stroke affecting 
the occipital lobe of her left hemisphere, was unable to see 
the world in colour in the right half of her visual field, every-
thing in that half now appeared to her in shades of grey. 
Colour could be seen normally in the other half. There was 
some diminution in visual acuity as well as a peripheral 
blindness (scotomas), largely restricted to the upper quarter 
of the right half of the visual fields. Her inability to see 
colours in one half of her visual fields was the most striking 
phenomenon. Post-mortem examination showed that the 
lesion in the brain was largely located in the lingual and 
fusiform gyri (Fig. 8.27). Eleven years later, MacKay and 
Dunlop (1899) published a case of complete cerebral achro-
matopsia. Their 62-year-old patient had complete colour 
blindness in his entire field of view. Post-mortem examina-
tion, half a year later after his next stroke, revealed atrophy 
of the posterior part of the temporo-occipital convolution on 
both sides, but on the right side there was a greater destruc-
tion of tissue than on the left side. The atrophy on the left 
side had extended rather deeper than that on the right side 
and reached the floor of the lateral ventricle. On both sides, 
the lower edge of the optic radiation was affected. The total 
loss of colour vision was attributed to a bilateral lesion of 
the fusiform gyrus so well defined and symmetrical that it 
becomes difficult to avoid the conclusion that the grey mat-
ter of that gyrus is probably concerned in the perception of 
colours (see Zeki 1990 for further discussion). Meadows 
(1974) concluded that the clinical evidence links the ante-
rior inferior part of the occipital lobe with colour perception 
and that bilateral lesions at this site may cause permanent 
impairment of colour perception (achromatopsia) together 
with prosopagnosia and impaired topographic memory, 
while visual acuity remains intact (see Case report).

Case report: A 60-year-old female suffering from diabe-
tes mellitus and systemic hypertension rather suddenly com-
plained of daily headache, instability of gait and hazy vision. 
On physical examination, a blood pressure of 210/125 mm 
Hg was found, but otherwise no particularities were observed. 
CT scanning of the brain revealed a small hypodensity in the 
occipital region, possibly a small lacunar infarction. After 
intensification of antihypertensive treatment, her headache 
and vision improved. After some weeks, however, she com-
plained of an increased impairment of vision and dysaesthe-
sia in the left arm. A discrepancy was observed between the 
seriousness of her reported vision impairment and her behav-
iour. Examination by a neurologist and an ophthalmologist 
did not reveal clinical abnormalities. On MRI, however, 

enhancement was observed in the area of the PCA (Fig. 8.28). 
One year later, she presented with acute bilateral loss of 
vision, dysarthria and intention tremor. Subsequently, motor 
control improved over a month’s time and the dysarthria dis-
appeared, but visual impairment remained. Subjectively, she 
considered herself to be blind but on testing she was able to 
read the time on a clock. Ocular examinations revealed visual 
acuity of 0.5, cataracts, and severely constricted visual fields 
(Goldmann) with preserved perception in the central 5–7°. 

Fig. 8.27 Verrey’s case, showing the extent of damage in his achro-
matopsic patient (after Verrey 1888)

Fig. 8.28 CT with contrast of a patient with cerebral achromatopsia, 
showing bilateral enhancement in the occipitotemporal regions (cour-
tesy Antoine Keyser, Nijmegen)
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Colour vision was severely impaired. The patient was not 
able to recognize colours of the largest test plates (Stilling). 
Optokinetic nystagmus was present. The patient had pros-
opagnosia that was circumvented by means of acoustical 
cues. CT scanning showed hypodensities bilaterally in the 
occipitotemporal regions and in the left cerebellar hemi-
sphere. After contrast, the right occipital lesion enhanced, 
compatible with luxury perfusion as may be observed after a 
brain infarction. This 60-year-old patient had a bilateral 
homonymous hemianopia with macular sparing, associated 
with cerebral loss of colour vision and prosopagnosia, 
caused by bilateral occipitotemporal infarctions.
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Clinical Case 8.11 Paroxysmal Visual Phenomena

Various visual-field defects are the well-known consequences 
of focal lesions of the occipital lobes and reflect the anatomy 
of higher visual perception. Whether positive visual phe-
nomena, such as phosphenes, photopsias, auras and halluci-
nations, are also provoked by lesions in specific anatomical 
regions is less clear (Santhouse et al. 2000; ffytche 2008). In 
a recent study, Baier et al. (2010) investigated such phenom-
ena in patients with infarctions along the visual pathways. 
They concluded that such phenomena often are the result of 
disinhibition of the medial structures of the posterior lobule 
that are involved in information processing of shape, colour 
and contour. Two very similar stroke cases may illustrate this 
hypothesis (see Case reports).

Case report 1: A 59-year-old female woke up from sleep 
with right-sided headache, nausea and blurred vision. On 
rising from her bed, she noticed round objects with impaired 
vision in her left visual field. The objects were described as 
black, white or grey, but without specific colour or shape. 
These phenomena gradually disappeared in the following 
days, but a small temporal visual-field defect remained. 
There were no vascular risk factors apart from hypertension 
(180/100 mm Hg). On neurological examination, there was 
a slight ataxic movement of the arm in the finger–nose test, 
but no other neurological signs. MRI showed a lacunar 
infarction of the posterior cingulate gyrus (Fig. 8.29a).

Case report 2: A 66-year-old female became unwell 
during shopping and suddenly saw undefined colourful 
shapes in her left visual field. Apart from some pressure 
experienced throughout her head, there were no other neu-
rological signs or complaints. Similar attacks, lasting sec-
onds to minutes, appeared in the course of 1 day, after 
which she developed blurred vision for the lower quadrant 
of her left visual field. On admission, her blood pressure 
was 175/95 mm Hg and further neurological examination 
and EEG were normal. There was a relative stenosis of her 
right internal carotid artery and no indication of cardiac 
emboli. MRI showed a lacunar stroke of the right lower 
posterior cingulate gyrus (Fig. 8.29b).
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9.1  Introduction

The motoneurons in the spinal cord and the cranial nerve 
nuclei of the brain stem innervate the skeletal muscles. They 
form Sherrington’s ‘final common path’ to the striated mus-
cles for all signals that influence motor behaviour coming 
from peripheral sensory receptors and from motor centres in 
the brain stem and the cerebral cortex. The spinal and bulbar 
motoneurons with their respective premotor interneurons form 
the basic motor system. This system forms the basis for spi-
nal and bulbar reflexes and for basic motor patterns such as 
walking, which in turn, are modulated by descending supraspi-
nal pathways. The interneuronal or propriospinal system is in 
large part responsible for the great versatility that character-
izes motor behaviour. The descending pathways from the 
cerebral cortex and the brain stem to the interneurons and 
motoneurons of the spinal cord represent the instruments by 
which the brain steers movements of body and limbs. The 
descending supraspinal pathways consist of two parallel 
sets that are derived from the cerebral cortex and the brain 
stem, respectively (Lawrence and Kuypers 1968a, b; Kuypers 
1973, 1981). Likewise, corticonuclear or corticobulbar as well 
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as brain stem projections innervate the interneurons and 
motoneurons of the trigeminal, facial, ambiguus and hypo-
glossal motor nuclei. Two other brain structures, the cerebel-
lum and the basal ganglia, are crucially important for motor 
functions. The activity generated in the cerebellum and the 
basal ganglia is largely channelled through the brain stem 
descending pathways and the corticospinal tract (see Chaps. 10 
and 11). Several forebrain structures known for their close 
relation to emotional behaviour, such as parts of the amygdala 
and the hypothalamus, have direct access to brain stem areas 
controlling motoneurons. They form a highly integrated sys-
tem, which is especially concerned with emotional and moti-
vational states. This is referred to as the emotional motor 
system (Holstege 1992; Holstege et al. 2004).

In this chapter, first the peripheral motor system (Sect. 9.2), 
composed of spinal and bulbar motoneurons, is discussed, 
including its role in reflex pathways and muscle tone. These 
lower motoneurons (LMNs) are innervated by interneurons 
in the spinal cord and the brain stem through propriospinal 
and propriobulbar projections, respectively. Certain popula-
tions of interneurons form specialized pattern generators for 
rhythmic movements such as locomotion. Human walking, 
gait control and posture are dealt with in Sect. 9.3 and  
in Sect. 9.4 the circuitry for central control of movement is 
discussed. Disorders of the motor circuitry are presented 
with emphasis on lesions of supraspinal motor structures.

9.2  The Peripheral Motor System

The peripheral motor apparatus includes the peripheral or 
LMN and the striated muscles of the body. In this chapter, 
the peripheral motoneurons innervating limb and trunk mus-
culature are discussed and those innervating the muscles of 
the head in Chap. 6.

9.2.1  The Peripheral or LMNs

The peripheral or LMNs, innervating the trunk and limb mus-
cles, have their cell bodies in the ventral horn of the spinal 
cord (lamina IX of Rexed). The arrangement of these somatic 
motoneuronal cell groups has been analyzed particularly in 
cats (Romanes 1951, 1964; Fig. 9.1) but data are also avail-
able for monkeys (Sprague 1948; Sprague and Ha 1964; Jenny 
and Izukai 1983) and humans (Sharrard 1955). Sharrard 
(1955) correlated the distribution of paralysis in cases of 
poliomyelitis with the sites of cell loss in the ventral horn. The 
motoneurons for the various trunk and extremity muscles 
form two columns on each side of the spinal cord, a medial 
column present throughout the length of the spinal cord, 
 supplying the muscles of the trunk and neck, and a lateral 
column found only in the cervical and lumbosacral enlarge-

ments, innervating the muscles of the extremities. The moto-
neurons of the medial column send their axons via the dorsal 
rami of the spinal nerves to the axial muscles (the erector 
spinae) and via the ventral rami to the muscles of the thorax 
and the abdomen. The motoneurons of the lateral column dis-
tribute their fibres by way of the ventral rami to the muscles of 
the limbs. In the brachial cord (C5-T1) and the lumbosacral 
cord (L4-S2), the lateral motoneuronal aggregates enlarge dor-
solaterally because of the addition of several groups of motoneu-
rons that innervate the muscles intrinsic to the extremities. 
Within the lateral cell groups, the following general pattern of 
organization is found: (a) the motoneurons, which innervate 
distal muscles of the limbs are dorsal to those innervating prox-
imal muscles; (b) motoneurons for distal muscles are found 
only in the caudal part of the enlargements. In transverse sec-
tions, the motoneurons for the upper extremity muscles 
are arranged from medial to dorsolateral in the following 
sequence: motoneurons of girdle muscles (the scapular mus-
cles, the latissimus dorsi and the pectoral and deltoid  muscles), 
motoneurons of extensor muscles, motoneurons of flexor 
muscles, and in C8 and T1, the motoneurons of the small hand 

pf

C5

C6

pe

pe

pe

C7

C8

T1

shm sfm

S1

L7

L6

pf

pf

L5

L4

Fig. 9.1 Motoneuronal cell columns in the cervical (C5–T1) and lum-
bosacral (L4–S1) enlargements of the cat. Intrinsic extremity muscles 
are shown in red, girdle muscle in light red and axial muscles are 
uncoloured. pe physiologically extensors, pf physiologically flexors, 
sfm small foot muscles, shm small hand muscles (after Kuypers 1973)
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muscles (Figs. 9.1 and 9.2a). The organization of the motoneu-
rons for the lower extremity muscles in the lumbosacral cord 
is somewhat similar to that of the brachial cord (Fig. 9.2b). 
The human lateral cell columns are usually divided into three 
divisions, central, ventrolateral and dorsolateral (Fig. 9.3). 
The central column innervates the girdle muscles, the vent-
rolateral column innervates the proximal limb muscles, and 
the dorsolateral column supplies the distal limb muscles.

Two other, rather short longitudinal motoneuronal aggre-
gates are found in the spinal cord: the phrenic nucleus in C5 
and C6, which innervates the diaphragm, and the nucleus of 
Onuf in the lumbosacral cord (S1 and S2). The nucleus of 
Onuf innervates the striated muscles of the perineal region, 
including the vesical and rectal sphincters (see Chap. 12). 
Autonomic preganglionic motoneuronal cell groups, inner-
vating smooth muscles and glands, are concentrated in the 

Fig. 9.2 (a) Diagram of the segmental localization of the motoneurons of muscles in the upper extremity (after O’Rahilly 1986). (b) Diagram 
of the segmental localization of the motoneurons of muscles of the lower extremity (after O’Rahilly 1986)
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thoracic, upper lumbar and sacral spinal segments. In humans, 
the preganglionic sympathetic neurons form the intermedio-
lateral nucleus (the lateral horn), which is present from T1 to 
L2. A corresponding cell column for the preganglionic para-
sympathetic neurons is located at levels S2–S4. In monkeys, 
the sympathetic intermediolateral column is found from C8 
to L3 (Petras and Cummings 1972).

9.2.2  Motor Units and Muscle Units

Liddell and Sherrington (1925) defined the motor unit as the 
motoneuron with its axon and the muscle fibres which it sup-
plies. The number of muscle fibres activated by a single 

motoneuron is known as the muscle unit (Burke 1967). The 
size of the motor unit varies with the muscle. An extraocular 
muscle such as the lateral rectus has only 13 muscle fibres per 
nerve fibre, whereas the medial head of the gastrocnemius has 
about 1,730 muscle fibres per nerve fibre (Feinstein et al. 1955; 
Buchtal 1961; Buchtal and Schmalbruch 1980; Burke 1981). 
In general, muscles that require a fine degree of control, such 
as those that steer the movements of the eyes or the digits, have 
small motor units. Two distinct classes of muscle fibres are 
present: the large skeletal or extrafusal fibres, and the much 
smaller intrafusal fibres that are present only within muscle 
spindles. Three classes of motoneurons can be distinguished: 
(1) the skeletomotor or a-motoneurons that innervate skeletal 
muscle fibres exclusively; (2) the fusimotor or g-motoneurons 
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that innervate intrafusal muscle fibres exclusively and (3) the 
skeletofusimotor or b-motoneurons that innervate both skeletal 
and intrafusal muscle fibres.

Skeletal muscles fall into two main groups, the white or 
phasic muscles concerned with bursts of powerful activity as 
in running, and the red or slow muscles concerned in sus-
tained activity as in the maintenance of posture. By pro-
longed stimulation which depleted the fibres of glycogen, 
Edström and Kugelberg (1968) identified the muscle fibres 
innervated by a single motoneuron axon, the muscle unit. 
Subsequently, the glycogen depletion can be recognized by 
histological staining (PAS technique) of the muscle. Burke 
et al. (1973) identified four types of muscle units in the 
medial and lateral gastrocnemius of cats, following the clas-
sification of muscle fibres based on metabolic activity by 
Peter et al. (1972): FG (fast twitch, glycolytic), FI (fast 
twitch, intermediate type), FOG (fast twitch, oxidative, gly-
colytic) and SO (slow twitch, oxidative). These muscle units 
correspond to the following motor unit types: FF (fast, fatigu-
able), FI (a fast, intermediate type), FR (fast, fatigue resis-
tant; with a greater resistance to fatigue) and S (slow) types.

Human muscle fibres are usually divided into two his-
tochemical groups (Dubowitz and Pearse 1960), one with 
high oxidative and low glycolytic activity (type I), and the 
other with low oxidative and high glycolytic activity (type 
II). Type II fibres can be subdivided into two main types (IIA 
and IIB) according to different susceptibility to the myofi-

brillar adenosine triphosphatase (mATPase) reaction to pre-
incubation at various pH levels (Brooke and Kaiser 1970). 
These three muscle fibre types correspond to the SO, FOG 
and FG histochemical profile (Fig. 9.4). Most normal human 
limb muscles are composed almost entirely of type I, IIA and 
IIB fibres with occasionally type IIC, intermediate fibres 
(Burke 1981; Gandevia and Burke 2004). The classification 
of muscle fibre types can nowadays be done with molecular 
techniques, particularly those directed at the highly con-
served and diverse myosin genes (Sellers 2000). Human IIB 
myosin appears to be very similar to the IIX myosin in rats, 
and therefore, type IIB fibres are increasingly classified as 
IIX fibres. The proportions of type I, IIA and IIB/IIX fibres 
vary between and even within muscles (Johnson et al. 1973; 
Elder et al. 1982; Sjöström et al. 1986). In an autopsy study 
of 36 human muscles, the percentage of type I fibres varied 
within and between subjects (Johnson et al. 1973). The high-
est percentage of type I fibres was found in the soleus (up to 
100%) and the lowest in the orbicularis oculi.

In humans, anatomical techniques to determine the number 
of muscle fibres per motor unit, i.e. the ‘innervation ratio’, 
have usually involved counts of the large-diameter axons in 
the motor nerve, estimation of the percentage of fibres that are 
efferent, based on animal studies, and measurement of the 
percentage of muscle fibres within a cross-section of a muscle. 
Such measurements are not without error. With single-fibre 
electromyography, the estimation of the innervation ratio for 

Fig. 9.4 Human muscle fibre types. Serial sections from a normal 
quadriceps muscle biopsy of a 7-year-old girl. The three fibre types 
(I, IIA and IIB) are indicated in (c) based on the staining pattern present 
in (d). White stars represent the respective fibres in the other sections: 
(a) conventional haematoxylin–phloxin stain; (b) modified Gomori’s 

trichrome stain; (c, d) myofibrillar ATPase activity at pH 4.2 (c) and pH 
4.6 (d); (e, f) mitochondrial activity of succinic dehydrogenase (e) and 
cytochrome oxidase (f). The black bar in a represents a 50 mm distance 
for all figures (courtesy Henk ter Laak, Nijmegen)
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the biceps brachii was about 210 fibres per motor unit (Gath 
and Stålberg 1981), much smaller than the figure (774) 
obtained with anatomical methods (Buchtal and Schmalbruch 
1980). Electrophysiological data show that fibres belonging to 
one muscle unit do not form discrete clusters but are spread 
across a specific subvolume of the muscle (Stålberg et al. 
1976), and that in normal human limb muscles the distribution 
of fibres across that volume is approximately uniform (Gath 
and Shenhav 1985). This confirms the arrangement of muscle 
units found with the glycogen depletion technique.

The activation of motor units involves a number of orderly 
features: (1) muscle units with slow contractile speed and low-
twitch tensions are activated initially, followed by units of 
greater contractile speed and force; (2) the first activated units 
are resistant to the development of fatigue, whereas those acti-
vated during stronger contractions fatigue rapidly (Fig. 9.5). 
This stereotyped recruitment of motor units (type S, then FR, 
then FF) or muscle fibres (type I, then IIA, then IIB) has sev-
eral advantages. Low forces can be achieved with finely 
graded force steps without development of fatigue, whereas 
high forces can be achieved by full recruitment of all motor 
units within the muscle. Henneman (1957) and Henneman 
and Mendell (1981) introduced the ‘size principle’ for the 
recruitment of motoneurons of increasing size: small motoneu-
rons with a low peripheral conduction velocity tend to inner-
vate type-S muscle units, whereas large motoneurons with a 
high conduction velocity tend to innervate fast-twitch (type 

FR, FF) muscle units. Small motoneurons are usually recruited 
first in voluntary contractions.

9.2.3  Motor Unit–Muscle Unit Association

The most common receptor in muscle is the free nerve end-
ing. Afferents from muscle spindles and tendon organs com-
prise only about 20% of the fibres coming from muscle 
(Gandevia and Burke 2004). Most work has been done on 
muscle spindles, especially in cats (Matthews 1972, 1981; 
Barker 1974; Boyd and Gladden 1985).

The human muscle spindle is a fusiform structure of some 
7–10 mm in length, slightly larger than cat spindles (Cooper 
and Daniel 1963; Prochazka and Hulliger 1983). They contain 
2–14 intrafusal muscle fibres (Cooper and Daniel 1963; 
Kennedy 1970; Swash and Fox 1972). In the longest fibres, 
the nuclei are clustered together at the  equatorial region of the 
fibres (nuclear bag fibres), whereas in the shortest fibres the 
nuclei form a chain along the middle portion of the fibres 
(nuclear chain fibres). There are two types of bag fibres, the 
dynamic bag1 and the static bag2 fibres. In human muscles, it 
is common to find several spindles arranged in tandem. Apart 
from facial muscles and the digastric (Kubota and Masegi 
1977), virtually all human skeletal muscles contain spindles. 
Small muscles tend to have shorter spindles. Voss (1937) 
found that 70% of the spindles in the lumbricals (intrinsic 
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Fig. 9.5 (a) Three-dimensional diagram summarizing the relation-
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ent proportions of the motor unit pool of cat medial gastrocnemius dur-
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muscles of the hands) measure only 1–3 mm. Spindle counts 
have been made for many human muscles (see Voss 1971), 
and range from less than 50 for some intrinsic muscles of the 
hand to 1,350 for the quadriceps femoris. When muscle size is 
taken into account, spindle density is highest in the intrinsic 
muscles of the hand and the short muscles of the neck, and 
lowest in the muscles of the thigh and shoulder. Muscle spin-
dles may act as monitors of the minute length changes pro-
duced by the activity of nearby motor units (Binder and Stuart 
1980; McKeon and Burke 1983). The number of muscle spin-
dles per motor unit is not greater in the intrinsic muscles of the 
hand than in other limb muscles (Gandevia and Burke 2004).

There are two types of sensory endings in muscle spindles 
(Fig. 9.6). The primary ending spirals around the central 
region of both bag and chain fibres and gives rise to a single Ia 
afferent fibre. Therefore, there are only one primary ending and 
one Ia afferent fibre per spindle (for human data, see Kucera 
and Dorovini-Zis 1979; Kucera 1986). Secondary endings 
arise from more distal parts of muscle spindles, mainly from 
chain fibres but also from bag

2
 fibres, and give rise to several 

type II afferent fibres per spindle. Primary endings are sensitive 
to both the static and the dynamic components of muscle stretch 
and also to high-frequency vibration, whereas secondary end-
ings are sensitive to the static component of stretch, but much 
less sensitive to the dynamic component of stretch and less sen-
sitive to vibration (Matthews 1972, 1981). The intrafusal mus-
cle fibres in spindles are innervated by two types of fusimotor 
or g-efferents and by skeletofusimotor or b-efferents. Fusimotor 
efferent fibres cause the peripheral regions of intrafusal muscle 
fibres to contract and increase the stiffness of these fibres, 
thereby exciting spindle endings and increasing their sensitivity 
to stretch. There are two types of fusimotor efferents: (1) static 
fusimotor (gs) axons, which increase the static sensitivity of 
the primary and secondary endings by causing contraction of 
bag

2
 and chain fibres; (2) dynamic fusimotor (gd) axons, which 

increase the dynamic sensitivity of the primary ending through 
contraction of bag

1
 fibres. Skeletofusimotor axons innervate 

both intra- and extrafusal muscle fibres (Bessou et al. 1965; 
Emonet-Dénand et al. 1980). There is suggestive anatomical 
and physiological evidence of b-innervation of human spindles 

(Kucera and Dorovini-Zis 1979; Rothwell et al. 1990; Kakuda 
and Nagaoka 1998). There are cogent arguments against the 
view that fusimotor dysfunction drives motor disturbances, but 
data on spindle recordings in patients are limited (Pierrot-
Deseilligny and Burke 2005).

The Golgi tendon organ is actually a musculotendinous 
end-organ (Golgi 1880). The majority of tendon organs line 
the aponeuroses of origin and insertion, where muscle fibres 
insert directly into the receptor capsule (Fig. 9.7). They are 

Fig. 9.6 A cat muscle spindle and its innervation by an 
Ia fibre (silver-impregnated preparation of the peroneus 
brevis; from Barker 1974; with permission from 
Springer Verlag)

lb

cb

cap

Fig. 9.7 Schematic representation of a Golgi tendon organ. The cap-
sule is shown in longitudinal section. Sensory terminals are represented 
by knobs at the end of the unmyelinated branches of the Ib fibres (after 
Jami 1992). cap capsule, cb non-innervated collagen bundle
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also present at musculotendinous junctions. Less than 10% 
of tendon organs are found completely within the tendon 
(Barker 1974; Proske 1981; Jami 1992). Because of the 
direct insertion of muscle fibres into the intracapsular fas-
cicles, which contains the afferent terminals, tendon organs 
are exquisitely sensitive to muscle contraction. A single 
twitch of a single muscle fibre is enough to generate an 
afferent discharge. The tendon organ is ‘in series’ anatomi-
cally and functionally with those motor units that have a 
muscle fibre insertion. Tendon organs can signal quite small 
variations of contractile force better than mean force level 
(Jami 1992). Each tendon organ is usually innervated by a 
single Ib afferent fibre. Ib afferent fibres are fast-conducting 
afferents with diameters largely overlapping those of Ia 
fibres.

9.2.4  Reflex Pathways in the Spinal Cord

With horseradish peroxidase (HRP) as a tracer, the local-
ization of Ia, Ib and II afferent terminals of various muscles 
has been visualized, especially of the triceps surae in cats 

(Brown and Fyffe 1978, 1979; Ishizuka et al. 1979; Brown 
1981). Single Ia afferent fibres were identified electro-
physiologically in the dorsal root of anaesthetized cats by 
their high conduction velocity and their responses to mus-
cle stretch and contraction. They were subsequently 
injected with HRP (Fig. 9.8). After anterograde transport, 
the tracer could be visualized in spinal cord sections. Soon 
after their entry into the spinal cord, Ia axons bifurcate into 
an ascending and a descending branch, which travel in the 
dorsal columns. Over one or two segments rostral as well 
as caudal to the site of entry, the axons give off collaterals 
to the spinal grey matter. There are three main areas of ter-
mination: lamina VI, lamina VII (the intermediate zone) 
and lamina IX (the motoneuron area). In layer IX, Ia fibres 
make synaptic contacts on the soma and proximal dendrites 
of a-motoneurons. Jankowska and Lindström (1972) 
showed that Ia-inhibitory interneurons are located in lam-
ina VII. Ib afferent fibres have a more restricted pattern of 
termination. They also bifurcate on entering the cord, giv-
ing off rostral and caudal branches to the dorsal columns, 
but their main area of termination is in laminae V–VII. 
Spindle secondary afferents, the type II afferent fibres, 

Fig. 9.8 (a) Areas of termination of Ia (horizontal hatching), Ib (oblique 
hatching) and II (vertical hatching) afferent fibres from the lateral gas-
trocnemius in the cat spinal cord (from Brown 1981); and HRP-staining 

of Ia (b) and Ib (c) fibre collaterals from the medial gastrocnemius in the 
cat spinal cord (from Brown 1981, based on Brown and Fyffe (1978, 
1979), respectively; with permission from Springer Verlag)
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terminate in three main areas: lamina IV-dorsal part of lam-
ina VI, lamina VI and dorsal part of VII, and the ventral 
horn (lamina VII and IX). Interneurons participate in 
polysynaptic spinal reflexes.

Ia afferent fibres are the largest and most rapidly con-
ducting peripheral nerve fibres, with conduction velocities 
up to 120 m/s in cats, but up to only 70 m/s in humans. In the 
human upper limb, the conduction velocity of the fastest 
cutaneous afferent fibres is hardly slower than that of the 
fastest Ia fibres (Macefield et al. 1989). Ia afferent fibres 
have excitatory monosynaptic projections to homonymous 
motoneurons, and this forms the excitatory pathway for the 
tendon jerk and the short-latency spinal stretch reflex 
(Fig. 9.9). Projections are stronger to motoneurons innervat-
ing slow-twitch units than to those of fast-twitch units. 
Heteronymous projections are weaker than homonymous 
projections, and exist to motoneurons of close synergists 
operating at the same joint (Henneman and Mendell 1981). 
The disynaptic pathway mediating reciprocal Ia inhibition 
to antagonistic motoneurons via Ia interneurons is probably 
the most thoroughly studied spinal circuit, both in animal 
experiments and in humans. Ia inhibitory interneurons are 
characterized by: (1) monosynaptic input from Ia afferents; 
(2) projections through glycinergic synapses to motoneurons 
antagonistic to the muscles from which the Ia input arises 
and (3) disynaptic recurrent inhibition from those motoneu-

rons that receive the same monosynaptic Ia excitation. They 
were found in the ventral part of lamina VII, just outside the 
motoneurons receiving the same Ia input (Jankowska and 
Lindström 1972; Jankowska 1992). Their axons pass via the 
lateral and ventral funiculi and reach motoneurons several 
segments away. Renshaw cells inhibit Ia inhibitory interneu-
rons (Hultborn et al. 1971a, b). Renshaw cells are a special 
type of inhibitory interneurons, which are activated by axon 
collaterals from motoneurons (Renshaw 1941). They inhibit 
the same motoneurons from which they receive collaterals as 
well as motoneurons for synergistic muscles and disinhibit 
antagonistic motoneurons through other interneurons. All 
peripheral and descending neuronal systems which influence 
motoneurons appear to have similar projections to Ia inhibi-
tory interneurons (Hultborn 1976; Jankowska 1992). Type II 
muscle afferents originate from secondary spindle endings. 
Their effects are mainly transmitted through type II interneu-
rons, located in the intermediate zone (Jankowska 1992), 
which excite or inhibit motoneurons. Type II interneurons 
are particularly concentrated in midlumbar segments and are 
also referred to as lumbar propriospinal neurons (Pierrot-
Deseilligny and Burke 2005).

Projections of Ib afferent fibres are widely distributed to 
motor pools of the ipsilateral limb through typically disynap-
tic inhibition of homonymous and synergistic motoneurons 
via Ib inhibitory interneurons and trisynaptic excitation of 

TB BB
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lb
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Fig. 9.9 Simplified diagram of the reciprocal Ia inhibition 
of the biceps and triceps muscles (see text for further 
explanation). am a-motoneuron, asc ascending collaterals, 
BB biceps brachii muscle, desc descending supraspinal 
fibres, ef extrafusal fibres, Ia, Ib afferent fibres, Iai, Ibi 
inhibitory interneurons, if intrafusal fibres, G Golgi tendon 
organ, gm g-motoneuron, TB triceps brachii muscle
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antagonistic motoneurons. Ib inhibitory interneurons are 
located in lamina VI and in the dorsal part of lamina VII 
(Jankowska 1992). They receive corticospinal and rubrospi-
nal excitation and are inhibited by reticulospinal fibres. 
Renshaw cells do not inhibit Ib interneurons.

The type II muscle spindle afferent fibres have been 
regarded as part of a much larger system of reflex pathways 
termed the flexor reflex afferent (FRA) system. Lundberg’s 
studies in cats showed that different classes of afferents, 
cutaneous, types II and III from muscles as well as from 
joints, converge onto the same interneurons, and he intro-
duced the collective name of flexor reflex afferents or FRAs 
(Lundberg 1979, 1982; Baldissera et al. 1981). All of these 
afferents may evoke an ipsilateral flexion reflex with contral-
ateral extension in the acute spinal animal. In addition to 
their actions on motoneurons, the FRA interneurons are 
influenced by descending tracts and provide a strong input to 

several ascending spinal systems, including the spinocere-
bellar pathways, informing higher centres of the state of the 
spinal interneuronal machinery. Lundberg (1979) hypothe-
sized that, during normal movement, pathways mediating 
FRA reflexes could provide selective reinforcement of the 
voluntary command from the brain.

Surgical deafferentation in monkeys results in severe 
deficits in motor control, particularly in the execution of dis-
tal movements (Mott and Sherrington 1895; Knapp et al. 
1963; Darian-Smith and Ciferri 2005). Patients with chronic 
sensory neuropathies affecting large myelinated afferent 
fibres cannot maintain force or position accurately when 
visual cues of their performance are removed (Rothwell et al. 
1982; Sanes et al. 1985; Cole and Sedgwick 1992). 
Surprisingly, complex movements can be made in the absence 
of any sensation, and therefore of any reflexes, at all (Rothwell 
et al. 1982; Marsden et al. 1984; see Clinical case 9.1).

Clinical Case 9.1 Manual Motor Control  

in a Deafferented Man

Chronic sensory neuropathies may result in severe deficits 
in motor control, particularly in the execution of distal move-
ments (Rothwell et al. 1982; Sanes et al. 1985; Gandevia 
et al. 1990). Surprisingly, complex movements, however, 
can be made in the absence of any sensation, and therefore 
of any reflexes, at all (Marsden et al. 1984). Rothwell’s 
patient had been effectively deafferented by a severe sensory 
peripheral neuropathy of the hand and forearm.

Case report: The patient could perform a remarkable 
repertoire of manual movements. The photographs show 
finger movements he made (Fig. 9.10). When he closed his 
eyes, he could move his thumb to touch each finger in turn, 
despite the fact that he could not feel his fingers, nor did he 
notice if the examiner interfered with the movement. 
Therefore, the whole set of instructions to the hand and 
forearm muscles involved in this task could be sent out by 
the brain in the absence of any feedback. He could also 
outline figures and numbers in the air without vision. 
Nevertheless, the movements were not entirely normal, and 
the performance degraded considerably over 2–3 trials. 
Presumably, undetected errors crept into the movement and 
were never compensated. Other more subtle abnormalities, 
such as an inability to maintain constant muscular contrac-
tion, contributed to the difficulty in fine motor tasks.

Despite the large range of tasks that the patient could 
perform, his hands were relatively useless to him for fine 
tasks in daily life. He could only drink and feed himself with 

difficulty, and writing and fastening buttons to dress himself 
were almost impossible. These daily tasks are among the 
most delicate adjusted movements that we perform with our 
hands. These data show that a wide range of relatively gross 
motor activities may be undertaken in the absence of soma-
tosensory feedback, by the use of stored motor programmes 
(Marsden et al. 1984; Gandevia et al. 1990). Other motor 
programmes must be learned, and somatosensory feedback 
contributes to such motor learning. The following observa-
tion in this deafferented man confirms this. He could drive 
his old car with a manual gear even at night despite the 
extensive distal loss of sensation. Later, he bought a new car 
but he found that he could not learn to drive it. Therefore, he 
sold it and continued to drive his old car.
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Fig. 9.10 (a) Sequential series (clockwise) of photographs showing 
the patient’s ability to perform individual finger movements with the 
right hand with his eyes closed. Reading from top to bottom, he opposed 

his thumb to each finger in turn. (b) After he had been performing the 
sequence for 30 s without visual feedback, the movements break down 
(from Rothwell et al. 1982; courtesy John Rothwell, London)

9.2.5  Muscle Tone

When a normal, resting muscle is palpated, it possesses a 
certain degree of tension. This normally existing condition 
is generally called muscle tone or resting tone. In various 
 pathological conditions, this normal tone may be changed, 
either increased (hypertonia) or reduced (hypotonia). 
Muscle tone is usually defined as the resistance offered by 
muscles to continuous stretch produced by passive flexion 
or extension of a joint (Brooks 1986; Burke 1988; Rothwell 
1994). In deeply relaxed humans, tone is produced by pas-
sive viscoelastic properties of the muscles, tendons, liga-
ments and joints. In alert subjects, stretch reflexes contribute 
to tone but the extent of fusimotor participation in the gen-
eration of tone is uncertain. Hypertonia occurs clinically as 
spasticity and rigidity. Spastic resistance to stretch is pro-

portional to the velocity of the applied stretch. Lance 
defined spasticity as a disorder of spinal proprioceptive 
reflexes, manifested clinically as tendon jerk hyperreflexia 
and an increase in muscle tone that becomes more apparent 
the more rapid the stretching movement is (Lance 1980; 
Lance and McLeod 1981). Chronic spinal spasticity is 
characterized by clonic tendon jerks and by flexor spasms. 
Flexor release is caused by descending disinhibition of 
FRAs (Pierrot-Deseilligny and Burke 2005). Cerebral spas-
ticity has less flexor release, and is probably due to disinhi-
bition of spinal motoneurons from normally descending 
reticulospinal inhibition. Fusimotor drive is normal in both 
types of chronic spasticity in humans. Rigidity is character-
ized by hypertonia (mostly in flexors) that is not closely 
related to the velocity of joint displacement. Fusimotor 
drive is no higher in patients with parkinsonism than in 
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Fig. 9.11 Schematic representation of the cervival (C1–C4) and bra-
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 normal humans. Parkinsonian rigidity is marked by abnor-
mal strong long-loop responses to passive limb displace-
ments. Hypotonia may develop after cerebellar disorders, 
but it may regress after some weeks. It is uncertain whether 
cerebellar hypotonia is caused by depressed fusimotor drive 
(Brooks 1986). In striking contrast to primates, cerebellar 
lesions in cats and dogs produce increased muscle tone (see 
Chap. 10).

9.2.6  Lesions of Peripheral Motoneurons

9.2.6.1  Plexus Lesions
This section includes a survey of peripheral nerve lesions, 
in particular of the upper extremity, and a brief discussion 
of diseases of the motor unit with emphasis on motoneuron 
disease (MND). The ventral branches of many spinal nerves 
intermingle to form plexuses, cervical, brachial and lum-
bosacral, from which they continue into the various periph-
eral nerves. Consequently, fibres from several spinal 
segments are present in most of the peripheral nerves. The 
ventral branches of the C1–C4 spinal segments form the 
cervical plexus (Fig. 9.11), from which the phrenic nerve 
arises (C4). The sensory components of the cervical plexus 
are the lesser occipital nerve (C2–C3), the great auricular 
nerve (C2–C3), the supraclavicular branches (C3–C4) and 
the transverse cervical nerve (C2–C3). The brachial plexus 
is formed by the union of the ventral branches of the C5–T1 
segments, but frequently receives contributions from C4 
and less frequently from T2. These branches are redistrib-
uted in two stages (Fig. 9.11): at first, three trunks are 
formed, superior, middle and inferior, from which lateral, 
medial and posterior fascicles or cords arise. The ventral 
branches of C5 and C6 form the superior trunk (the truncus 
superior), with a minor contribution from the C4 and C7 
spinal nerves. The middle trunk (the truncus medius) is 
composed of the ventral branch of C7, whereas the ventral 
branches of C8 and T1 constitute the inferior trunk (the 
truncus inferior). Each trunk contains  dorsally located 
fibres for the extensor muscles of the upper extremity and 
ventrally located fibres for the flexor muscles. The dorsal 
fibres of the three trunci combine to form the posterior fas-
cicle (C5–T1), found posterior to the subclavian artery. The 
ventral fibres of the superior and middle trunci form the 
lateral fascicle (C5–C7), lateral to the subclavian artery, 
whereas the ventral fibres of the inferior trunk form the 
medial fascicle (C8-T1), medial to the subclavian artery. 
During its first traject, the brachial plexus passes with the 
subclavian artery between the scaleni muscles, then enters 
the supraclavicular triangle where it lies on the first rib, and 
continues towards the axilla, below the pectoralis minor as 

the peripheral nerves of the upper extremity. Abnormal 
compression of the brachial plexus and/or the subclavian or 
axillary vessels, together known as the neurovascular bun-
dle of the upper limb, produces a series of signs, termed the 
neurovascular compression syndromes of the upper limb. 
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This bundle is most frequently compressed: (1) in the space 
between the anterior and middle scalenus muscles, where 
compression may be produced by a cervical rib or its fibrous 
extension; (2) in the interval between the the first rib and 
the clavicle and (3) where the neurovascular bundle is 
crossed by the pectoralis minor and is related to the cora-
coid process.

The main peripheral nerves for the upper extremity are 
the axillary and radial nerves from the posterior cord, the 
musculocutaneous nerve from the lateral cord, the ulnar 
nerve from the medial cord with a contribution from the 
posterior cord and the median nerve from the union of the 
remaining parts of the lateral and medial cords (Fig. 9.11). 
The brachial plexus and each of its peripheral nerves can 
be damaged. Although the whole of peripheral nerve 
pathology is beyond the scope of this section, some prin-
ciples relevant for making a diagnosis on which part of 
the plexus or which nerve is involved, are mentioned here. 
The spatial distribution of the sensory defect is the main-
stay for the differential diagnosis between lesions of vari-
ous structures. A lesion at the level of a spinal nerve will 
show a strictly segmental, dermatomal distribution of the 
sensory deficit (see Chap. 4). A lesion of a peripheral 
nerve will show a typical sensory deficit distribution over 
a skin area innervated by that particular nerve. A lesion of 
the brachial plexus will result in an atypical pattern of 
sensory loss, reflecting the localization of the trunks or 
fascicles that are affected. Any sensory defect will consist 
of impairments of both gnostic and vital modalities. For 
the motor deficits resulting from lesions at various levels 
of the brachial plexus, a similar strategy applies. Here, 
however, the fact that most muscles are polysegmentally 
innervated complicates the analysis. For the segmental 
innervation of the various muscles, tables are available 
(see Fig. 9.3), which can be consulted to find out whether 
the muscles involved have a particular segment in com-
mon. The defect can, therefore, result from a lesion of 
that particular spinal nerve. A number of nerve roots have 
a unique relationship with a particular muscle, known as 
“Kennmuskel” (identification muscle). The same applies 
to the peripheral nerves. The radial nerve innervates all 
extensor muscles of the upper extremity, whereas the 
ulnar nerve, in addition to more proximal muscles, inner-
vates most of the small, intrinsic muscles of the hand. It 
should be emphasized, however, that loss of function of 
the arm extensor muscles may result from a radial nerve 
lesion, but may also be due to a more rare lesion of the 
posterior cord of the brachial plexus. The combination of 
the motor deficits with the loss of sensations (see Chap. 4) 
will point to the correct location. Also, the differentiation 
between an ulnar nerve lesion and an inferior brachial 

plexus or nerve root lesion at the C8 and T1 level may be 
problematic as both the sensory and the motor defects 
show similar appearances in both lesion types. When the 
inferior brachial plexus or nerve roots are involved, there 
is often also an involvement of the sympathetic trunk at 
that level, resulting in a Horner syndrome that points to 
the correct location of the lesion. The close proximity of 
the C8 and T1 spinal nerves and the lung cupula exposes 
these nerves to any process developing in the apical lung 
segments, such as a Pancoast tumour. Such an apical 
bronchus carcinoma may also compromise the cervical 
sympathetic trunk, giving rise to an ipsilateral Horner 
syndrome. Most brachial plexus lesions are of traumatic 
origin and may be divided into lesions of the upper part 
(Duchenne–Erb paralysis) and the lower part (Dejerine–
Klumpke paralysis). Some examples are discussed in 
Clinical case 9.2.

The lumbosacral plexus is so organized that its upper part, 
the lumbar plexus (L2–L4), innervates the ventral and medial 
muscles of the thigh, whereas its lower part or sacral plexus 
(L4–S3) innervates the muscles of the gluteal region, the mus-
cles on the dorsal part of the thigh, and all muscles of the leg 
and foot (Fig. 9.12). The segmental innervation of the muscles 
of the lower limb is shown in Fig. 9.3b. A case of a lum-
bosacral plexus neuropathy is shown in Clinical case 9.3.

9.2.6.2  Diseases of the Motor Unit
Diseases of the motor unit can be divided into two categories, 
depending on which part of the motor unit is affected, the 
motoneuron or the muscle itself (Rothwell 1994): (1) neuro-
genic diseases which affect the motoneuron, either the cell 
body (MND) or its axon or myelin sheath (peripheral neuropa-
thies); and (2) myopathic diseases, affecting the muscle itself. 
When subjects are completely at rest, their muscles do not 
show electrical activity. When a needle electrode is inserted, a 
brief burst of activity can be registrated, known as “insertional 
activity”. A complete lesion of a motor nerve results in an 
increase of the level of spontaneous activity in the innervated 
muscle(s) for several days after the lesion. In the electromyo-
graphy (EMG), this is seen as trains of very small action 
potentials, known as “fibrillation potentials”. In incomplete 
lesions or when regrowth occurs, some of the denervated mus-
cle will become reinnervated by remaining or regrowing 
axons. In partial lesions, intact axons expand their motor unit 
territory by reinnervation of the denervated muscle fibres, 
resulting in action potentials up to ten times larger than aver-
age. Moreover, the motor unit action potentials are larger and 
polyphasic. Such an EMG picture of denervation and reinner-
vation is typical for many neuropathic diseases which affect 
the LMN, such as chronic peripheral neuropathies and 
poliomyelitis.
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In diseases of the upper motoneuron (UMN), there is usu-
ally no denervation of the muscle since the spinal moto neurons 
remain intact. However, loss of descending excitatory input to 

the motoneurons makes it more difficult to recruit motor units 
in a voluntary contraction. With an incomplete lesion of the 
UMN, motor units are normal, but cannot be discharged at high 
frequencies by voluntary effort. In some patients with chronic 
lesions of the UMN, there may be a small amount of antero-
grade transsynaptic degeneration of spinal motoneurons. A 
proportion of cells deprived of their normal input may die. This 
may result in atrophy of muscles, in particular of the intrinsic 
muscles of the hands (see Clinical case 9.4). Some diseases 
such as amyotrophic lateral sclerosis (ALS) affect both UMNs 
and LMNs. In most myopathic diseases such as the muscular 
dystrophies, the changes in the EMG are not as marked as in 
neuropathic lesions. Death of muscle fibres is usually reflected 
only as a decrease in size of the motor unit action potential.

9.2.6.3  Motoneuron Disease
Several disorders are characterized by degeneration of 
motoneurons. The term MND is now generally accepted as a 
synonym for ALS and related disorders. Motoneuron disor-
ders may be divided into three main groups (Lowe et al. 1997): 
(1) primary motoneuron disorders with idiopathic and herita-
ble forms; (2) secondary motoneuron disorders with infective, 
toxic, metabolic and autoimmune aetiology and (3)  motoneuron 
degeneration as part of multisystem neurodegenerative dis-
eases. In MND, there is a primary degeneration of UMN and 
LMN manifested by weakness and wasting of the affected 
muscles in combination with evidence of corticospinal tract 
involvement. Typically, there is preservation of eye move-
ments and continence. The diagnosis of MND is made on the 
basis of clinical evidence of widespread combined UMN and 
LMN damage that cannot be explained by other disorders. 
This is the syndrome delineated by Charcot and Joffroy in 
1869 as ALS (Charcot and Joffroy 1869). The diagnosis is 
supported by electrophysiological evidence of ventral horn 
cell damage. Clinical criteria for the diagnosis have been pro-
posed (El Escorial criteria; Brooks et al. 2000). A characteris-
tic feature of MND is progression to death, typically within 
5 years of onset. Frontal lobe type dementia is seen in a minor-
ity of patients (see Chap. 15).

At autopsy, the brain is generally unremarkable. In some 
cases, visible atrophy of the precentral gyrus is seen and in 
patients with associated dementia, atrophy of the frontal and 
temporal lobes may be found. The spinal cord may be atrophic 
with shrunken ventral roots. The main histological changes are 
loss of motoneurons with associated astrocytosis in the ventral 
horns of the spinal cord, the brain stem (particularly the hypo-
glossal nucleus, the ambiguus nucleus and the motor nuclei of 
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Fig. 9.12 Schematic representation of the lumbosacral plexus (after 
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a b c

Fig. 9.13 (a, b) Upper brachial plexus lesion with atrophy of the del-
toid and biceps brachii muscles as well as of the supraspinate and 
infraspinate muscles. The arm is rotated so that the palm of the hand is 

visible from dorsally. (c) Lower brachial plexus lesion with atrophy of 
the forearm flexors, paresis of the hand and a Horner syndrome. The 
sensory deficits are indicated in red (based on Mumenthaler 1983)

Clinical Case 9.2 Lesions of the Brachial Plexus

Most lesions of the brachial plexus are traumatic in origin 
and are caused by extreme detraction of the arm in combina-
tion with contralateral lateroflexion of the cervical spine. 
This type of injury often occurs in motorcyclists, but it may 
also happen after a fall downwards while clinging for sup-
port to break the fall. The resulting damage may consist of 
one or more nerve root avulsions or tearing off the brachial 
plexus itself. This may involve one or more of the proximal 
trunks or the more distally located fascicles of the plexus. 
The upper part of the brachial plexus is most prone to this 
type of injury, which results in a flaccid paralysis of the C5 
and C6 innervated muscles (Duchenne–Erb paralysis) with 

the typical waiter’s tip posturing of the paralytic arm as a 
result (Fig. 9.13a, b). A lower brachial plexus lesion occurs 
less frequently and involves the C8 and T1 innervated mus-
cles, so the intrinsic hand muscles are paralysed and a typical 
claw hand posture results (Dejerine–Klumpke paralysis). 
A sensory deficit at the ulnar side of the forearm and the hand 
accompanies the motor lesion in this type of brachial plexus 
lesion (Fig. 9.13c; see also Chap. 4). In many cases, a Horner 
syndrome is evident as a result of damage to the C8 and T1 
roots, proximal to the separation of the white communicating 
branches to the sympathetic trunk (see Chap. 12).

This case was kindly provided by Antoine Keyser 
(Department of Neurology, Radboud University Nijmegen 
Medical Centre, The Netherlands)
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the trigeminal and facial nerves) and the motor cortex (loss of 
Betz cells). Three types of inclusion bodies may be seen on 
H&E staining in surviving motoneurons: Bunina bodies, large 
hyaline inclusions, resembling Lewy bodies, and large, irregu-
lar inclusions. The inclusion bodies are immunohistochemi-
cally detectable by staining for ubiquitin. In the white matter, 
loss of myelin is apparent in the corticospinal tracts (see Clinical 
case 9.5). A juvenile case is presented in Clinical case 9.6.

9.3  Gait and Posture

Locomotion is a subconsciously performed everyday 
movement with a high reproducibility (Dietz 2006). It is 
automatically adapted to the actual conditions such as 
ground irregularities with a large security range. Frequently, 
characteristic locomotor disorders are the first sign of a 
peripheral or central lesion of the motor system. In such 
cases,  neurological examination reveals changes in reflex 
excitability and muscle tone. In humans, the locomotor 
activity has been much more thoroughly examined than its 

neural control for which we have to rely mainly on extrapo-
lations from animal models (Orlovsky et al. 1999). Grillner 
(1975) and Shik and Orlovsky (1976) defined a model of 
the organization of the locomotor control system in verte-
brates. It consists of two linked sets of elements: a supraspi-
nal “command” centre (or group of centres) and spinal step 
generator circuits, one for each limb. These central pattern 
generators (CPGs) produce locomotor programmes. A CPG 
for the control of a whole limb is probably made up of net-
works of small unit generators that control simple muscle 
synergies. CPGs drive spinal motoneurons. Alternating 
activity of two opposing muscles can be produced by the 
mutual reciprocal inhibition of two CPGs. The excitability 
of CPGs is strongly governed by locomotor centres in the 
midbrain and rhombencephalon which in turn are under 
control of the forebrain. Peripheral feedback comes from 
afferents in muscles and joints, which are sensitive to the 
positions of the limbs and the directions of their move-
ments. Postural control provides a stable body platform for 
the adequate execution of focal and goal-directed move-
ments (Horak and Macpherson 1996).

Clinical Case 9.3 Diabetic Lumbosacral Plexus Neuropathy

Case report: A 68-year-old woman visited the neurology 
outpatient clinic because of sudden severe pain and rapid 
atrophy of the left leg. She had suffered from type 2 diabe-
tes mellitus for almost 10 years, with good glycaemic con-
trol and no signs of diabetic vasculopathy. Following the 
advice of her dietician, she lost 12 kg of bodyweight in the 
past months. Her complaints began 3 days earlier with a 
deep, aching pain in her left hip, spreading to the ventral 
side of the leg and lower leg. Over the days, she had noticed 
difficulty in rising from a chair and walking up the stairs 
whereas her left foot was dragging. The ventral side of her 
leg felt numb and tingling. On examination, she could 
barely walk or stand on her left leg. A severe paresis MRC 
grade 2 of the left quadriceps, the iliopsoas, the leg  adductors 
and the tibialis anterior was found, with an absent knee jerk 
on the left and hypaesthesia in the left femoral nerve area. 
Additional laboratory investigations showed a glycated 

haemoglobin (HbA1c) within normal range and a normal 
sedimentation rate. A magnetic resonance imaging (MRI) 
of the lumbosacral spine showed some degenerative 
changes but no signs of root compression. A diagnosis of 
diabetic amyotrophy (Bruns–Garland syndrome or dia-
betic radiculoplexus neuropathy) was made. The patient 
was prescribed strong analgesics and she was referred for 
physiotherapy and orthotic measures. Recovery was slow 
over the next 2 years.

This case was kindly provided by Nens van Alfen 
(Department of Clinical Neurophysiology, Radboud 
University Nijmegen Medical Centre, The Netherlands).

Selected Reference
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Fig. 9.14 Atrophy of the left small hand muscles in a patient with a 
parietal tumour (from Op de Coul 1970)

Clinical Case 9.4 Atrophy of Intrinsic Hand Muscles 

in Patients with Parietal Lesions

Atrophy of skeletal muscle with a specific distribution in 
general should be attributed to a lesion of the LMN. As 
such, this type of atrophy is often described as “peripheral 
atrophy”. Under specific circumstances, however, an affec-
tion of the UMN may also give rise to localized atrophy. 
Already in the nineteenth century, Charcot (1880) and 
Steiner (1893) described the occurrence of such forms of 
atrophy in patients suffering from hemiplegia, but their 
findings were largely forgotten. In the 1950s, several 
authors, for instance Critchley (1953), pointed to the local-
izing value of atrophy of the small, intrinsic muscles of 
the hand occurring in patients suffering from a stroke in 
the parietal lobe. With neurophysiological techniques, den-
ervation activity was observed in the hand muscles of 
patients with this “central” or “hemiplegic” muscle atro-
phy. The presence of degenerative findings in cervical 
motoneurons was reported after autopsy (Charcot 1880; 
Botez and Carp 1966). This may be due to the phenomenon 
of anterograde transsynaptic or transneuronal degenera-
tion, described by von Gudden (see Chap. 3). In this case, 
the transneuronal degeneration seems to be restricted to 
those motoneurons receiving a predominant and direct 
innervation from the corticospinal tract.

In the clinical situation, the diagnosis ‘parietal muscle 
atrophy’ should only be considered after the exclusion of 
other more obvious causes such as the presence of a com-
pression neuropathy of the ulnar nerve at the elbow, a lesion 
of the caudalmost nerve roots of the brachial plexus and the 
presence of muscle atrophy in the context of MND. Op de 
Coul (1970) described a case of parietal muscle atrophy in 
a patient with a parietal tumour (see Case report).

Case report: A 48-year-old male patient presented with 
diminishing of muscle force in his left thumb and index 
finger. On clinical examination, atrophy and paresis of the 
left small hand muscles was observed (Fig. 9.14) as well as 
atrophy of the upper arm and forearm but initially without 
higher reflexes, sensory deficits or signs of a hemisyn-
drome. One month later, a motor hemisyndrome of the left 

arm, in particular, was observed. Further examination sug-
gested the presence of a right parietal process, which was 
removed surgically and appeared to be a large metastasis in 
the parietal lobe, 1 cm below the meningeal surface. The 
patient died half a year later. At autopsy, the metastasis was 
found to extend as far as the occipital lobe with strong 
degeneration of the white matter in the right internal cap-
sule, cerebral peduncle and the corticospinal tract. In the 
left crossed corticospinal tract and the right uncrossed 
component, degeneration was most evident at low cervical 
levels, but extended as far as the lumbar cord. The cervical 
motoneurons were intact, however.
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Clinical Case 9.5 The Spectrum of MND

The spectrum of MND comprises progressive spinal muscu-
lar atrophy (PSMA), ALS and primary lateral sclerosis 
(PLS). PSMA is characterized by peripheral weakness 
caused by degeneration of LMN, whereas PLS shows spas-
ticity and central weakness due to degeneration of the pyra-
midal tract, i.e. the central motoneuron (CMN). ALS requires 
signs of both CMN and LMN loss with diagnostic certainty, 
depending on the extent of signs (Brooks et al. 2000).

ALS is a devastating disease with an insidious onset, a 
relentless progression and a fatal outcome. Most patients 
die within 3–5 years after the onset of symptoms. ALS is 
more frequently encountered in males as compared to 
females and the incidence of the disease increases with 
age. Early-onset ALS is arbitrarily defined as an onset of 
disease between the age of 25 and 40, whereas a disease 
onset before the age of 25 is called juvenile or infantile 
ALS. In general, early-onset ALS has a slower rate of 
progression and is more often dominated by UMN signs 
(but see Case report). Whereas the degeneration of ALS 
predominantly affects the motor system, cognitive and 
behavioural symptoms have been described over more 
than a century. There is now accumulating evidence that 
ALS and frontotemporal dementia overlap clinically, 
radiologically, pathologically and genetically (Phukan 
et al. 2007). This variant is known as frontotemporal 
dementia with motoneuron disease (FTD-MND; see 
Chap. 15).

Case report: A 33-year-old man presented at the out-
patient clinic with weakness of his left hand that started 
insidiously at the age of 32. There was no pain, and sensa-

tion was normal. His family history was unremarkable. 
On examination, he showed asymmetrical, predominantly 
proximal weakness and atrophy of the shoulder and arm 
muscles with general fasciculations. Tendon reflexes were 
brisk and asymmetrical. There was no Babinski sign. 
Pseudobulbar reflexes were negative. Coordination was 
normal and there were no extrapyramidal signs. Cognitive 
functions did not show any abnormalities. Extensive labo-
ratory examination including HIV serology showed a slight 
increase of creatine kinase (367 U/l) but no other abnor-
malities. MRI of the cervical spine was normal. Nerve con-
duction studies were normal, but needle EMG showed both 
active and chronic neurogenic changes in the cervical, tho-
racic and lumbosacral regions. Based on these symptoms 
and signs, a diagnosis of probable ALS was made. After his 
first presentation, progression was relentless and 2 years 
later the young man died of respiratory failure. Brain 
autopsy and subsequent histological examination revealed 
the typical features for ALS (see Fig. 9.15).

This case was kindly provided by Jurgen Schelhaas 
and the autopsy data by Benno Küsters (Departments of 
Neurology and Pathology, Radboud University Nijmegen 
Medical Centre, The Netherlands).
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Fig. 9.15 (a) LFB-HE-
stained section of the upper 
thoracic cord showing the 
pallor of the lateral and 
ventral corticospinal tracts in 
a case of early-onset ALS; 
(b) a-motoneuron stained for 
TDP43 showing several 
skein-like cytoplasmic 
inclusions; some glial cells 
als exhibit TDP43-positive 
inclusions; (c) HE-stained 
section of the ventral horn of 
the caudal cervical cord with 
shrinkage of motoneurons 
(courtesy Benno Küsters, 
Nijmegen)
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Clinical Case 9.6 A Juvenile ALS Case

Rare cases of typical ALS occur before childhood (Nelson 
and Prensky 1972; Beauvais et al. 1990). Most of the juve-
nile cases of combined bilateral pyramidal tract signs and 
amyotrophy of the limbs and fasciculations that have been 
reported as juvenile ALS are chronic and often familial 
cases (Ben Hamida et al. 1990). As Case report a sporadic 
juvenile ALS is presented.

Case report: A 12-year-old girl presented at the out-
patient clinic with writing problems, weakness of both 
hands and gait problems. Her voice had softened and she 
had swallowing problems. On clinical examination, atro-
phy and fasciculations of the tongue (Fig. 9.16a), atrophy 

and fasciculations of the extremities, more in particular of 
the distal muscles, dysphagia and dysarthria were found, 
all suggestive for a juvenile form of ALS. No clear reflex 
abnormalities were found. Laboratory examination showed 
no abnormalities. EMG showed denervation, in particular 
of the distal muscles. Sensory conduction velocities in 
arms and legs were normal. CT examination showed only 
a slight central atrophy. A muscle biopsy of the soleus 
showed the ALS typical angular atrophic muscle fibres 
(Dubowitz and Brooke 1973; Fig. 9.17c). She died 1 year 
later. At autopsy, no clear macroscopical abnormalities 
were seen in the brain, but the ventral roots of the lum-
bosacral cord were too small (Fig. 9.17a). Microscopic 
examination showed a clear loss of hypoglossal motoneu-
rons (Fig. 9.16b), some degeneration of the facial and 
trigeminal motoneurons and loss of motoneurons in the 
lumbosacral cord (Fig. 9.17b). The remaining motoneu-
rons were smaller and atrophic, in particular motoneurons 
of distal muscles. The corticospinal tracts showed no 
degeneration in keeping with data by Brownell et al. 
(1970) that a pyramidal tract lesion cannot always be dem-
onstrated postmortem in ALS.

This case was kindly provided Jan Geelen (Enschede/
Nijmegen) and Willy Renier (Nijmegen). The muscle 
biopsy was evaluated by Henk ter Laak (Nijmegen).
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Fig. 9.16 (a) Tongue atrophy and (b) LFB-stained section of the 
medulla showing severe loss of neurons in the hypoglossal nuclei in 
a juvenile case of ALS (courtesy Jan Geelen, Enschede/Nijmegen)
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Fig. 9.17 Juvenile case of 
ALS: (a) the cauda equina 
with small ventral roots; (b) 
LFB-stained section of the 
ventral horn of the lumbar 
cord showing sparseness of 
motoneurons; (c) muscle 
biopsy of the soleus showing 
the for ALS typical atrophic 
muscle fibres in an ATPase-
stained section (pH 4.6) of 
the same patient (courtesy 
Henk ter Laak, Nijmegen)
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9.3.1  Physiological Basis of Human Locomotion

Leg muscle activation during locomotion is produced by 
neuronal circuits within the spinal cord, known as CPGs. For 
the control of human locomotion, afferent information from 
a variety of sources, visual, vestibular and proprioceptive, is 
used by the CPGs. The convergence of spinal reflex path-
ways and descending pathways on common spinal interneu-
rons plays an integrative role as shown in cats (Grillner 1981; 
Schomburg 1990; Rossignol 1996; Duysens and Van de 
Crommert 1998; Rossignol et al. 2006). Central pattern gen-
eration of  locomotion was proposed by T. Graham Brown 
(Brown 1911, 1914) to explain that animals with a transected 
spinal cord and cut lumbosacral dorsal roots were still capa-
ble of hindlimb stepping.

Human walking has three main gait characteristics 
(Capaday 2002): (1) humans walk erect on two legs; (2) at 
the moment of contact with the ground, the leg is almost 
fully extended and (3) the foot strikes the ground initially 
with the heel. Therefore, a mixture of extensor and flexor 
muscles is activated at heel contact, and the activities of leg 
extensors are not in phase as is typical for cats and other 
quadrupedal mammals. Ankle extensor activity is delayed 

by some 50–100 ms after heel contact, when the activity of 
most other leg extensors has ceased (Fig. 9.18). Forward 
propulsion of the body is mainly powered by contraction 
of the triceps surae with a contribution from the knee 
extensors.

The coordination of forelimb and hindlimb rhythmic activ-
ities is a main characteristic feature of quadrupedal locomo-
tion (Grillner 1981; Gans et al. 1997). Interlimb coordination 
is mediated by propriospinal neurons with long axons, which 
couple the cervical and lumbar enlargements of the spinal 
cord (Giovanelli Barilari and Kuypers 1969; Miller et al. 
1975; for data in humans, see Nathan and Smith 1959; Nathan 
et al. 1996). In many respects, the coordination of bipedal and 
quadrupedal locomotion is similar as shown in quadrupedal 
vertebrates (Grillner 1981), human infants (Yang et al. 1998; 
Pang and Yang 2000, 2001) and adults (Dietz 1992, 1997; 
Wannier et al. 2001). The organization of human interlimb 
coordination shows at least three similarities with that of cats 
(Dietz 2002a): (1) short latencies of EMG responses suggest 
that human interlimb coordination is mediated at the spinal 
level; (2) during stepping on a split-belt treadmill with the 
belts running at different speeds, the legs act in a cooperative 
manner both in human infants and adults (Dietz et al. 1994) 
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Fig. 9.18 Timing of EMG activity in leg muscles during 
one stride, i.e. from heel contact (HC) to heel contact, of 
human walking. The activity of extensors is not in phase 
and the pattern as a whole is not one of reciprocal 
activation of flexors and extensors. At HC, the hip 
extensor gluteus maximus and the knee extensor 
quadriceps femoris, as well as the ankle flexor tibialis 
anterior, stiffen the leg and the ankle. The gluteus 
maximus continues its activity and extends the hip during 
early stance. After the foot is lowered to the ground, the 
ankle extensors become active and in late stance they 
propel the body upward and forward. At around the time 
of toe off (TO), the hip flexor iliopsoas and the ankle 
flexor tibialis anterior become active, flexing the hip and 
ankle so that the leg can swing through. At normal 
walking speeds, knee flexion is produced, partly by 
flexion at the hip and partly by the biarticular gastrocne-
mii in the calf (after Capaday 2002)
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and (3) the spinal neuronal control of walking and its similari-
ties with quadrupedal locomotion are also reflected in the 
modulation of cutaneous reflexes.

The locomotor capacity of the isolated spinal cord has 
been studied in many vertebrates including humans (Grillner 
1981; Rossignol 1996, 2000, 2006; Jordan et al. 2008). After 
a complete lesion of the spinal cord at the last thoracic seg-
ment, cats can, within a few weeks, walk with the hindlimbs 
over a treadmill belt, while the forelimbs rest on a stationary 
platform. Both hindlimbs alternate regularly and can adapt to 
speeds of up to 0.8 m/s. They make contact on the plantar 
surface and the thrust developed is sufficient to support the 
weight of the hindquarters. There are, of course, obvious 
deficits such as absence of voluntary and equilibrium con-
trol. Intensive and interactive training of the hindlimbs on a 
treadmill is important for the recovery of the locomotor pat-
tern, suggesting a form of “spinal learning” (see Rossignol 
2000, 2006). In young adult macaque monkeys (Macaca fas-
cicularis), Eidelberg et al. (1981) could not induce spinal 
stepping after spinal cord transection. Sparing of pathways 
in the ventral part of the spinal white matter was sufficient 
for stepping and walking. The positive outcome of many of 
the animal experiments has led several groups to evaluate the 
effects of treadmill locomotor training, drug administration 
and functional electrical stimulation in spinal-cord-injured 
patients (see Dietz et al. 1994, 1995, 1998; Barbeau et al. 
1998, 1999; Wieler et al. 1999; Ladouceur and Barbeau 
2000). Epidural electrical stimulation of the lumbar cord 
(L2) in complete paraplegic patients can evoke rhythmic 
locomotor-like movements in the legs, including clear alter-
nation between some flexors and extensors within one leg 
(Dimitrijeviv et al. 1998).

9.3.2  Afferent Control

Afferent information influences the pattern of locomotion, 
whereas CPGs select appropriate afferent information accord-
ing to external requirements (Grillner 1986). Most attention 
has focussed on the action of group I afferents from ankle 
extensors (Pearson et al. 1998; Van de Crommert et al. 1998; 
Duysens et al. 2000). Proprioceptive information  provides the 
basis for a conscious representation of the body in space, 
which becomes severely disturbed in deafferented patients 
(Rothwell et al. 1982; Clinical case 9.1). Spinal CPGs and the 
reflexes mediating afferent input to the spinal cord are under 
control of the brain stem. Moreover, phase-linked corticospi-
nal control of locomotion is found in humans (Schubert et al. 
1997, 1999; Capaday et al. 1999) and cats (Leblond et al. 
2001). The amount of proprioceptive feedback from the legs 

during locomotion determines the influence of vestibulospi-
nal input on stabilization of body movement (Brandt et al. 
1999; Dietz et al. 2001).

Monosynaptic reflex responses can be recognized 
clearly by the characteristic short-onset latency of the EMG 
responses after muscle stretch in various motor conditions. 
The presumed action of the short-latency stretch reflex dur-
ing the stance and the swing phase of locomotion is shown 
in Fig. 9.19. The stretch reflex has been suggested to make 
a substantial contribution to the motor output during walk-
ing. The monosynaptic component of the stretch reflex elic-
ited electrically is known as the Hoffmann reflex or H-reflex 
(Hoffmann 1922). The H-reflex results from electrical stim-
ulation of Ia fibres leading to a monosynaptic excitation of 
motoneurons that innervate the same muscle. The amplitude 
of the soleus H-reflex decreases from standing to walking, 
and further decreases during running (Capaday 2000). The 
reduction of the H-reflex between standing and walking is 
of central origin (Garrett et al. 1999; Schneider et al. 2000). 
Neural mechanisms that modulate the soleus H-reflex dur-
ing the normal step cycle include increased activity of 
a-motoneurons during the stance phase, increased postsyn-
aptic inhibition of a-motoneurons during the swing phase 
and a tonic increase in presynaptic inhibition of group Ia 
afferent fibres to the a-motoneurons (Capaday 2002). This 
reflex system is facilitated by supraspinal influences on the 
pre- and postsynaptic elements during the stance phase for 
the rapid compensation of ground irregularities (Dietz 
2002b).

9.3.3  Supraspinal Control

A precollicular-postmammillary decerebrate acute mesen-
cephalic cat is incapable of either spontaneous locomotion 
or reflexively induced stepping following exteroceptive 
stimuli (Hinsey et al. 1930). In this preparation (Fig. 9.20a), 
“controlled locomotion” can be elicited by stimulation of 
the mesencephalic locomotor region (MLR) when the 
animal is placed on a moving treadmill or even when it is 
unrestrained on the floor (Shik et al. 1966, 1967; Shik and 
Orlovsky 1976). The MLR is found just below the inferior 
colliculus and is largely coincident with the cuneiform 
nucleus and the pedunculopontine nucleus (Fig. 9.20b). 
Without stimulation, “mesencephalic” preparations do not 
display spontaneous locomotion, in contrast to cats with a 
premammillary section, the so-called thalamic preparation 
(Grillner 1981; Armstrong 1986). Another more rostral 
region, the subthalamic locomotor region (SLR), coincident 
with the fields of Forel, is capable of inducing locomotion 
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even after destroying most of the MLR. How the MLR 
induces locomotion is not entirely clear. The MLR projects 
to the medial reticular formation (Garcia-Rill and Skinner 
1987a, b), which in turn innervates the spinal cord through 
ventrolateral descending pathways. The alternative view is 
that locomotion is induced through a longitudinal strip, the 
pontomedullary locomotor region (PLR) in the lateral 
tegmentum, extending from the MLR to propriospinal neu-
rons in the cervical cord (Mori et al. 1977; Mori 1987; 
Selionov and Shik 1984). The MLR can be chemically acti-
vated by GABA antagonists and can be inhibited by GABA 
(Garcia-Rill et al. 1985), suggesting that the MLR is nor-
mally controlled by inhibitory regions such as the substan-

tia nigra and the entopeduncular nucleus, both output nuclei 
of the basal ganglia (Garcia-Rill 1986). Shefchyk and 
Jordan (1985) showed that stimulation of the MLR pro-
duced excitatory postsynaptic potentials (EPSPs) and 
 inhibitory postsynaptic potentials (IPSPs) in motoneurons 
in the two locomotor phases at latencies implicating an 
interneuronal relay in the spinal cord. The structures 
involved in the initiation of locomotion are summarized in 
Fig. 9.21. With fMRI, Jahn et al. (2008) identified compa-
rable supraspinal locomotion centres in the human brain 
stem and cerebellum.

“Controlled locomotion” could be elicited in thalamic 
monkeys by electrical stimulation of the posterior  subthalamic 

Fig. 9.19 The stretch reflex of the calf muscles is differentially 
gated during locomotion. During the stance phase (a), the 
stretch reflex is facilitated by supraspinal influences on pre- and 
postsynaptic elements for the rapid compensation of ground 
irregularities. During the swing phase (b), the stretch-induced 
reflex activity in the triceps surae, evoked by active dorsiflexion 
of the foot, is inhibited pre- and postsynaptically to allow 
proper placing of the foot (after Dietz 2002b)
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region near the subthalamic nucleus or the midbrain tegmen-
tum just ventral to the inferior colliculus in or near the 
nucleus cuneiformis (Eidelberg et al. 1981; Vilensky and 
O’Connor 1998). Therefore, there are significant homologies 
between primates and cats regarding the existence of 
supraspinal locomotor control structures, but it seems that 
the presumed spinal step generators in monkeys depend more 
on supraspinal inputs than they do in cats. In a clinical lesion 
study relating to the role of the MLR in humans, Masdeu 
et al. (1994) showed that a haemorrhage at the pontomesen-
cephalic junction made an 83-year-old woman unable to 
stand and to generate stepping movements. The lesion occu-
pied much of the right midbrain tegmentum, including the 
pedunculopontine area (see Chap. 11). Another case was pre-
sented by Hathout and Bhidayasiri (2005).

9.3.4  Spinal Cord Injuries

Sudden complete transection of the human spinal cord 
results in immediate abolition of most segmental reflexes 
caudal to the lesion, somatic as well as autonomic 
(Eidelberg 1981). Clinical observations by Holmes (1915) 
and Riddoch (1917) showed that the phenomena occurring 
after transection of the cord are reversible, provided that 
the general condition of the patient remains good. Holmes 

(1915) studied soldiers with acute gunshot injuries of the 
spinal cord near the front-line of the First World War. He 
noted that flexor reflexes were the first to reappear, one to 
two weeks after the injury. The reflexogenous area was 
almost always initially restricted to the S1 dermatome, 
and the knee flexors and the dorsiflexors of the great toe 
were the first to respond. Gradually, the reflexogenous 
zone and the number of responding muscles began to 
increase, by which time many of the patients were trans-
ported to the United Kingdom for further care. Riddoch 
(1917) studied them after their arrival in England. He 
observed that the flexor reflexes in the completely 
transected patients often became rather intense and wide-
spread. Crossed extensor responses were rarely observed, 
but crossed flexion was usually found instead. The 
Babinski response was readily elicited by plantar stimu-
lation. Worsening of the general condition of the patients, 
usually resulting from urinary tract infections, pneumonia 
or bed sores, was strongly linked with severe reduction in 
flexor reflexes. These reappeared as the infections were 
treated. Kuhn (1950) carried out a long-term follow-up 
study of 29 patients with cord injuries with surgical verifi-
cation of the completeness of transection. Twenty-four 
patients showed the exaggeration of flexor reflexes 
described by Riddoch (1917), but around 6 months after 
injury extensor hyperreflexia developed gradually and 
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Fig. 9.20 Supraspinal centres involved in the initiation of locomotion: 
(a), parasagittal section of the brain stem of the cat in which the levels 
of brain stem sections are indicated: I premammillary section; II precol-
licular and postmammillary section; III more caudal section after which 
in acute animals no locomotion can be induced; (b), parasagittal section 
showing the position of the pontomedullary locomotor strip (PMLS). 

Some other abbreviations: CB cerebellum, CI/IC colliculus inferior, 
CN/CNF cuneiform nucleus, CS/SC colliculus superior, LC locus coer-
uleus, MB mammillary body, MLR mesencephalic locomotor region, 
NRGC, NRMC gigantocellular and magnocellular reticular nuclei, RN 
red nucleus, SUB subthalamic nucleus (after Mori et al. 1977)
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eventually dominated the clinical picture. One of the 
Kuhn’s patients, one of the few who showed crossed exten-
sor reflexes, could be made to “step” in alternation for a 
few cycles after strong toe pad stimulation. Sustained 
stepping, however, was not reported for any patient after 
verified complete transection of the cord.

In 1825, Dundas published the first clinical report on the 
consequences of hemisection of the spinal cord in a patient 
in Bahia, Brazil, who fell from a scaffolding and was para-
lyzed in one leg and anaesthetic on the other (Dundas 
1825). Brown-Séquard (1846, 1849, 1868) described the 
syndrome of “hemiparaplegia”, and correctly attributed it 
to hemisection of the cord. He found that there was paraly-
sis and hypoaesthesia on the side of the lesion, and com-
plete anaesthesia on the opposite side, both caudal to the 
level of the lesion. A few clinical cases were followed to 
autopsy. It should be noted, however, that the pure Brown-
Séquard syndrome, characterized by ipsilateral hemiplegia 
and hypaesthesia and contralateral analgesia, has seldom 
been described (Koehler and Endtz 1986). The Brown-
Séquard-plus syndrome has been reported more frequently 
under the name Brown-Séquard syndrome. The following 
definition has been advocated for the Brown-Séquard-plus 
syndrome (Taylor and Gleave 1957; Braakman and Penning 
1976): asymmetric paresis of the lower limbs, with analge-
sia or more marked hypalgesia on the less paretic side (see 
Clinical case 9.7).

Clinical Case 9.7 The Brown-Séquard Syndrome

In his thesis of 1846 and later studies, Charles Edouart 
Brown-Séquard was the first to point to the dissociation of 
conveyance of sensory modalities in the spinal cord after 
their common entry into the cord via the dorsal roots, the 
epicritic or gnostic sensory modalities via the ipsilateral 
dorsal funiculus and the protopathic or vital pain and tem-
perature modalities via the contralateral lateral funiculus 
(Brown-Séquard 1846, 1868). He demonstrated dissoci-

ated sensory findings in patients with a partial lesion of the 
spinal cord. The so-called Brown-Séquard syndrome refers 
to a unilateral transverse spinal cord lesion with loss of 
function both at the level of the lesion and distal to the 
lesion (Fig. 9.22). At the level of the unilateral spinal cord 
lesion, a total ipsilateral segmental anaesthesia is found as 
both the dorsal roots and the dorsal horn cells are destructed. 
The same applies for the segmental motor function, leading 
to a peripheral type paralysis and in due course to atrophy 
as a consequence of the destruction of the ventral horn. 

Fig. 9.21 Overview of the structures involved in the initiation of loco-
motion of cats. Locomotor regions are indicated in red, their efferent 
projections in light red. Reticulospinal and propriospial connections are 
shown in light grey. A nucleus accumbens, CE/LE cervical/lumbar 
enlargement, CI colliculus inferior, CPG central pattern generator, dlf 
dorsolateral funiculus, E extensors, En entopeduncular nucleus, F flex-
ors, MLR mesencephalic locomotor region, MRF medullary reticular 
formation, PMLS pontomedullary locomotor strip, PRF pontine reticu-
lar formation, SLR subthalamic locomotor region, SN substantia nigra, 
Str striatum, StS stepping strip or point, Th thalamus, UCC upper cervi-
cal or low thoracic cord, vlf ventrolateral funiculus (after Rossignol 
1996, 2006)
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Caudal to the level of the lesion, there is an ipsilateral motor 
paralysis due to the involvement of the pyramidal tract at 
this side and an ipsilateral loss of vibration sense and deep 
sensibility. Contralaterally, loss of pain and temperature 
sensibility exists due to interference with the crossed spi-
nothalamic fibres that pass through the lesion. Since the 
spinothalamic fibres during their crossing to the other side 
may ascend somewhat before they reach the lateral column, 
the upper border of the pain and temperature loss may be 
somewhat below the level of the lesion (see Chap. 4).

In clinical practice, a full-blown Brown-Séquard syn-
drome rarely occurs (Koehler and Endtz 1986). Mostly, an 
incomplete or atypical Brown-Séquard syndrome is diag-
nosed. This may result from a spinal cord lesion either by 
compression from an intraspinal extramedullary lesion 
localized to the lateral side of the cord such as a nerve root 
schwannoma or by an intramedullary process such as a 
metastasis or an haemorrhage. Gunshot injuries or a medul-
lary stab wound may also be responsible for a complete or 
incomplete stab Brown-Séquard syndrome. The clinical fea-
tures of a dissociated sensory deficit in the lower extremities 
(below the level of the lesion) and an upper level of the sen-
sory deficit with a segmental zone of anaesthesia at the side 
of the pyramidal involvement will point to the diagnosis.

This case was kindly provided by Antoine Keyser 
(Department of Neurology, Radboud University Nijmegen 
Medical Centre, The Netherlands)
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9.3.5  Gait Disorders

Any damage to the peripheral or central nervous system can 
be followed by an impairment of proprioception that leads 
to a movement disorder, that most frequently is associated 
with spasticity and Parkinson disease (Dietz 2002b, 2006). 
Common causes of spastic gait disorders include multiple 
sclerosis, cerebral palsy, stroke, traumatic injuries to the brain 
or spinal cord and sporadic or spastic paraplegias. In spastic-
ity, a profound alteration of proprioception occurs in the form 
of a disinhibition of short-latency stretch reflexes and the loss 
of functionally important long-latency reflexes. These changes 
are associated with two forms of adaptation that can lead to an 
improvement of mobility (Dietz 2006): (1) the development 
of spastic muscle tone, which compensates for part of the loss 

of supraspinal drive; and (2) plasticity of spinal locomotor 
centres, which can be specifically trained. Spasticity com-
monly affects gait. Unilateral spasticity of the arm and the leg 
produces the characteristic clinical picture of a spastic hemi-
paresis. The arm is adducted, internally rotated at the shoul-
der, flexed at the elbow with the forearm pronated and the 
wrist and the fingers are flexed. With each step, there is an 
intermittent abduction of the ipsilateral arm. The leg is slightly 
flexed at the hip and extended at the knee, shows plantar flex-
ion and inversion of the foot. Hyperextension of the hip on the 
unaffected side allows the slow circumduction of the stiffly 
extended paretic leg as it swings forwards from the hip with 
some dragging of the toes.

Hypokinetic-rigid gait disorders are caused by diseases 
of the basal ganglia and the frontal lobe, in particular 

Fig. 9.22 Loss of function both at the level of an unilateral lesion 
of the spinal cord (T12: arrow) and distal to the lesion. At the level of 
the lesion, there is total ipsilateral segmental anaesthesia and loss of 
segmental motor function (a); below the lesion, there is contralat-
eral loss of pain and temperature sensibility (b) due to lesioning of 
the crossed anterolateral system, ipsilateral loss of vibration sense 
and deep sensibility (c) due to interruption of the dorsal funiculus 
and ipsilateral paralysis (d) due to the involvement of the pyramidal 
tract (after ten Donkelaar et al. 2007)
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 neurodegenerative disorders such as Parkinson disease 
and various forms of Parkinson-plus disorders (see Chap. 11). 
A hypokinetic-rigid gait is characterized by shuffling with a 
reduced step height, often with a reduced stride length, lead-
ing to slowness of gait. Such a gait may also be present in 
cerebrovascular disease, in normal pressure hydrocephalus 
(see Clinical case 9.8) and drug-induced hypokinesia 
(Snijders et al. 2007). Force control in Parkinson disease is 

impaired during both voluntary movements and locomotion 
(Dietz et al. 1995). Impaired load sensitivity develops with 
age and becomes exaggerated in Parkinson disease (Dietz 
and Colombo 1998). The consequence of such an impaired 
load-receptor mechanism is a reduction in leg extensor acti-
vation that is proposed to contribute to the gait disorder 
(Fig. 9.23). For a study on the neuronal coupling of the upper 
and lower limbs, see Dietz and Michel (2008).

Fig. 9.23 Schematic drawing of 
the neuronal mechanism involved 
in human gait. In the 
 physiological condition (a), leg 
muscles become activated by a 
 programmed pattern that is 
generated in spinal circuits (large 
and small circles). This pattern is 
modulated by multisensory 
afferent input, which adapts the 
pattern to meet existing 
requirements. Both the pro-
grammed pattern and the reflex 
mechanisms are under supraspi-
nal control. In Parkinson disease 
(b), a load-related impairment of 
proprioceptive feedback can be 
assumed (broken lines). This 
leads to reduced leg extensor 
activation during the stance 
phase, which is poorly adapted to 
actual requirements such as 
ground conditions (after Dietz 
2002b)

Clinical Case 9.8 Gait Disorders

Normal pressure hydrocephalus is one of the causes of 
neurological gait disorders in elderly people (Snijders 
et al. 2007). Typically, the disorder presents with hypoki-
netic-rigid gait impairment, urinary incontinence and a 
frontal type of dementia. Gait is characterized by marked 
slowing and small shuffling steps and regular freezing but 
usually with largely preserved arm movements (Giladi 
2001; Stolze et al. 2001). A relatively young patient is 
shown as Case report.

Case report: A 54-year-old female presented with pro-
gressive walking difficulties, imbalance, easy stumbling 
and a tendency to fall backwards. She also complained of 
memory impairment and increased urinary urgency. There 
was no history of head injury, meningitis or stroke. On 
clinical examination, she showed a broad-based, unsteady 
and shuffling gait but no other extrapyramidal signs and 
normal reflexes. She was slightly bradyphrenic with 
impaired ability to manipulate acquired knowledge. Her 
memory impairment was particularly due to slow retrieval, 
attentional impairment and a somewhat depressed mood. 
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9.3.6  Posture

The postural control system includes all the sensorimotor 
and musculoskeletal components in the control of postural 
orientation and equilibrium. It performs three functions 
(Wilson and Melvill Jones 1979; Horak and Macpherson 
1996): (1) it must ensure that appropriate muscles are con-
tracted to support the body against gravity; (2) it must stabi-
lize the supporting parts of the body when other parts are 
being moved and (3) it must ensure that the body is correctly 
balanced on its base of support. Therefore, the postural sys-
tem receives information, somatosensory, visual and vestibu-
lar, about the relative  positions of the body parts and about 

the position of the body in relation to external forces such as 
gravity.

When standing upright, without moving other parts of the 
body, there is very little EMG activity in postural muscles 
(Basmajian 1967). The knee is locked in a hyperextended posi-
tion, and the vertebral column assumes its natural curve through 
the action of the erector spinae and ligaments, which tie together 
the dorsal spines of the vertebrae. In normal standing, the cen-
tre of gravity projects just forwards of the ankle joint. Our 
knowledge of the central control of postural and equilibrium is 
still rather sparse (Rothwell 1994; Horak and Macpherson 
1996). Spinal circuits alone are not capable of producing pos-
tural equilibrium. Spinal cats can balance for short periods of 

There were no particular “cortical” disturbances. MRI 
showed ventricular enlargement with ballooned frontal 
horns and enlarged temporal horns and some hippocampal 
atrophy (Fig. 9.24). On lumbar puncture, cerebrospinal 
fluid (CSF) pressure was normal. CSF drainage was per-
formed twice, resulting in transient improvement of gait 
but no change in cognition or urinary urge.

This case was kindly provided by Peter van Domburg 
(Department of Neurology, Orbis Medical Centre, Sittard, 
The Netherlands).
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Fig. 9.24 Axial Flair (a) and coronal T2-weighted (b) MRIs showing ventricular enlargement with ballooning. There was no obstruction or 
stenosis of the aqueduct (courtesy Peter van Domburg, Sittard)



396 9 Motor Systems

time. This primitive balance is probably maintained by the 
inherent stiffness of the muscles and ligaments and possibly by 
local segmental reflex mechanisms (Pratt et al. 1994). The basic 
circuits are located above the spinal cord. Decerebrate cats can 
support their own weight due to the strong extensor tone in the 
limbs, but cannot correct for postural disturbances in the hori-
zontal plane. This suggests that even brain stem–spinal cord 
circuits are insufficient for stability in stance. In cats, certain 
regions in the pons and medulla were identified that either facil-
itate or depress postural tonus (Mori 1987, 1989; Luccarini 
et al. 1990). Muscle tone can be modulated by electrically stim-
ulating the brain stem at various sites in both decerebrate and 
awake cats during ongoing locomotion. Stimulation of the dor-
sal tegmental field reduces extensor muscle tone and makes an 
intact, freely moving animal sit and then lie down, whereas 
stimulation of the ventral tegmental field evokes the opposite 
effects and make a lying cat to stand up and walk. The vestibu-
lar nuclear complex is an important centre for the integration 
of vestibular, somatosensory and visual information that is 
important for the control of postural orientation and equilib-
rium (Wilson and Melvill Jones 1979). Vestibulospinal path-
ways and spinal projections from the adjacent reticular 
formation terminate on both motoneurons and interneurons 
that influence neck, axial and limb muscles (Wilson and 
Peterson 1981, 1988; see Fig. 9.26). The critical role of the 
basal ganglia in postural control is evident from the severely 
impaired postural alignment and the instability shown by 
patients with basal ganglia pathology. The basal ganglia may 
affect three separate postural pathways (Horak and Macpherson 
1996): tonic postural tone, centrally initiated postural adjust-
ments and externally triggered reactions. Basal ganglia projec-
tions to different areas of the brain stem may affect background 
postural tone and adaptation to postural gain and set, depending 
upon the environmental context and initial conditions. 
Corticobasal ganglia loops affect centrally initiated postural 
adjustments preceding and accompanying volitional move-
ment. Bilateral lesions of the globus pallidus and/or the sub-
stantia nigra result in a fixed, flexed posture of the head, trunk 
and limbs (Denny-Brown 1962; see Chap. 11). Parkinsonism is 
associated with excessive tonic activation of ankle, knee and 
hip flexors during quiet stance (Marsden et al. 1981). The flexed 
posture and tonic leg flexor activity of parkinsonian patients 
during stance is associated with a more posterior position of the 
centre of body mass compared to normal subjects (Dietz et al. 
1988, 1993). Studies on posturally impaired parkinsonian 
patients suggest, however, that the basal ganglia are not critical 
for orienting posture to different sensory cues or for detecting 
disequilibrium and triggering a timely response.

The cerebellum is thought to be critical for postural coor-
dination. Lesions in different regions of the cerebellum pro-
duce very different effects on postural control (Holmes 1939; 
Diener et al. 1983; Dichgans and Diener 1986; see also 
Chap. 10). Lesions of the lateral hemispheres can produce 
profound disorders of timing for hand and arm coordination 

without significant effects on posture or gait. Lesions of the 
vestibulocerebellum result in impaired vertical orientation 
such that patients slowly drift away from an upright posture, 
even with their eyes open. The most profound deficits in 
dynamic postural control occur in cases of damage to the 
anterior lobe of the cerebellum, which receives somatosen-
sory inputs from all parts of the body and influences the spi-
nal cord via the red nucleus and the reticular formation. 
Clinical signs of an anterior lobe lesion include severe ataxia 
of stance and gait with high-frequency anterior/posterior 
trunk oscillations and mild or absent motor deficits in the 
upper extremities (for further discussion see Chap. 10).

9.4  Central Control of Movement

Several areas in the cerebral cortex and brain stem can directly 
influence the activity of the spinal cord via their descending 
fibre connections. The descending supraspinal pathways con-
sist of two parallel sets that are derived from the cerebral cor-
tex and the brain stem, respectively (Lawrence and Kuypers 
1968a, b; Kuypers 1964, 1973, 1981). The corticonuclear or 
corticobulbar projections to the cranial motor nuclei and sen-
sory nuclei in the brain stem can be viewed as a brain stem 
extension of the pyramidal tract. Originally, Hans Kuypers 
(1964, 1973) advocated the terms (ventro)medial and lateral 
brain stem pathways, parallelling the corticospinal tract. Later, 
he used the more general terms group A and B pathways 
(Kuypers 1981). The bulk of the descending supraspinal path-
ways is distributed to the spinal and bulbar interneurons and 
motoneurons, and represents the main instrument by which 
the brain controls movements (Sects. 9.4.1 and 9.4.2). Holstege 
(1990, 1991) and Holstege et al. 2004) advocated the use of 
the term first or basic motor system for these targets of the 
descending supraspinal pathways. Interneurons in the spinal 
cord and brain stem give rise to propriospinal and propriobul-
bar projections, respectively. Holstege views the somatic 
component of the descending supraspinal pathways as the 
second or somatic motor system and a limbic component as 
the third or emotional motor system, both with medial and 
lateral components. Transections of the various descending 
supraspinal pathways produce defects in motor control of dif-
ferent types of movements (see Sect. 9.4.3). Human cortical 
motor areas are discussed in Sect. 9.4.4, and higher-order 
motor control and its disorders in Sects. 9.4.5 and 9.4.6.

9.4.1  Descending Pathways to the Spinal Cord

Descending pathways for the control of spinal motoneurons 
arise in the cerebral cortex, in the hypothalamus and in various 
brain stem structures, including the red nucleus, the  reticular 
formation and the vestibular nuclear complex (Kuypers 1973, 
1981; Nathan and Smith 1982; Holstege 1991; Nathan et al. 
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1990, 1996). As regards the course and site of termination of 
the descending pathways to the spinal cord shown with antero-
grade degeneration techniques, a classification can be made 
into medial and lateral systems (Lawrence and Kuypers 
1968a, b; Kuypers 1973, 1981). Interstitiospinal, reticulospi-
nal and vestibulospinal pathways from the brain stem pass via 
the ventral funiculus and ventral parts of the lateral funiculus, 
and terminate in the mediodorsal parts of the ventral horn and 
adjacent parts of the intermediate zone (Kuypers et al. 1962; 
Fig. 9.25). This medial system or group A brain stem path-
ways is functionally related to postural activities and progres-
sion. It steers body and integrated limb and body movements 
as well as movement synergisms of the individual limbs 
involving their various parts. The lateral system or group B 
brain stem pathways is composed of rubrospinal, some reticu-
lospinal and raphespinal fibres, arising in a rostral, magnocel-
lular part of the medullary raphe nucleus, all passing via the 
dorsal part of the lateral funiculus. The rubrospinal tract pro-
vides the capacity to execute relatively independent move-
ments of the limbs, especially of the distal parts. The 
corticospinal pathways to the spinal cord and lower brain stem 
further amplify the brain stem control but, especially in pri-
mates, also provide the unique capacity to execute highly frac-
tionated movements such as individual finger movements. 
More recently, the corticospinal tract is viewed as part of the 
lateral component of the second or somatic motor system, 
steering independent movements of the extremities (Holstege 
1991; Holstege et al. 2004). The medial component steers eye 
movements and movements of the neck, trunk and proximal 
parts of the extremities.

With tracing techniques, many cell groups not previously 
known to give rise to projections to the spinal cord were dem-
onstrated (e.g. Kuypers and Maisky 1975; Tohyama et al. 
1979a, b; Martin et al. 1982a, b; Carlton et al. 1985; Nudo 
and Masterton 1988). The brain stem pathways that were 
demonstrated were subdivided by Kuypers (1981) into five 
categories, according to their termination in the spinal cord: 
(1) pathways characteristically distributing to long proprio-
spinal neurons in laminae VII and VIII; (2) pathways charac-
teristically distributing to short propriospinal neurons in 
laminae V–VII; (3) pathways to respiratory motoneurons; 
(4) monoaminergic pathways and pathways to autonomic 
preganglionic neurons and (5) pathways from the dorsal col-
umn nuclei to the spinal dorsal horn. The spinal intermediate 
zone (laminae V–VIII) contains many neurons with projec-
tions restricted to the spinal cord. They may be subdivided 
into long, intermediate and short propriospinal neurons 
(Molenaar and Kuypers 1978). Their axons pass via those 
parts of the dorsolateral, ventrolateral and ventral funiculi 
that border the spinal grey matter (fasciculi proprii or pro-
priospinal pathways). The long propriospinal neurons proj-
ect throughout the length of the spinal cord, mainly by way 
of the ventral and ventrolateral funiculi. They are concen-
trated in lamina VIII and in the adjacent part of lamina VII. 
Fibres from long propriospinal neurons in the cervical cord 
descend bilaterally, whereas axons from long propriospinal 
neurons in the lumbosacral cord ascend mainly  contralaterally. 
Intermediate propriospinal neurons in lamina VII distrib-
ute their fibres bilaterally over shorter distances. The distri-
bution of short propriospinal neurons is restricted to some 
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Fig. 9.25 Diagram of the 
approximate patterns of 
termination in the monkey lower 
cervical cord (C8) of the three 
major categories of descending 
supraspinal pathways: corticospi-
nal and medial (group A) and 
lateral (group B) brain stem 
pathways. The bottom section 
shows the arrangement of 
motoneurons and interneurons in 
the intermediate zone. The lateral 
brain stem pathway (the 
rubrospinal tract) terminates in 
regions of the intermediate zone, 
which connect with motoneurons 
innervating distal muscles. The 
medial pathways (reticulospinal 
and vestibulospinal tracts) 
terminate in regions, which 
project to proximal and axial 
motoneurons. The corticospinal 
tract terminates onto both types 
of motoneurons as well as on 
interneurons (after Lawrence and 
Kuypers 1968a)
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6–8 segments. They project mainly ipsilaterally via the lat-
eral funiculus. The projections of the spinal interneurons to 
different motoneuronal cell groups show a mediolateral 
organization (Sterling and Kuypers 1968; Rustioni et al. 
1971; Molenaar et al. 1974; Molenaar and Kuypers 1978; 
Matsushita et al. 1979). Interneurons in the medial part of the 
intermediate zone (medial part of lamina VII and lamina 
VIII) project via the ventral funiculus to medial motoneu-
ronal cell groups, innervating axial and proximal muscles. 
Interneurons in the central part of the intermediate zone proj-
ect via the ventrolateral motoneuronal cell group, innervating 
proximal limb muscles. Interneurons in the lateral part of 
laminae V and VI project via the dorsolateral funiculus to the 
dorsolateral motoneuronal cell group in the cervical or lum-
bosacral enlargement, which innervate distal limb muscles 

(for human data see Sie Pek Giok 1958; Nathan and Smith 
1959). Propriobulbar pathways are the brain stem pendant 
of the propriospinal connections. The lateral tegmental field 
of the bulbar reticular formation can be considered as the ros-
tral extension of the spinal intermediate zone, containing 
interneurons for the motoneurons of the trigeminal, facial, 
ambiguus and hypoglossal motor nuclei (Holstege and 
Kuypers 1977; Holstege et al. 1977; see Chap. 6).

The distribution of medially descending brain stem path-
ways as demonstrated in cats with anterograde tracing tech-
niques (Kuypers 1981; Holstege and Kuypers 1982) is shown 
in Fig. 9.26a. They terminate in the area of long propriospinal 
neurons in the intermediate zone of the spinal cord and in the 
brain stem in the medial reticular formation. Tectospinal and 
medullary reticulospinal fibres also distribute to lateral parts 
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Fig. 9.26 The contrasting terminal distribution in the intermediate 
zone of components of the medial (a) and lateral (b) brain stem path-
ways. Noradrenergic subcoeruleospinal (c) and serotonergic raphe- and 
reticulospinal (d) pathways innervate spinal motoneuronal cell groups. 
CI colliculus inferior, CS colliculus superior, isp interstitiospinal tract, 

Ra raphe nuclei, rasp raphespinal tract, resp reticulospinal tract, rusp 
rubrospinal tract, SC subcoeruleus nucleus, scsp subcoeuleospinal tract, 
Th thalamus, tsp tectospinal tract, vesp vestibulospinal tract, VNC ves-
tibular nuclear complex, III, Vm, VI, VII, XII cranial nerve motor nuclei 
(after Kuypers 1982)
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of the spinal intermediate zone. Physiological data on vestibu-
lospinal and reticulospinal pathways were reviewed by 
Wilson and Peterson (1981) and Peterson and Fukushima 
(1982). The laterally descending brain stem pathways 
arise in the magnocellular part of the red nucleus (Fig. 9.26b), 
the nucleus of Edinger–Westphal, the ventrolateral pontine 
tegmentum and raphe nuclei, pass via the lateral funiculus 
and terminate in the lateral part of the intermediate zone. 
Many of these pathways distribute fibres to the bulbar lateral 
tegmental field and to dorsal and lateral parts of the spinal 
intermediate zone, which contain short propriospinal neu-
rons. A third system of descen ding brain stem pathways 
was shown to arise from immunohistochemically defined 
brain stem nuclei (Fig. 9.26c, d). The catecholaminergic 
nucleus subcoeruleus and the mainly serotonergic raphe nuclei 
and the adjacent caudal medial reticular formation were found 
to project to somatic motoneuronal cell groups in the spinal 
cord (Holstege et al. 1979; Bowker et al. 1982, 1983; Westlund 
and Coulter 1980; Westlund et al. 1982; Martin et al. 1985; JC 
Holstege and Kuypers 1987; JC Holstege 1996). Descending 
projections from the amygdala, the hypothalamus, the nucleus 
laterodorsalis tegmenti, the catecholaminergic cell group A5 
and serotonergic raphe nuclei innervate autonomic motoneu-
ronal cell groups of the solitary and dorsal vagal nuclei and 
the intermediolateral nuclei of the thoracic and sacral spinal 
cord. Holstege (1991, 1992) and Holstege et al. (2004) exten-
sively studied these limbic pathways (his third or emotional 
motor system; see also Chaps. 12 and 14).

Similar to the somatic motor system, the emotional motor 
system has medial and lateral components, subserving differ-
ent functions (Fig. 9.27). The medial component of the emo-
tional motor system is formed by descending projections from 
the preoptic region, the dorsal hypothalamus and the periaque-
ductal grey to caudal pontine and medullary ventromedial teg-
mental fields, which include the caudal raphe magnus, pallidus 

and obscurus nuclei. Neurons in the medullary ventromedial 
tegmental field give rise to descending pathways, which termi-
nate in almost all parts of the spinal grey, including the dorsal 
horn (nociception control) and autonomic and somatic motoneu-
ronal cell groups (level setting of sympathetic and motor activ-
ity, respectively). Many different neurotransmitter substances 
exist in neurons in the medullary ventral tegmental field, includ-
ing serotonin and several peptides (see Holstege 1996). These 
projection systems are very diffuse and highly collateralizing 
throughout the spinal cord (Martin et al. 1981; Huisman et al. 
1982). They do not produce specific movements, but act as 
“level setting” systems (Holstege et al. 2004). The lateral com-
ponent of the emotional motor system consists of pathways 
that, in contrast to those of the medial component, subserve 
specific motor functions, including cardiovascular control, 
vocalization, mating behaviour and micturition (Holstege et al. 
2004; see Chap. 12).

Due to the limitations imposed by the techniques that can 
be used in humans, the observations on human descending 
brain stem pathways are rather limited (Collier and Buzzard 
1901; Nathan and Smith 1955, 1982; Sie Pek Giok 1956; 
Nathan 1994; Nathan et al. 1996). Nathan et al. (1996) studied 
the course and location of vestibulospinal, reticulospinal and 
descending propriospinal fibres in three patients with supraspi-
nal lesions, four with transections of the spinal cord and 33 
with anterolateral cordotomies. In the first three cervical seg-
ments, the lateral vestibulospinal tract lies on the periphery 
of the cord lateral to the ventral roots and moves medially 
more caudally (Fig. 9.28). The medial vestibulospinal tract 
presumably passes with the interstitiospinal tract via the 
medial longitudinal fascicle. Reticulospinal fibres descend 
bilaterally, not as well-defined tracts but scattered throughout 
the ventral and lateral columns. They are intermingled with 
propriospinal and ascending fibres. A peculiar fibre tract in 
the human spinal cord is Helweg’s triangular tract, which 
stands out in Weigert-Pal preparations at the anterolateral bor-
der of the lower medulla and the first five cervical segments 
(Helweg 1888; Smith and Deacon 1981). It consists mainly of 
extremely fine, myelinated fibres and, therefore, stands out as 
an area of pallor in the anterior columns of the cervical cord 
and lower medulla. Smith and Deacon (1981) discussed its 
possible role as part of the ascending anterolateral system, but 
did not rule out the possibility that Helweg’s tract may be 
reticulospinal in nature. It certainly is not an olivospinal tract 
as suggested in some neuroanatomy textbooks (see Smith and 
Deacon 1981 for further discussion).

In contrast to cats and monkeys (see Holstege and 
Kuypers 1982; Gibson et al. 1985; McCurdy et al. 1987; 
Cheney et al. 1991), the human rubrospinal tract is 
indistinct (Collier and Buzzard 1901; Holmes 1904; von 
Monakow 1909, 1910; Sie Pek Giok 1956; Nathan and 
Smith 1982; Fig. 9.29) and is superseded by the corti-
cospinal tract. In primates, only the caudal, magnocellu-
lar division of the red nucleus has been shown to project 
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Fig. 9.28 A case of thrombosis of the basilar artery in a 29-year-old 
patient, that destroyed the central region of the pons and pontine teg-
mentum bilaterally. The infarct includes almost all the central part of 
the pons and extended further laterally and caudally on the left (see 
Loyez staining of pons). Among the nuclei and fibre tracts destroyed 
were the left vestibular nuclei and left vestibulospinal tract and both 

medial longitudinal fasciculi (mlf). The left vestibulospinal tract could 
be traced at least as far as the lower thoracic cord (see Marchi staining 
of C3, C7, T6 segments). In lumbar segments (see Marchi staining of 
L3), it was impossible to differentiate between vestibulospinal fibres 
and degenerating reticulospinal fibres (from Nathan et al. 1996; with 
permission from Oxford University Press)

Fig. 9.29 Comparison of 
rubrospinal (in red) and 
corticospinal (in light red) 
projections in (a) cats, (b) rhesus 
monkeys and (c) humans (after 
Holstege 1991) c
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to the spinal cord (Castiglione et al. 1978; Kneisley et al. 
1978; Kuypers 1981), whereas the rostral parvocellular 
division projects exclusively to the ipsilateral inferior 
olive via the central tegmental tract. Particularly in higher 
primates such as the gibbon, the magnocellular part is 
much reduced (Verhaart 1970; Padel et al. 1981). Nathan 
and Smith (1982) presented ten cases on the anatomy of 
the human rubrospinal and central tegmental tracts. They 
concluded that the number of large fibres arising from the 
magnocellular part of the red nucleus, which is composed 
of 150–200 giant cells (Grofová and Maršala 1966), is 
small and that only a few fibres reach the spinal cord and 
usually do not extend beyond the upper cervical 
segments.

9.4.2  Long Corticofugal Pathways

9.4.2.1  Corticobulbar Fibres
The long corticofugal pathways include the corticonu-
clear, corticopontine and corticospinal projections. The 
corticonuclear or corticobulbar system is the direct 
connection between the motor cortex and the motor nuclei 
of the cranial nerves V, VII, IX, X, XI and XII (Fig. 9.30). 
The corticobulbar fibres originate from layer V pyrami-
dal cells in the face areas of the cortical motor fields, 
especially in the motor cortex and supplementary motor 
area (SMA) (Morecraft et al. 2001). Corticofugal fibres 
from the frontal eye fields in area 8 and from area 46 in 
the middle frontal gyrus are of special significance for 
voluntary eye movements. These fibres do not project 
directly to the eye muscle nuclei, but rather to the superior 
colliculus and to centres in the brain stem reticular forma-
tion, which influence the motor nuclei of the cranial nerves 
III, IV and VI (Künzle and Akert 1977; Leichnetz 1982; 
Leichnetz et al. 1984; see Chap. 6). Cortical projections to 
the sensory trigeminal complex and the dorsal column 
nuclei arise primarily in the postcentral gyrus (Kuypers 
1960; Catsman-Berrevoets and Kuypers 1976; Bentivoglio 
and Rustioni 1986). Kuypers (1958a) studied four human 
brains with encephalomalacia, resulting from an occlu-
sion of the middle cerebral artery or a haemorrhage in the 
internal capsule. The distribution of degenerating corti-
cofugal fibres in the pons and lower brain stem of his Case 
1 is shown in Clinical case 9.9. Corticohypoglossal pro-
jections appear to branch off the main pyramidal tract 
(Urban et al. 1996).

In rhesus monkeys (Macaca mulatta), Morecraft et al. 
(2001) studied the cortical innervation of the facial nucleus 
(Fig. 9.31). The facial nucleus receives input from all face 
representations in the cerebral cortex: M1 and the ventral 
part of the lateral premotor cortex (PMC) give rise to the 
heaviest projections with progressively diminished intensi-

ties occurring in SMA (their M2), the rostral and caudal 
cingulate motor cortex, and the dorsal part of the lateral 
PMC. Although all cortical face representations innervate 
all nuclear subdivisions (dorsal, intermediate, medial and 
lateral) to some degree, M1, the dorsal and ventral parts of 
the lateral PMC and the caudal cingulate motor area all 
project primarily to the contralateral lateral subnucleus, 
which innervates the perioral muscles. SMA projects bilat-
erally to the medial subnucleus, which supplies the auricular 
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Fig. 9.30 Overview of corticobulbar projections (in light red) to motor 
nuclei in the brain stem (in red). Amb nucleus ambiguus, cospa, cospl 
anterior and lateral corticospinal tracts, IC internal capsule, Vm, VII, XI, 
XII cranial nerve motor nuclei (after Mumenthaler 1983)
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 muscles. The rostral cingulate motor area projects bilater-
ally to the dorsal and intermediate subnuclei, which inner-
vate the frontalis and orbicularis oculi muscles, respectively. 
These data indicate that: (1) the various cortical face repre-
sentations may mediate different aspects of facial expres-
sion; (2) unilateral damage to the lateral PMC and M1 is 
likely to lead to deficits in the contralateral lower facial 
muscles as classically interpreted; (3) recovery may occur, 
at least in part, from the contralateral projection from the 

caudal cingulate motor area within the damaged hemisphere 
as well as from the moderate ipsilateral projection from the 
ventral part of the lateral PMC within the undamaged hemi-
sphere and (4) upper facial sparing following lateral corti-
cal damage is due to the sparing of the bilateral projection 
from the SMA and the rostral cingulate motor area, which 
are usually supplied by the anterior cerebral artery. Aberrant 
corticofacial projections may be found (Urban et al. 2001; 
see Clinical case 9.10).

M1

SMA

rCg

a b

LPA

cCg

VII

Fig. 9.31 Data on corticofacial 
projections in rhesus monkeys: 
(a) the cortical face areas giving 
rise to contralateral innervation 
of the lateral subnucleus of the 
facial nucleus (VII), which 
innervates the lower facial 
muscles; (b) the cortical face 
areas giving rise to bilateral 
innervation of the intermediate, 
dorsal and medial subnuclei. 
These subnuclei innervate the 
upper facial muscles. cCg caudal 
cingulate motor area, LPA lateral 
premotor area, M1 primary 
motor cortex, rCg rostral 
cingulate motor area, SMA 
supplementary motor area (after 
Morecraft et al. 2001)

Clinical Case 9.9 Corticobulbar Projections

Kuypers (1958a) described four cases of encephalomala-
cia, resulting from an occlusion of the middle cerebral 
artery or a haemorrhage in the internal capsule. In all cases, 
death occurred within a period of 2 months after the onset 
of the symptoms, allowing the selective impregnation of 
degenerating fibres, including the corticobulbar connec-
tions, with the Nauta–Gygax technique.

Case report: A 79-year-old female with a neurological 
history of a recent acute cerebrovascular accident, resulting 
in loss of speech and a hemiplegia on the left side, was 

admitted to the hospital 1 month later, where she died 4 
days later, 36 days after the cerebrovascular accident. Brain 
autopsy revealed an almost complete obstruction of the 
stem of the middle cerebral artery by an atherosclerotic 
plaque and a softening in the supply area of the artery. The 
distribution of degenerating corticobulbar and corticopon-
tine fibres is shown in Fig. 9.32 from the upper cervical 
cord to the level of the pons. In the upper cervical cord, 
degenerating fibres were present in the contralateral lateral 
corticospinal tract, the ipsilateral anterior corticospinal tract 
and sparsely in the ipsilateral lateral corticospinal tract 
(Fig. 9.32a). In sections through the decussation of the 
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Fig. 9.32 The distribution of 
degenerating corticopontine and 
corticobulbar fibres in the human pons 
(k–i) and lower brain stem (h–a). 
Degenerating axons are indicated by 
coarse stippling, degenerating 
terminal structures by fine stippling. 
The following structures are indicated 
by numbers: (1, 2) lateral and anterior 
corticospinal tracts; (4) decussation of 
the pyramidal tracts; (6) trigeminal 
complex and adjacent lateral 
tegmentum; (7) cuneate nucleus; (8) 
gracile nucleus; (10) Pick’s bundle; 
(11) ambiguus nucleus; (12) inferior 
olive; (13) lateral reticular nucleus; 
(14) external cuneate nucleus; (15, 16) 
hypoglossal nucleus and nerve; (17) 
dorsal motor nucleus of the vagus 
nerve; (18) solitary tract and nucleus; 
(19) restiform body; (20) vestibular 
nuclear complex; (23) cochlear nuclei; 
(27) facial nucleus; (28) brachium 
pontis; (29) root of the facial nerve; 
(30) vestibular nerve; (31) abducens 
nucleus and nerve; (32) raphe; (33) 
pontine nuclei; (34) superior olive; 
(35) brachium conjunctivum; (36) root 
of trigeminal nerve; (37) trigeminal 
motor nucleus; (38) trigeminal main 
sensory nucleus; (39) medial 
lemniscus; (40) lateral lemniscus; (42) 
locus coeruleus (after Kuypers 1958a)

pyramidal tracts (Fig. 9.32b, c), massive degeneration could 
be traced through the decussation to the opposite lateral 
corticospinal tract. Degenerating fibres were found to the 
cuneate, gracile and spinal trigeminal nuclei. Moreover, a 
degenerating bundle of Pick was found medial to the spinal 
trigeminal complex, contralateral to the lesion. This aber-
rant bundle consists of recurrent pyramidal tract fibres, 
decussates in the lower medulla and then ascends in the 
bulbar lateral tegmental field. In the caudal part of the 
medulla oblongata (Fig. 9.32d–f), degenerating corticobul-
bar fibres distributed to both halves of the brain stem, the 

hypoglossal nuclei (particularly contralaterally), the entire 
tegmentum with the ambiguus nucleus, the spinal trigemi-
nal nucleus and the adjacent lateral tegmentum. At the level 
of the rostral pole of the inferior olive (Fig. 9.32g), the dor-
sal offset of degenerating corticobulbar fibres became more 
massive, and reached both halves of the tegmentum, both 
spinal trigeminal nuclei and the adjoining parts of the lat-
eral tegmentum. More rostrally, at the level of the facial 
nuclei (Fig. 9.32h, i), projections to these nuclei predomi-
nate. Particularly, the contralateral facial nucleus was abun-
dantly innervated. In the ipsilateral facial nucleus, the dorsal 
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Clinical Case 9.10 Aberrant Corticofacial Projections

The course of corticofacial projections in the human brain 
stem has been studied in patients with unifocal ischaemic 
lesions at different brain stem levels (Terao et al. 1997, 
2000; Urban et al. 2001; Urban and Marx 2009). These 
studies clearly showed that aberrant corticofacial projec-
tions are not uncommon and may explain some unusual 
findings in such patients (see Case report).

Case report: Urban and co-workers used TMS to study 
the corticofacial projections in 53 patients with (28) and 
without (25) central facial paresis due to unifocal ischaemic 
lesions at different brain stem levels (Urban et al. 2001). 
Lesion topography documented by MRI was  correlated 
with the electrophysiological findings. Three of their cases 
are shown in Fig. 9.33. In the majority of cases, the cortico-
facial fibres course within the ventromedial part of the pons 
(Fig. 9.33a, b) and then cross the midline at the level of the 
facial nucleus. In some patients, however, evidence was 
found that corticofacial fibres form an aberrant bundle in a 
paralemniscal position at the dorsal edge of the pontine base 
(Fig. 9.33c). In other patients, the corticofacial fibres loop 
down into the ventral part of the upper medulla oblongata, 
then cross the midline and ascend in the dorsolateral medul-
lary region ipsilaterally to the facial nucleus (Fig. 9.33d). 
These findings suggest that facial paresis due to a brain stem 

lesion may present as contralateral supranuclear facial pare-
sis by a lesion of the cerebral peduncle, the pontine base, 
the aberrant bundle and the ventral medulla (Fig. 9.33e). 
Supranuclear facial paresis ipsilateral to the lesion side may 
result from a lesion in the lateral medulla, whereas facial 
paresis of the supranuclear type may be imitated by a lesion 
of the facial nerve in the dorsolateral medulla with involve-
ment of the lower pons.

This case was kindly provided by Peter Urban 
(Department of Neurology, Asklepios Klinik Barmbek, 
Hamburg, Germany).
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and ventral cell groups were the best innervated, whereas 
the intermediate group received much fewer degenerating 
fibres. Also in the densely innervated contralateral facial 
nucleus the intermediate cell group contained less degen-
eration. The abducens nuclei received no corticobulbar 
fibres. At the midpontine level (Fig. 9.32j), the motor 
trigeminal nucleus was bilaterally innervated, although 
much less densely than the facial nucleus. The lateral teg-
mental region adjacent to the main sensory trigeminal 
nucleus also received corticobulbar fibres. Kuypers’ find-
ings clearly showed that the trigeminal motor, facial and 
hypoglossal nuclei receive direct connections from the 
cerebral cortex. The fibres to the lateral tegmentum form 
the corticofugal link in an indirect corticonuclear pathway.

Occlusion of the middle cerebral artery and its branches 
results in paralysis of the contralateral lower face muscles, 
but sparing of the upper face muscles. This is usually 
explained by the suggestion that the upper facial muscles 
receive bilateral innervation from the primary motor cortex 
and that the lower face muscles receive only contralateral 
innervation from M1. The data by Kuypers in humans 

(Kuypers 1958a) and other primates (Kuypers 1958b; see 
also Jenny and Saper 1987; Morecraft et al. 2001), how-
ever, do not fully support the classic interpretation. Upper 
facial sparing following lateral cortical damage is more 
likely due to sparing of the bilateral projection from the 
SMA and the rostral cingulate motor area on the medial 
side of the hemisphere (Morecraft et al. 2001).
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Fig. 9.33 The course of corticofa-
cial projections as observed in 
patients with unifocal ischaemic 
lesions at different brain stem levels: 
the corticofacial fibres pass within 
the ventromedial part of the pons  
(a, b; 1 in e), in a paralemniscal 
position at the dorsal edge of the 
pontine base (c; 2 in e) and ascend 
via the dorsolateral medulla  
(d; 3 in e). These findings are 
summarized in e (based on Urban 
et al. 2001; courtesy Peter Urban, 
Hamburg)

1

1

VII

2

3
3

e



406 9 Motor Systems

9.4.2.2  The Internal Capsule
The corticobulbar and corticospinal fibres pass via the 
corona radiata to the posterior limb of the internal cap-
sule. The traditional view following Dejerine (1901) has 
been that the corticobulbar fibres lie in the genu and the 
corticospinal fibres in the anterior half of the posterior 
limb. In several anatomical and clinical studies, however, it 
has been shown that the pyramidal tract is confined to a 
compact region in the posterior half of the posterior limb 
(Englander et al. 1975; Hanaway and Young 1977; Moffie 
et al. 1979; Ross 1980; Kretschmann 1988; Fries et al. 
1993; Seitz et al. 1998; Pineiro et al. 2000; Wenzelburger 
et al. 2005). In fact, the pyramidal tract enters the rostral 
part of the internal capsule in the anterior half of the poste-
rior limb and progressively shifts into the posterior half of 
the posterior limb in more caudal horizontal sections (Ross 
1980; Fig. 9.34).

The trajectory of corticofugal fibres through the corona 
radiata and the internal capsule has also been studied exper-
imentally in non-human primates (Fries et al. 1993; 
Morecraft et al. 2002) and with diffusion tensor imaging 
(DTI) in normal human subjects (Newton et al. 2006; see 
Chap. 3). The most probable trajectories of the major divi-
sions of the cortical motor system demonstrated by tractog-

raphy (Newton et al. 2006) are in agreement with the 
previous anatomical and clinical studies: (1) the connec-
tions from M1 to the cerebral peduncle pass through the 
posterior limb of the internal capsule; (2) the connections 
from the dorsal part of the  lateral PMC also pass via the 
posterior limb, although more anteriorly; (3) the connec-
tions from the ventral part of the lateral PMC also pass via 
the posterior limb, anterior to those of the dorsal PMC and 
(4) at superior levels, the connections from the SMA pass 
through the genu and anterior limb of the internal capsule 
but gradually shift to the posterior limb in more inferior 
sections.

9.4.2.3  The Corticospinal Tract
The corticospinal or pyramidal tract arises invariably 
from layer V pyramidal cells, not only from motor cortices 
in the frontal lobe but also from the somatosensory cortices 
(Kuypers 1981; Armand 1982; Nudo and Masterton 1990; 
He et al. 1993, 1995). Several motor areas on the medial 
aspect of the macaque cerebral hemisphere give rise to cor-
ticospinal projections, including the SMA and various parts 
of the cingulate cortex (He et al. 1995). With functional 
brain imaging, comparable non-primary motor fields have 
been found in the human cerebral cortex (Roland and Zilles 
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1996; Fink et al. 1997; Geyer et al. 2000; Tomassini et al. 
2007). These will be further discussed in Sect. 9.4.4. The 
number of fibres within the pyramidal tract was estimated 
by Lassek (Lassek and Rasmussen 1940; Lassek 1954) as 
554,000 in macaque  monkeys, 807,000 in chimpanzees and 
1,200,000 in humans. In human postmortem material, 
Verhaart (1948) considered that the pyramidal tract con-
tained 600,000–1,000,000 myelinated fibres and that all 
fibres of the tract, thick and thin, degenerated following a 
lesion in the internal capsule. DeMyer (1959) estimated the 
number of axons in the pyramids of 21 autopsied patients. 
The range of the number of axons in the pyramids was 
between 749,000 and 1,391,100.

The cortical projections to the spinal and bulbar interneu-
rons and motoneurons in the rhesus monkey are derived  
particularly from the frontal lobe (Kuypers 1960; Kuypers 
and Lawrence 1967; Catsman-Berrevoets and Kuypers 
1976; Künzle and Akert 1977; Künzle 1978; Dum and 
Strick 1991; He et al. 1993, 1995). The projections to the 
cells of origin of descending brain stem pathways arise 
from the precentral gyrus and the rostrally adjacent premo-
tor area. Cortical fibres from the premotor area, including 
the frontal eye field, avoid cranial motor nuclei and are dis-
tributed to cell groups of the medial brain stem pathways 
such as the deep layers of the superior colliculus, the pre-
tectum and the medial reticular formation of the midbrain 
and lower brain stem. Several of these centres influence the 
motor nuclei of the extraocular muscles, whereas the 
descending pathways from these cell groups are particu-
larly involved in the control of integrated movements of 
head, body and limbs (Lawrence and Kuypers 1968a, b). 
The projections from the precentral gyrus are distributed 

also to the medial reticular formation of the midbrain and 
lower brain stem but in addition to the magnocellular part 
of the red nucleus, i.e. the main component of the lateral 
brain stem pathways.

In the spinal cord, corticospinal fibres terminate in the 
superficial laminae of the dorsal horn, the intermediate zone 
and directly on motoneurons innervating distal extremity 
muscles. The classic anterograde degeneration studies 
(Kuypers 1960, 1964; Liu and Chambers 1964; Kuypers and 
Brinkman 1970) showed that in rhesus monkeys, corticospi-
nal fibres to the nucleus proprius of the dorsal horn arise 
primarily from the postcentral gyrus, cortical projections to 
the intermediate zone are derived mainly from the precentral 
gyrus, and the direct corticomotoneuronal (CM) connec-
tions also from the precentral gyrus. The ability to perform 
highly fractionated movements of the fingers depends on the 
monosynaptic projections from the primary motor cortex to 
hand motoneurons. In chimpanzees, Kuypers (1958b) noted 
that the CM connections in the great apes are far more 
numerous than in rhesus monkeys (Fig. 9.35). In human 
postmortem material, Schoen (1964, 1969) noted large quan-
tities of degenerating terminals interspersed among the lat-
eral motoneurons in the cervical enlargement (see Fig. 9.40). 
There are important differences in CM projections amongst 
the New World monkeys, which appear to correlate well 
with dexterity (Heffner and Masterton 1983; Bortoff and 
Strick 1993). Heffner and Masterton (1983) found that the 
two factors that best correlated with dexterity were the level 
to which the tract penetrated and the presence of CM projec-
tions reaching into the motoneuronal cell groups of lamina 
IX. Some New World monkeys, such as the squirrel monkey 
(Saimiri sciureus), are capable only of whole-limb control, 
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Fig. 9.35 Differences in the distribution of corticospinal fibres in the intermediate zone and the motoneuronal cell groups in adult cats (a), new-
born (b) and adult (c) rhesus monkeys, and chimpanzees (d) (after Kuypers 1964)
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whereas others such as the tufted capuchin (Cebus apella) 
grip small objects between the sides of the digits. Capuchins 
do not possess a truly opposable thumb, but are expert tool-
users and have well-developed CM projections (Bortoff and 
Strick 1993; Padberg et al. 2007).

In anterograde tracing studies (Cheema et al. 1984; 
Ralston and Ralston 1985; Dum and Strick 1991; Bortoff 
and Strick 1993; He et al. 1993, 1995), the spinal projec-
tions of the  corticospinal tracts in monkeys were further 
studied. More in particular, direct corticospinal projections 
to the superficial laminae of the dorsal horn were demon-
strated, the CM connections were verified, but especially 
the origin and site of termination of corticospinal projec-
tions from premotor areas on the lateral and medial surfaces 
of the hemisphere were characterized. In pig-tail macaques 
(Macaca nemestrina), Dum and Strick (1991) found that 
the corticospinal projections to cervical segments originate 
from the primary motor cortex and from the six premotor 

areas in the frontal lobe that project directly to the arm area 
of the primary motor cortex. The premotor areas are located 
in parts of area 6 on the lateral surface and medial wall of 
the hemisphere as well as in subfields of areas 23 and 24 in 
the cingulate gyrus (Fig. 9.36). The total number of corti-
cospinal neurons in the arm representations of the premotor 
areas equals or even exceeds the total number in the arm 
representation of the primary motor cortex. These data show 
that a substantial component of the corticospinal system 
originates from the premotor areas in the frontal lobe. Each 
of these premotor areas has direct access to the spinal cord. 
He et al. (1993) extended these findings to projections of the 
premotor areas to the lumbosacral cord.

The branching pattern of corticospinal fibres has been 
studied in various ways. In Macaca fascicularis, Keizer and 
Kuypers (1989) studied the collateralization of corticospinal 
axons in the lower brain stem reticular formation with 
 fluorescent tracers (Fig. 9.37). In the contralateral  hemisphere, 
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a substantial number (10–30%) of double-labelled corticospi-
nal neurons, which collateralize in the bulbar reticular 
 formation were found. These neurons were found in the ros-
tral cingulate motor area, the SMA, the rostral part of the 
precentral corticospinal area and several other cortical areas. 
The majority of the branching corticospinal neurons was 
present in the SMA. The rostral parts of the precentral area 
contain highly branching neurons, whereas the caudal parts 
of the motor cortex give rise to much more focussed projec-
tions to the dorsolateral part of the contralateral spinal inter-
mediate zone and motoneuronal cell groups. In monkeys, 
corticospinal fibres also distribute collaterals to the dorsal 
column nuclei. Physiological observations indicate that a 
large fraction of corticospinal neurons (43%) projects to sev-
eral segments of the spinal cord (Shinoda et al. 1979). Some 
of these corticospinal axons can branch widely and terminate 
in up to four different motor nuclei (Shinoda et al. 1981; 
Fig. 9.38). Fetz and colleagues (Fetz et al. 1976, 1989; Fetz 
and Cheney 1980; Cheney et al. 1991; Cheney 2002) used 
the postspike-triggered averaging technique to study the 
branching pattern of single CM cells (see also Chap. 3). They 
constructed averages of muscle activity triggered from the 
spikes of single CM cells. These averages showed that a CM 
cell is typically connected to more than one muscle, in some 

cases to six different muscles. Three major patterns of con-
nectivity were observed: (1) facilitation of agonists; (2) facil-
itation of agonists with reciprocal suppression of antagonists 
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and (3) pure suppression. The branching of CM cells that 
facilitated intrinsic finger movements was much more 
restricted than of those that facilitated wrist and extrinsic 
finger muscles, and was mostly restricted to one muscle 
(Buys et al. 1986). Recently, Rathelot and Strick (2006) 
showed that the cortical territories occupied by CM cells 
innervating thumb and finger muscles display a remarkable 
widespread distribution and fill the entire mediolateral extent 
of the arm area.

Spinal cord terminations of the medial motor areas in 
macaque monkeys are in many respects similar to those of effe-
rents of the primary motor cortex (Dum and Strick 1996a, b). 
He et al. (1995) examined the topographic organization of 
corticospinal neurons in the four premotor areas on the medial 
wall of the hemisphere of macaques. These motor areas 
include the SMA and three areas buried within the cingulate 
gyrus: the caudal cingulate motor area on the dorsal bank, the 
caudal cingulate motor area on the ventral bank and the ros-
tral cingulate motor area. All four of these premotor areas 
were found to project to cervical and lumbosacral segments. 
The SMA and both caudal cingulate motor areas have distinct 
arm and leg representations (Fig. 9.36). Dum and Strick 
(1996a) analyzed the spinal cord terminations of the medial 
wall motor areas. The SMA (see also Rouiller et al. 1996), the 
caudal cingulate motor areas and the primary motor cortex 
(M1) all terminate in lamina IX of the ventral horn. Therefore, 
all of these motor areas appear to have direct connections, in 
parallel with the primary motor cortex, with spinal motoneu-
rons, particularly those innervating muscles of the fingers and 
wrist. Consequently, each of the motor areas on the medial 
wall has the potential to generate and control movements at 
the level of the spinal cord and, moreover, may provide an 
anatomical substrate for the recovery of motor function that 
follows damage to M1 (Dum and Strick 1996a, b). Although 
the premotor areas are similar to M1 in this respect, it appears 
that direct projections from the SMA to spinal motoneurons 
are less numerous and less able to generate an excitatory 
response than those from M1 (Maier et al. 2002). Also in rhe-
sus monkeys, Boudrias et al. (2006) showed that, unlike M1, 
the facilitation of distal muscles from SMA was not signifi-
cantly greater than the facilitation of proximal muscles.

The various components of the human pyramidal tract are 
summarized in Fig. 9.39. More than 60% of the pyramidal 
tract arises from the primary motor cortex (area 4 or M1) and 
the premotor areas in the frontal lobe (Murray and Coulter 
1981; Toyoshima and Sakai 1982; Porter and Lemon 1993; 
Dum and Strick 1996a, b). The human PMC includes the 
lateral PMC, the medial PMC (SMA) and the rostral part of 
the gyrus cinguli (area 24). The remaining 40% of pyramidal 
tract fibres originate from the primary somatosensory cortex 
(area 3,1,2 or S1) and areas 5 and 7. The majority of corti-
cospinal fibres decussate in the pyramidal decussation and 
continue as the lateral corticospinal tract. About 10–30% 
pass uncrossed into the anterior funiculus. Nathan et al. 

(1990) studied the course and site of termination of the 
human corticospinal tracts (see Chap. 3). His data on autopsy 
findings in patients with cordotomies suggest that, in the 
more cranial spinal segments, corticospinal fibres for the 
upper limb are in the more posterior part of the tract, and 
those for the lower limb more anteriorly. Schoen (1964) 
described the corticospinal degeneration that occurred in a 
56-year-old woman who died 6 weeks after an extensive 
cerebrovascular accident. At the C5 level, in Häggqvist-
stained sections degenerating fibres were found in the con-
tralateral dorsolateral funiculus as well as in the ipsilateral 
anterior funiculus (see Clinical case 9.11). In Nauta-stained 
sections, evidence for terminal degeneration was observed in 
the intermediate zone and the ventral horn, particularly in its 
lateral part. The ipsilaterally descending corticospinal fibres 
were found to pass through the anterior white commissure to 
terminate in the dorsomedial part of the contralateral inter-
mediate zone. In rhesus monkeys, Rosenzweig et al. (2009) 
found extensive spinal decussation and bilateral termination 
of cervical corticospinal projections.

Several variations in the funicular trajectory of the 
human pyramidal tract have been described in otherwise 
normally developed cases. The most obvious are those with 
uncrossed pyramidal tracts (Flechsig 1876; Mestrom 1911; 
Kramer 1949; Verhaart and Kramer 1952; Nathan and Smith 
1955; Nyberg-Hansen and Rinvik 1963; Yakovlev and Rakic 
1966; Nathan et al. 1990; ten Donkelaar et al. 2004). Various 
aberrant pyramidal tract bundles have been described, 
which are usually asymptomatic. The most common are the 
pes lemnisci bundles, two fibre bundles which descend partly 
within the cerebral peduncle and partly in the region of the 
medial lemniscus (Hoche 1898; Dejerine 1901, 1914; Kuypers 
1958a; Lankamp 1967; Verhaart 1935, 1970; Puvanendran 
et al. 1978; Yamashita and Yamamoto 2001). The medial or 
superficial pes lemnisci leaves the medial part of the cerebral 
peduncle to descend through the medial lemniscus into the 
medulla, whereas a lateral or deep pes lemnisci detaches 
itself from the dorsal part of the cerebral peduncle to descend 
in or near the medial lemniscus. The latter fibre bundle runs 
along the border of the tegmentum in a paralemniscal posi-
tion and contributes fibres to the trigeminal and facial motor 
nuclei. In some patients with central facial paresis due to uni-
focal ischaemic lesions at different brain stem levels, Urban 
et al. (2001) found evidence that corticofacial fibres form an 
aberrant bundle in such a paralemniscal position at the dorsal 
edge of the pontine base (see Clinical case 9.10; see also 
Terao et al. 1997, 2000).

Corticospinal fibres may leave the pyramidal tract at the 
pontine level and descend lateral to the inferior olive into the 
ipsilateral anterolateral funiculus (Barnes 1901; Winkler 
1926). Frequently, a bundle of Pick occurs (Pick 1890; 
Verhaart 1934). Pick’s bundle consists of recurrent pyrami 
dal tract fibres, which after decussating in the lower medulla 
ascend in the bulbar lateral tegmental field (Kuypers 1958a; 
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see Fig. 9.32). Moreover, a recurrent circumolivary pyrami-
dal bundle may occur (Swank 1934), a portion of which may 
descend as an anterolateral pyramidal tract as far as the lum-
bar level. In some cases, a bundle of pyramidal tract fibres 
may pass from the decussation into the posterior columns 
(Bumke 1907; Roessmann and Hori 1985), a trajectory 
 similar to that found in marsupials and rodents. Another rare 
anomaly is the presence of a superficially placed lateral cor-
ticospinal tract (Kramer 1949; Verhaart and Kramer 1952; 
Friede 1989). The functional significance of such aberrant 
bundles remains obscure.

In human foetuses and neonates, Yakovlev and Rakic 
(1966) studied the variations of the decussation of the pyra-
midal tracts with the Loyez myelin staining technique. The 
unmyelinated pyramidal tracts could be followed as unstained 
bundles through the medulla and the spinal cord. In 66.9% of 
their cases, there was the usual partial decussation of the pyra-
midal tracts, leading to a larger crossed and a smaller uncrossed 
pyramidal tract on both sides. Complete decussation of both 
pyramids with absence of both anterior pyramidal tracts was 
found in 16.2% of cases. In the next most common pattern 
(13.9%), one pyramidal tract crossed completely. Complete 
non-decussation of one pyramid was observed by Norman 
et al. (1995). In one specimen, the lateral and anterior pyrami-
dal tracts were absent on the side of the completely crossed 
pyramid. Complete absence of decussating bundles, leading 
to the absence of both lateral pyramidal tracts was found in 
three specimens (2.3%). In more than two thirds of their spec-
imens, the fibres of the left pyramid crossed to the right side of 
the spinal cord at higher, more cranial levels in the decussa-
tion than those of the right pyramid, whereas more fibres of 
the right pyramid than those of the left one remained uncrossed 
(Nathan et al. 1990). The resulting greater number of corti-

cospinal fibres on the right side of the spinal cord appears to 
be unrelated to handedness (Kertesz and Geschwind 1971). 
Kameyana et al. (1963) correlated the clinical findings of 
hemiplegia to the variations in the crossing of the fibres at the 
decussation found postmortem. They found that in those cases 
in which the hemiplegia was on the same side as the lesion in 
the internal capsule, it was because there was a large propor-
tion of uncrossed fibres of the corticospinal tract. The mani-
festations of hemiplegia were less in those cases in which 
there was more ipsilateral innervation by corticospinal fibres.

The technique of transcranial magnetic stimulation 
(TMS) of the motor cortex can be used to study the corti-
cospinal tract in vivo (see also Chap. 3). Single stimuli over 
the motor areas readily produce EMG responses in contralat-
eral body muscles (Day et al. 1987, 1989; Rothwell et al. 
1987, 1991; Lemon et al. 1995; Sack 2006). Although the 
largest responses are found in hand muscles, motor cortex 
stimulation can evoke activity in virtually all muscles, even 
the diaphragm and the esophagus. TMS in humans and 
macaque monkeys evokes a descending spinal cord-evoked 
potential (SCEP) that contains a direct (D) wave followed by 
several indirect (I) waves (Amassian et al. 1990, 1992; 
Edgley et al. 1990; Thompson et al. 1991). The D wave is 
thought to result from direct activation of corticospinal neu-
rons (probably at the initial segment or at the first bend of the 
axon), whereas the I waves are thought to result from indirect 
activation of corticospinal neurons via interneurons excited 
by the stimulus. D and I waves can be recorded directly from 
the spinal cord after TMS in awake humans (Kaneko et al. 
1996; Nakamura et al. 1996). Houlden et al. (1999) recorded 
SCEPs and muscle responses of leg muscles evoked by TMS 
in awake humans who underwent surgery for the thoracic 
implantation of a dorsal column stimulator to control pain.

Clinical Case 9.11 Course and Site of Termination 

of Corticospinal Projections

Nathan et al. (1990) studied the course, location and rela-
tions of the corticospinal tracts within the human spinal 
cord. Their material included 25 cases with supraspinal 
lesions, causing degeneration in the spinal cord restricted 
to the corticospinal tracts, 45 cases of MND (ALS) and 85 
cases of anterolateral cordotomies (see Nathan 1994). In all 
cases, most spinal segments were examined histologically, 
using the Marchi, Weigert-Pal, Loyez and Klüver-Barrera 
techniques (see Chap. 3). Schoen (1964, 1969) applied the 
Häggqvist, Klüver–Barrera and Nauta–Gygax techniques. 
One of his cases is shown as Case report.

Case report: Schoen (1964, 1969) described the corti-
cospinal degeneration that occurred in a 56-year-old woman 

who died 6 weeks after an extensive cerebrovascular acci-
dent. At autopsy, there was softening of the superior and 
middle temporal gyri, the inferior frontal gyrus, the lower 
part of the precentral gyrus and the insula (Fig. 9.40a). The 
softening extended into the lentiform nucleus and the 
corona radiata. The corticofugal projections to the lower 
brain stem and the first two cervical segments are shown in 
a series of sections (Fig. 9.40b–g). The nuclei of the oculo-
motor, trochlear and abducens nerves did not receive direct 
cortical projections. The pattern of cortical projections to 
the medulla oblongata is comparable to that shown in 
Clinical case 9.9. In the spinal cord, especially in the cervi-
cal and lumbosacral enlargements, degenerating fibres 
from the lateral corticospinal tract penetrated the lateral 
margin of the intermediate zone and the dorsal border  
of the ventral horn. At the level of C5, heavy terminal  
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Fig. 9.40 Corticospinal degeneration following an extensive cere-
brovascular accident (a) in the medulla oblongata (b–d) and the ros-
tral spinal cord (e–g). Degenerating fibres are indicated by large dots 

and sites of termination by small dots. At the level of C5, heavy ter-
minal degeneration occurred especially in the lateral part of the ven-
tral horn and in the intermediate zone (h; after Schoen 1964, 1969)

degeneration occurred especially in the lateral part of the 
ventral horn and in the intermediate zone (Fig. 9.40h). In 
sagittal sections of the cervical, thoracic and lumbar spinal 
cord, stained with the Nauta–Gygax technique, it was evi-
dent that the degeneration in the dorsomedial part of the 
intermediate zone resulted from fibres, which left the ante-
rior funiculus and passed through the anterior white com-
missure. Therefore, the termination of these ipsilaterally 
travelling fibres is eventually also on the contralateral side 
of the spinal cord.
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9.4.2.4  Indirect Corticospinal Projections
In contrast to primates, in cats the cortical commands for vol-
untary movements are transmitted to motoneurons exclusively 
by non-monosynaptic pathways (see Baldissera et al. 1981; 
Cheney et al. 1991; Porter and Lemon 1993). The C3–C4 pro-
priospinal system transmits the descending commands for 
visually guided target-reaching (Illert et al. 1977, 1978; 
Alstermark and Sasaki 1985; Alstermark et al. 1987; Alstermark 
and Lundberg 1992). These C3–C4 propriospinal neurons 
receive a wide convergent input from several descending motor 
pathways, including reticulospinal, tectospinal, rubrospinal 
and corticospinal tracts, and they relay these influences to the 
motoneurons of forelimb muscles active in target reaching. 
The major role of this propriospinal system is probably to 
enable integration of the descending commands en route with 
the afferent feedback from the moving limb (Alstermark and 
Lundberg 1992). Experimental data in macaque monkeys 
(Alstermark et al. 1999; Sasaki et al. 2004) and non-invasive 

electrophysiological studies in humans (Gracies et al. 1991; 
Nielsen and Pierrot-Deseilligny 1991; Burke et al. 1994; 
Pierrot-Deseilligny 1996, 2002; Pauvert et al. 1998; Marchand-
Pauvert et al. 2001) suggest that there is also strong evidence 
for the existence of cervical propriospinal premotoneurons 
interposed in the corticospinal pathway to upper limb motoneu-
rons in primates, including humans. In a patient with a limited 
lesion of the spinal cord at the C6–C7 junction, ulnar and 
superficial radial-induced modulations of the motor-evoked 
potentials (MEPs) and of ongoing EMG activity were observed 
in the biceps (above the lesion) but not in the triceps (below the 
lesion). This suggests an interruption of the axons of cervical 
propriospinal neurons (see Clinical case 9.12). However, also 
in macaque monkeys, Maier et al. (1998) concluded that their 
own results provided little evidence for significant corticospi-
nal excitation of motoneurons via a system of C3–C4 pro-
priospinal neurons, neither did Nakajima et al. (2000) in a 
comparable study in squirrel monkeys (see Fig. 9.41 for a 

Fig. 9.41 Contribution of propriospinal and corticomotoneuronal exci-
tation to upper limb motoneurons in (a) cats, (b) squirrel monkeys, (c) 
macaque monkeys and (d) humans (after Nakajima et al. 2000). 
According to this speculative view, the C3–C4 propriospinal neuronal 
system becomes progressively weaker from cats through squirrel mon-
keys to macaque monkeys. This change is accompanied by a progressive 
increase in the strength of the corticomotoneuronal connection, which is 

stronger again in humans. It has been suggested by extrapolation of 
these changes that the propriospinal neuronal system is unlikely to play 
a major role in transmitting corticospinal excitation in humans (dashed 
lines). Dietz (2002b) suggested that the propriospinal neuronal system 
persists in humans (e) for locomotor-like movements, despite the strong 
corticomotoneuronal connections. The figures below include indices of 
dexterity for the four species (after Heffner and Masterton 1975)
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 possible explanation). In an electrophysiological study, 
Maertens de Noordhout et al. (1999) found that human corti-
cospinal connections are essentially monosynaptic for the first 
voluntarily recruited motoneurons, even in proximal arm and 
shoulder muscles. They found no evidence for oligosynaptic 
excitatory connections to forearm motoneurons. Nevertheless, 
the possibility of indirect corticospinal projections to cervical 
propriospinal premotoneurons has been accepted (Lemon et al. 
2004; Lemon 2008). Recently, Iglesias et al. (2008) found evi-
dence for corticospinal inhibition of transmission in proprio-
spinal-like neurons during human walking.

In cats, two lumbar propriospinal systems transmit parts 
of the descending commands to lower-limb motoneurons 

(Kostyuk 1967; Shapovalov 1975; Schomburg 1990; Davies 
and Edgley 1994): (1) a dorsolateral system, located in 
L3–L5, receiving input from mainly corticospinal and rubro-
spinal tracts and projecting to distal motoneurons; and (2) a 
ventrolateral system, located in L2–L4, receiving strong 
input from peripheral afferents and from vestibulospinal and 
reticulospinal tracts, and projecting to proximal motoneu-
rons. Lumbar propriospinal pathways have been investigated 
less extensively than the cervical propriospinal system. The 
excitability of lumbar propriospinal neurons is increased in 
spastic patients, probably because of the disruption of the strong 
corticospinal control on feedback inhibitory interneurons 
(Pierrot-Deseilligny and Burke 2005).

Clinical Case 9.12 Interruption of a Relay of Corticospinal 

Excitation by a Spinal Lesion at C6–C7

There is evidence that motoneurons of human upper limb 
muscles receive a substantial disynaptic corticospinal exci-
tation, which is relayed by cervical premotoneurons, and 
acts in parallel with the monosynaptic component (Pierrot-
Deseilligny 1996; Pierrot-Deseilligny and Burke 2005). 
Physiological data in a patient with a limited lesion of the 
spinal cord at the C6–C7 level support this hypothesis 
(Marchand-Pauvert et al. 2001; see Case report).

Case report: Marchand-Pauvert and colleagues studied a 
46-year-old woman who was injured in a car crash, resulting 
in a transient tetraplegia due to a fracture dislocation of the 
C5–C6 vertebrae. She recovered remarkably after 1 year and 
was examined three times – 8, 10 and 12 years after the injury – 
with essentially the same clinical, radiological and electro-
physiological findings. The right-handed woman had a resid-
ual partial Brown-Séquard syndrome with, on the left side, 
moderate UMN signs below C7, sparing the biceps brachii. 
MRI of the spinal cord showed a lesion at the junction 
between C6 and C7, confined largely to the left side of the 
spinal cord. Modulation of the MEPs by ulnar stimulation 
was investigated on both sides. There was symmetrical ulnar 
facilitation of the MEPs in the biceps brachii but in the tri-
ceps brachii, the ulnar facilitation of the MEPs on the unaf-
fected side was replaced on the affected side by a tendency  

to inhibition (Fig. 9.42). Similarly, there was significant 
superficial radial suppression of the MEPs in the biceps on 
both sides, whereas in the triceps suppression on the unaf-
fected side was noted but not on the affected side. The EMG 
activity was in line with the MEP data. These findings sug-
gest that on the affected side, the lesion at the junction 
between the C6 and C7 spinal segments interrupted the 
descending axons of rostrally located propriospinal neu-
rons, projecting to triceps motoneurons located below the 
lesion, but spared those projecting to the more rostrally 
located biceps motoneurons.

Data for this case were kindly provided by Emmanuel 
Pierrot-Deseilligny (Service de Rééducation Neurologique, 
Laboratoire de Neurophysiologie Clinique, Hôpital de la 
Salpêtrière, Paris).
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9.4.3  Lesions of Supraspinal Motor Structures

9.4.3.1  Lesions of the Corticospinal Tract 
in Humans

The most common cause of damage to the corticofugal path-
ways occurs in capsular hemiplegia. Interruption of these 
fibres in the capsula interna gives rise to a variety of symp-
toms, of which the severity depends on the extent and site of 
damage. For many years, the symptoms of capsular hemi-
plegia were considered to be due to destruction of pyramidal 
tract fibres, and the symptoms were described as pyramidal 
tract symptoms. However, the cortical projections to the red 
nucleus, pontine nuclei and reticular formation are also 
interrupted and contribute to the symptoms of capsular 
hemiplegia.

Motor outcome after stroke of the internal capsule is vari-
able. Many patients regain their abilities but recovery of motor 
functions remains incomplete in others. Wenzelburger et al. 
(2005) analyzed functional motor tasks of the upper limb in 
patients with small infarcts of the internal capsule (‘pure 
motor stroke’) with kinematic recordings of a reaching-to-
grasp movement. The location of the lesions within the poste-
rior limb of the internal capsule was determined from 
neuroimages in the acute stage. Chronic disabilities affected 
dextrous movements, whereas paresis was mild. A close cor-
relation between posterior location within the posterior limb 
and the altered measures of timing and precision grip was 
observed. The more posterior the acute lesion was located 
within the posterior limb of the internal capsule, the more pro-
nounced were the chronic motor deficits. The poor motor out-
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Fig. 9.42 (a) Experimental paradigm of modulation by ulnar volleys 
of motor-evoked potentials (MEPs) in biceps (b, c, f) and triceps (d, e, g) 
brachii muscles via propriospinal neurons (after Marchand-Pauvert 
et al. 2001). The lesion in a most likely interrupts axons of propriospinal 

axons and largely spares direct corticospinal projections to motoneu-
rons (MNs) and segmental interneurons. The size of the MEPs condi-
tioned by ulnar stimulation in biceps (f) and triceps (g) is compared on 
the unaffected (filled circles) and affected side (open circles)
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come in lesions involving the most posterior part of the 
posterior limb could be due to the condensed organization of 
corticofugal projections and the density of pyramidal fibres 
from the primary motor cortex in this subsector. Even small 

infarcts of this strategic area can disrupt many of the projec-
tions from the motor cortices and could thereby limit recovery 
strategies between homolateral motor representations. Lesions 
of the corticospinal tract can induce a shift of control of hand 

Clinical Case 9.13 Lesions of the Corticospinal Tract: 

Overview

The corticospinal tract may be affected from its cortical 
origin through the internal capsule, the cerebral peduncle, 
the pons and the pyramid into the spinal cord (Fig. 9.43). 
Three examples of lesions restricted to the corticospinal 
tract are shown in Fig. 9.44:
 1. An ischaemic lesion of the insular territory of the middle 

cerebral artery, extending into the internal capsule is shown 
in Fig. 9.44a, b. As a result of this lesion, the corticospinal 
tract secondarily degenerated as is evident in the Luxol-
Fast-Blue-HE-stained brain stem sections (Fig. 9.44c, d). 
The ischaemia in this 72-year-old male patient was due to 
an haemorrhagic infarction 3 years before.

2. A lacunar lesion of the basal pons. A 70-year-old fe-
male, who was treated for diabetes and hypertension, 
was seen because of weakness of the right part of the 
body, involving the arm, the face and the leg uniformly. 
There were no somatosensory, cerebellar or other brain 
stem signs. There was some dysarthria because of weak-
ness of the right facial muscles. MRI showed an ischae-
mic lesion in the ventral part of the pons (Fig. 9.44e). 
She recovered nearly completely in the course of a 
few weeks.

 3. A lesion of the medullary pyramid or medial medullary 
syndrome (MMS). Pure motor hemiplegia due to a vas-
cular medullary pyramid lesion is described in Clinical 
case 9.14. Involvement of the corticospinal tract in the 
pyramid may also be radiation-induced as shown in the 
following example. A 45-year-old female with a carci-
noma of the nasopharynx was treated twice by radio-
therapy. The second radiation led to a myelopathy of the 
medulla oblongata as shown in a Luxol-Fast-Blue-HE-
stained section (Fig. 9.44f). The patient died of a mas-
sive bleeding in the right frontal lobe.
These cases were kindly provided by Pieter Wesseling 

(Department of Pathology, Radboud University Medical 
Centre, Nijmegen) and Peter van Domburg (Department of 
Neurology, Orbis Medical Centre, Sittard, The Netherlands)
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Fig. 9.43 Overview of the pyramidal tract and the site of the lesions 
of cases 1–3 shown in Fig. 9.44. cCg caudal cingulate motor area, 
cospa, cospl anterior and lateral corticospinal tracts, Cun cuneate 
nucleus, dh dorsal horn, Gr gracile nucleus, IC interstitial nucleus of 
Cajal, iz intermediate zone, LPA lateral premotor area, lvh, mvh lateral 
and medial parts of ventral horn, M1 primary motor cortex, rCg ros-
tral cingulate motor area, resp reticulospinal fibres, RF reticular for-
mation, Rub red nucleus, rusp rubrospinal tract, SMA supplementary 
motor area, S1, S2 primary and secondary somatomotor cortices (after 
ten Donkelaar et al. 2007)
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Fig. 9.44 Involvement of the corticospinal tract in a common lesion 
in the MCA territory (a–b) with the resulting anterograde degenera-
tion shown in LFB-HE-stained sections of (c) the cerebral peduncle 
and (d) the pyramid (courtesy Pieter Wesseling, Nijmegen), (e) MRI 

of a lacunar infarct in the basal pons (courtesy Peter van Domburg, 
Sittard) and (f) the LFB-HE-stained section of the medulla with radi-
ation-induced involvement of the corticospinal tract (courtesy Pieter 
Wesseling, Nijmegen)

fe
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functions to intact cortical areas (Chollet et al. 1991; Weiller 
et al. 1992, 1993; Dettmers et al. 1997; Marshall et al. 2000; 
Calauti and Baron 2003; Gerloff et al. 2006; Schaechter et al. 
2008). Impaired functional integrity of the corticospinal sys-
tem may be associated with recruitment of secondary motor 
networks in both hemispheres in an attempt to generate motor 
output to spinal motoneurons. Secondary motor regions appear 
to be less efficient at generating motor output. This reorgani-
zation can therefore be considered only partially successful in 
reducing motor impairment after stroke (Ward et al. 2006).

9.4.3.2  The Effects of Sectioning of the Pyramidal 
Tract in Monkeys

The effects of sectioning the pyramidal tract on different 
aspects of motor control have been examined in experimen-
tal animals, starting with Tower’s studies in monkeys 
(Tower 1940), and by careful observations on the rare cases 
with pure lesions of the pyramidal tract in humans. The 
early studies on the effects of pyramidotomy in monkeys 
were dominated by the idea that section of the pyramidal 
tract could serve as a model for the various “pyramidal” 
symptoms and signs observed after a capsular stroke in 
humans. It soon appeared, however, that in monkeys nei-
ther pyramidotomy nor lesions confined to the primary 
motor cortex led to the hemiplegic type of spasticity 
(Lawrence and Kuypers 1968a; Hepp-Reymond 1988), but 
rather to a flaccid paresis, most clearly observed in the 
hand. The effects of pyramidal tract lesions in monkeys can 
be summarized as follows (Lawrence and Kuypers 1968a; 
Hepp-Reymond 1988):
1. A permanent deterioration to make fine, independent 

movements of the digits was found (Lawrence and 
Kuypers 1968a). Donald Lawrence and Hans Kuypers 
first demonstrated the permanent loss of relatively inde-

pendent finger movements following long-term survival 
after bilateral pyramidotomy (Fig. 9.45a). At postmor-
tem examination, 8 of the 39 monkeys operated were 
found to have a complete bilateral section of the pyra-
mids. Clear deficits were only observed when monkeys 
were confronted with specific test situations such as 
retrieving small food particles from a modified Klüver 
board (Fig. 9.46a, b). They reached accurately and 
placed the pronated hand with the fingers semiflexed 
and abducted on the food in either of the two largest 
holes. The fingers were then closed altogether to pick 
up the food and take it into the mouth. At no time of 
the recovery period, could any of these animals remove 
food from smaller holes.

2. No long-term effects on axial/postural system were pres-
ent. Lawrence and Kuypers (1968a) found that, after 
the immediate postoperative period, pyramidotomized 
monkeys could sit, stand, walk, run and climb normally. 
Although there was some paresis of the arm and leg im-
mediately after the lesion, this recovered rapidly, so that 
within a few weeks of the lesion, arm movements, and 
particularly reaching movements, were fast and reason-
ably accurate.

3. The severity of the deficit after the lesion varies between 
species. The paresis of the arm and loss of relatively in-
dependent finger movements is much greater in the chim-
panzee than in macaque monkeys (Tower 1940). There is 
also evidence for a greater impairment of more proximal 
muscles in apes than in monkeys (Leyton and Sherrington 
1917; Kuypers 1981).

4. The degree of recovery from pyramidal tract lesions is 
related to several factors, including the size of the lesion, 
the duration and nature of the postoperative period, and 
the age of the animal at the time of sectioning.

Fig. 9.45 Bilateral pyramidotomy (in black) in rhesus monkeys 
(a), and combination with a lesion (b) of the medial descending 
brain stem pathways (hatched area). IO inferior olive, pyr 
pyramis, SO superior olive, VN vestibular nuclei, VII facial 
nucleus (after Lawrence and Kuypers 1968a, b)
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Fig. 9.46 Experimental paradigm to test the effects of 
pyramidal tract lesions in rhesus monkeys versus control 
animals and in combination with lesions of the medial 
descending brain stem pathways (based on drawings of 
successive photographs from films of Lawrence and 
Kuypers 1968a, b). (a) Normal animal using relatively 
independent finger movements to take a food morsel from 
a modified Klüver board. (b) Monkey with bilateral 
pyramidotomy; note lack of relatively independent finger 
movements. (c) Monkey with bilateral pyramidotomy and 
a lesion of the ventromedial brain stem. Note the 
similarity of hand movements in (b) and (c) and that arm 
movements in (c) occur mainly at the elbow

5. Monkeys can be retrained to perform a precision grip af-
ter pyramidotomy (Hepp-Reymond and Wiesendanger 
1972; Hepp-Reymond et al. 1974; Schwartzmann 1978).

9.4.3.3  Human Manipulatory Skills
Human manipulatory skills, together with language, 
require the highest of brain functions and their central rep-
resentations comprise widely distributed networks of cor-
tical and subcortical structures. Consequently, such skills 
used during daily routines and in professional life are often 

impaired in brain-damaged patients. Wiesendanger and 
Serrien (2001) reviewed how neurological problems in 
specific patient groups affect the normal mechanisms that 
govern reach-to-grasp movements. Manipulative perfor-
mance in healthy controls was compared with that of 
patients with lesions in the cerebral cortex and its descend-
ing pathways, the basal ganglia and the cerebellum. By 
means of a drawer-pulling task, regulation of grip force 
was analyzed when pulling was perturbed either by self-
induced or externally applied load disturbances. Normal 
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subjects automatically increased grip force in anticipation 
to the expected load. In the same situation, hemiparetic 
patients failed to generate pro-active grip force and fre-
quent slips were observed. Cerebellar patients were shown 
to adopt a “default” strategy in producing high grip force 
output when the drawer had to be pulled up to its mechani-
cal stop. This differed from the more flexible normal mode 
of raising grip force in accord with the pulling speed. In 
patients with Huntington disease, grip/load force coordi-
nation differed from that of normal subjects, as expressed 
in an overscaled grip force. Writer’s cramp patients over-
scaled grip force in both the dominant and the non-domi-
nant hand and grip force further increased when hand 
muscles where vibrated, suggesting an abnormal senso-
rimotor integration.

9.4.3.4  Pure Lesions of the Human Pyramidal Tract
Pure lesions of the human pyramidal tract are rare. One 
of the best documented cases is that of Bucy and Keplinger 
(1961) and Bucy et al. (1964) in which the pyramidal fibres 
were sectioned unilaterally at the level of the cerebral 
peduncle in a 70-year-old man suffering from hemiballis-
mus, involving the face, arm and leg on the left side. They 
sectioned the middle third of the right peduncle through 
which it was believed that the majority of pyramidal tract 

fibres pass as suggested by experiments of Barnard and 
Woolsey (1956) in rhesus monkeys. The abnormal involun-
tary hemiballistic movements were abolished completely 
after the operation and never returned. A flaccid hemiple-
gia after surgery was rapidly replaced by “continuous 
improvement in strength and coordination” until after 7 
months the maximum recovery seemed to have been 
reached. At that time, the patient was able to produce fine, 
individual movements of the fingers on the left side fairly 
well, only slightly less well executed than on the right side. 
There was only mild spasticity present and the Babinski 
sign was weak. At autopsy, 3½ years later, almost complete 
degeneration of the right pyramid was noted. DeMyer 
found that 83% of the fibres within the right pyramid had 
degenerated. In the spinal cord, the degenerated uncrossed 
ventral corticospinal tract could be traced as far as the 
midthoracic region and the lateral corticospinal tract down 
to the conus medullaris. Pure and complete hemiplegia has 
been reported after vascular lesions producing a unilateral 
infarct restricted to the pyramid (Brown and Fang 1956; 
Chokroverty et al. 1975; Leestma and Noronha 1976; 
Ropper et al. 1979; Rascol et al. 1982; Kim et al. 1995; see 
Clinical case 9.14). For cases of bilateral infarction of the 
pyramids, see Meyer and Herndon (1962), Jagiella and 
Sung (1989) and Zickler et al. (2005).

Clinical Case 9.14  Pure Motor Hemiplegia Due to a Medullary 

Pyramid Lesion

Pure motor hemiplegia has been described by Fisher and 
Curry (1965) as a paralysis, complete or incomplete, of the 
face, arm and leg on one side, unaccompanied by any 
impairment of functions of language, somatosensation, 
vision, cerebellar pathways and cranial nerves. In the cases 
that came to autopsy, the syndrome resulted from infarction 
of the posterior limb of the internal capsule or the basis 
pontis. Chokroverty et al. (1975) reported a case of infarc-
tion of the medullary pyramid in which hemiplegia was the 
only sign. Leestma and Noronha (1976) reported another 
case of pure motor hemiplegia due to an ischaemic vascular 
lesion of one pyramid (see Case report). These rare cases 
may be included in the MMS. Kim et al. (1995) reported 18 
new patients with MMS and reviewed the literature.

Case report: A 60-year-old man developed sudden 
weakness of the right side of the body. There was no impair-
ment of consciousness, somatosensation, vision or brain 
stem functions. Facial sensation was normal. There was a 

questionable mild right central facial paresis with flattening 
of the right nasolabial fold but no deviation of the angle of 
the mouth. The patient had a right hemiplegia which was 
dense in the arm, less in the right leg with a muscle strength 
of 4/5. Initially, there was flaccidity in the hemiplegic limb 
but in 2 weeks this changed to spasticity on the affected 
side. The reflexes were brisker on the affected side with 
right ankle clonus and an extensor plantar response on the 
right side. The patient was discharged 3 months later with 
improvement of the hemiparesis. Two years later, he died 
of cardiac arrest after surgery for an inguinal herniorrhaphy. 
At autopsy, apart from severe atherosclerosis of the arter-
ies, including the aorta, carotids, coronary arteries and 
peripheral vessels, a massive myocardial acute infaction 
was found, affecting the posterior wall of the left ventricle. 
Neuropathological examination revealed an ischaemic 
lesion of the left medullary pyramid, accompanied by 
hypertrophy of the left inferior olivary nucleus (Fig. 9.47). 
There was some minor involvement of the lower part of the 
ipsilateral medial lemniscus and myelin loss in the contral-
ateral gracile nucleus and tract of unknown origin.
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9.4.3.5  Transection of Descending Brain 
Stem Pathways

Lawrence and Kuypers (1968b) studied the deficits following 
transection of descending brain stem pathways in rhesus 
monkeys (Fig. 9.45b). To evaluate the contribution of these 
pathways to movement control, bilaterally a pyramidotomy 
was first performed. This removed any corticospinal tract 
contribution to the control of proximal and distal muscles. 
Following recovery, bilateral transection of the medial brain 
stem pathways (interstitiospinal, tectospinal, vestibulospi-
nal and reticulospinal pathways) resulted in animals with 
severe postural deficits and severe impairment in righting 
reactions. Even after some weeks of recovery, the animals 

tended to slump forward when sitting and had great difficul-
ties in avoiding obstacles when walking. Nevertheless, their 
hands and distal parts of the limbs were very active, the only 
descending command remaining coming from the rubrospi-
nal tract. Manipulative ability returned to that seen in pyrami-
dotomized animals. They could retrieve food from a board 
with their hands and bring it to their mouth (Fig. 9.46c). 
However, the monkeys would not reach out to grasp food but 
waited until food was in reach and brought it to the mouth 
mainly by flexion of the elbow. Monkeys with bilateral pyra-
midotomy and a medullary lesion (Fig. 9.48a) of one rubro-
spinal tract (the main lateral descending brain stem pathway) 
had a normal posture, sat unsupported in their cages and 
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Fig. 9.48 A pyramidal tract lesion in a rhesus monkey in combina-
tion with a lesion of the left rubrospinal tract (arrow in a) and the 
effects on picking up a food morsel with the right (b) and left (c) 
hands (based on drawings of successive photographs from films of 
Lawrence and Kuypers 1968a, b). The monkey’s right hand (b) picks 

up food in the same way as the animal in Fig. 9.46b, whereas the 
animal’s left hand (c) shows limited action and the food is caught 
with a sweeping movement of the arm. cp cerebral peduncle, pyr 
pyramis, Rub red nucleus, SN substantia nigra
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could walk, run and climb. They could use their limbs rela-
tively normally in gross movements of climbing and walk-
ing. However, when seated, the affected arm (contralateral to 
the lesion of the rubrospinal tract) hung loosely from the 
shoulder. With the “unaffected” arm, food could be picked up 
in the same fashion as after bilateral piramidotomy. The 
affected hand showed limited action. The food was caught 
with a sweeping movement of the arm (Fig. 9.48b, c).

From these experiments, it can be concluded that medial 
brain stem pathways are used chiefly in control of gross 
postural movements. Arm movements can occur as part of 
a postural synergy. These group A tracts pass via the ven-
tromedial parts of the spinal cord and terminate on motoneu-
rons of proximal and axial muscles and on long propriospinal 
neurons, which interconnect many segments of the spinal 
cord. The rubrospinal tract, the main group B pathway, ter-
minates on motoneurons innervating distal muscles and on 
short propriospinal neurons. The rubrospinal tract appears 
to give monkeys the capability to make arm movements, 
particularly at the elbow and wrist, which are independent 
of gross postural synergies. The corticospinal tract super-
imposes the ability to fractionate movements even further 
as seen particularly well in finger movements. Moreover, 
these data suggest that each half of the brain has full con-
trol over movements of the contralateral extremity but 
mainly controls proximal and complex movements of the 
ipsilateral one. Brinkman and Kuypers (1973); Brinkman 
(1974) further investigated the validity of this hypothesis in 
monkeys with transection of the optic chiasm and of the 
telencephalic, diencephalic and dorsal mesencephalic com-
missures (split-brain monkeys). The movements of either 
extremity in retrieving food pellets were studied after the 
visual input was restricted to one half of the brain by cover-
ing one eye (Fig. 9.49a). To prevent tactile guidance of 
hand and finger movements in retrieving food pellets, a test 
board was used which minimizes tactile contrast between 
food pellet and background. In some of the monkeys, parts 
of the cerebral cortex were removed unilaterally. The find-
ings of Brinkman and Kuypers indicate that the seeing half 
of the brain controls individual arm, hand and finger move-
ments contralaterally but mainly controls arm movements 
ipsilaterally. The control from the seeing half of the brain 
over the ipsilateral arm was found to be independent of the 
precentral and postcentral motor and sensory areas of the 
non-seeing hemisphere. Adequate interhemispheric trans-
mission for the visual control of relatively independent 
movements of the ipsilateral hand and fingers were effected 
by the splenium of the corpus callosum.

9.4.4  Human Cortical Motor Areas

9.4.4.1  Cortical Motor Areas in Monkeys
Much of the work on the subdivisions of the frontal cortical 
areas has been done on monkeys. In Cercopithecus, 
Brodmann (1903) distinguished areas 4 and 6, which form 
the main motor areas of the frontal cortex. Area 6 was not 
further subdivided by Brodmann, but was divided by the 
Vogts into areas 6a and 6b, each with subdivisions (Vogt and 
Vogt 1919). Area 6 is now usually divided into at least three 
separate regions, an inferior and a superior part on the lateral 
aspect of the hemisphere and a mesial area 6 on the medial 
aspect of the hemisphere (Geyer et al. 2000; Rizzolatti et al. 
2002; Geyer 2004). Matelli et al. (1985, 1991, 2004) went 
even further and distinguished six well-defined premotor 
areas (F2–F7). In macaque monkeys, the primary motor 
cortex (Brodmann area 4 or area F1) with its characteristic 
giant pyramidal or Betz cells lies immediately rostral to the 
central sulcus (Fig. 9.50a, b). The non-primary motor cor-
tex (Brodmann area 6) lies  further rostrally and can be sub-
divided into three groups of areas: the SMAs “SMA proper” 
(area F3) and the presupplementary motor area “pre-SMA” 
(area F6) on the medial side of the hemisphere, the dorsolat-
eral PMC (areas F2 and F7, i.e. the caudal and rostral parts 
of the dorsal sector of area 6, respectively) on the dorsolat-
eral convexity and the ventrolateral PMC (areas F4 and F5, 
i.e. the caudal and rostral parts of the ventral sector of area 6, 
respectively) on the ventrolateral convexity (Fig. 9.50a, b). 
The primary motor cortex is mainly involved in controlling 
kinematic and dynamic parameters of voluntary movements, 
whereas non-primary motor areas are more related to prepar-
ing voluntary movements in response to a variety of internal 
and external cues (see Porter and Lemon 1993; Geyer et al. 
2000 for references). Lesions in the dorsal premotor region 
severely impair the learning and performance of visuomotor 
hand/arm conditional responses in humans (Petrides 1985, 
1997) and monkeys (Halsband and Passingham 1982; 
Petrides 1982, 1986). The ventral PMC in both humans and 
monkeys has motor and cognitive functions (Rizzolatti et al. 
1998, 2002; Rizzolatti and Luppino 2001; Hoshi and Tanji 
2007). The cortical area extensively innervates M1 (Matelli 
et al. 1986; Rizzolatti et al. 1998; Tokuno and Tanji 1993; 
Dum and Strick 2005; Dancause et al. 2006).

9.4.4.2  Human Cortical Motor Areas
Although a structural map of the human cortical motor sys-
tem as detailed as in macaque monkeys is not yet available, 
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Fig. 9.49 Experimental paradigms by Coby Brinkman, Rob 
Haaxma and Lou Moll to analyze the role of various cortical 
motor areas in the control of relatively independent finger 
movements. (a) A split-brain monkey retrieving a food morsel 
from between the examiner’s fingers with the contralateral hand 
and the ipsilateral one, respectively. The contralateral hand 
assumes the position of grip posture during reaching and seizes 
the pellet with index and thumb. The ipsilateral hand only 
assumes this posture in seizing the pellet after first having made 
contact with the pellet and the examiner’s fingers (after 
Brinkman 1974); (b) paradigm to study the role of the SMA in 
bimanual motor control (after Brinkman 1984). (c) paradigm to 
study the role of visual guidance of finger movements (after 
Haaxma 1976); (d) paradigm to study the role of the premotor 
cortex in hand movements (after Moll 1984)
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there is increasing evidence that a similar organizational prin-
ciple, including primary motor cortex, SMAs, dorsolateral 
and ventrolateral premotor cortices also exists in humans 
(Fig. 9.50c, d; Fink et al. 1997; Geyer et al. 2000; Geyer 
2004; Matelli et al. 2004; Geyer and Zilles 2005; Tomassini 
et al. 2007). In neuroimaging studies, the pre-SMA/SMA dis-
tinction is the clearest example of an anatomical and func-
tional dissociation that emerged from the primate model 
(Picard and Strick 1996, 2001). The human primary motor 
cortex (Brodmann area 4) is characterized by low cell den-
sity, poor lamination, absence of layer IV (agranular), a dif-
fuse border between layer VI and the underlying white matter 
and in particular by giant pyramidal or Betz cells in layer V. 
Its border with the adjacent primary somatosensory cortex 
lies in the depth of the central sulcus. The non-primary 
motor cortex (Brodmann area 6) has scattered giant pyrami-
dal cells and large, elongated densely packed pyramidal cells 
in the lower part of layer III. Towards the midline, the rostral 
border of area 4 lies on the vertex of the precentral gyrus, but 
in the direction of the Sylvian fissure the rostral border of 
area 4 recedes in a caudal direction and disappears in the cen-
tral sulcus. Geyer et al. (1996) subdivided area 4 into a caudal 
(area 4 posterior or 4p) and a rostral (area 4 anterior or 4a) 
region based on differences in cytoarchitecture and neu-
rotransmitter binding sites. Areas 4a and 4p form two parallel 
bands within area 4 running mediolaterally from the midline 
to the Sylvian fissure. Certain landmarks are of help in iden-

tifying human motor areas. A knob on the precentral gyrus 
marks the motor hand area (Yousry et al. 1997; see also 
Kleinschmidt et al. 1997). Local morphology may also pre-
dict the functional organization of the dorsal premotor region 
in the human brain (Amiez et al. 2006). The visuomotor hand 
conditional activity and the frontal eye field lie within distinct 
parts of the superior precentral gyrus. Rizzolatti et al. (1998, 
2002) suggested possible human homologues for the dorsal 
and ventral premotor cortices in macaque monkeys. There is 
convincing evidence of a functional homology between mon-
key area F5 and human area 44. A possible human homo-
logue of area F4 may be located in the ventral sector of area 
6. In humans, the border between the primary motor cortex 
and the SMA proper coincides approximately with the VCP 
line, whereas the border between the SMA proper and the 
pre-SMA lies approximately at the VCA line (Zilles et al. 
1996; Fig. 9.50c). For topographical variation of primary and 
non-primary motor cortices, see Rademacher et al. (1993, 
2001), Vorobiev et al. (1998) and Geyer (2004).

The human cingulate cortex can be subdivided into an 
anterior and a posterior part (Brodmann 1909; Vogt et al. 
1995), separated approximately in the middle between the 
VCA and VCP lines. Later, Vogt et al. (2004) suggested a 
four-region model with subregions based on connectivity: 
anterior, middle and posterior cingulate cortices and the ret-
rosplenial cortex. Based on connectivity studies in macaque 
monkeys and functional imaging data in humans, Picard and 
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Strick (2001) subdivided the human cingulate sulcus region 
into two zones, separated by the VCA line (Fig. 9.50c): the 
caudal cingulate zone (CCZ) and the rostral cingulate 
zone (RCZ) with anterior and posterior parts. The CCZ 
overlaps with the posterior part of area 24 and probably with 
the gigantopyramidal field described by Braak (1976).

The motor functions of the cerebral cortex were first 
demonstrated in 1870 by Gustav Fritsch and Eduard Hitzig, 
who obtained muscular contractions at the opposite side of 
the body following electrical stimulation of the cerebral cor-
tex of dogs. This was done on a dressing table in a bedroom 
of Hitzig’s house in Berlin (Fritsch and Hitzig 1870). David 
Ferrier replicated Fritsch and Hitzig’s findings in primates 
(Ferrier 1876, 1886; Ferrier and Yeo 1885). In a case with a 
lesion that involved large parts of the left frontal, parietal and 
temporal lobes, Ferrier showed a right hemiplegia. After his-
tological examination, he found degeneration of the pyrami-
dal tract as far as the lumbar spinal cord. Since then, 
neurophysiologists have used increasingly refined methods to 
study the finer details of cortical motor control. Discrete 
movements can be obtained by the application of weak elec-
trical stimulation of the motor cortex. Such studies, starting 
with those of Otfrid Foerster and Wilder Penfield, have shown 
that the motor cortex has a somatotopic organization, known 
as the motor map of the body (the motor homunculus). It 
should be noted, however, that already in the beginning of the 
twentieth century, Fedor Krause in Berlin had already 
attempted to map the human motor cortex in patients who 
underwent surgery for epilepsy. He stimulated the exposed 
precentral gyrus with faradic current and made records of the 
induced movements (Krause 1911). A figurine map of the 
movements elicited from the monkey primary motor cortex 
and the SMA is shown in Fig. 9.51a, and the resulting simun-
culus in Fig. 9.51b (Woolsey et al. 1952). The areas with the 
lowest threshold for electrical stimulation are Brodmann 
areas 4, 6 and 8. At higher intensities, movements can also be 
elicited from areas 1, 2 and 3, most likely through corticocor-
tical connections to the precentral cortex. In humans, Foerster 
(1936a, b) used cortical stimulation during surgery to deter-
mine the motor cortical fields (Fig. 9.52). Stimulation of part 
of the precentral gyrus produced discrete movements at low 
threshold and designated “pyramidal”. Other areas producing 
movements, usually more complex synergistic and adversive 
movements, were designated in a broad sense as “extrapyra-
midal”. Likewise, Penfield and colleagues electrically stimu-
lated the human cerebral cortex during epilepsy surgery 
(Penfield and Boldrey 1937; Penfield and Rasmussen 1950; 
Penfield and Jasper 1954; Fig. 9.51c).

Two major motor representations were found in areas 4 
and 6 of both humans and monkeys. The lowest threshold 
area, area 4 along the surface of the precentral gyrus extend-
ing into the anterior wall of the sulcus, is the primary motor 
cortex (M1). Leg movements occurred after stimulation of 

the most medial parts, arm and face movements after lateral 
stimulation. Woolsey et al. (1952) also noted a rostrocaudal 
gradient: distal extremity muscles were more easily activated 
by stimulation in the central sulcus, whereas proximal parts 
of the body were usually represented rostrally on the surface 
of the gyrus. Most movements were contralateral, but the 
soft palate, larynx, masticatory muscles and the upper part of 
the face were bilaterally activated, quite frequently also trunk 
movements. A second complete map of the body was found 
on the medial surface of the hemisphere in area 6, rostral to 
the leg representation of the primary motor cortex. This 
SMA is quite different to the primary motor cortex.  
The threshold to elicit movement was higher than for M1, 
and the somatotopic representation of the body parts was poor. 
The evoked movements were complex, involved activation of 
muscles at more than one joint and were often bilateral. 
Complex acts such as vocalization or yawning occurred. The 
recognition of the multiple non-primary motor areas led to a 
revision of these early maps. The main points of difference 
are: (1) the forward boundary of the primary motor area in 
Woolsey’s map is placed far too rostral, since microstimula-
tion in the bank of the arcuate sulcus is now known to pro-
duce movements of the hand and arm not shown in the 
classical map; (2) stimulation around the superior precentral 
sulcus is now thought to be activating a separate motor rep-
resentation, with a slightly higher threshold and with differ-
ent cell discharge properties to those observed in M1; (3) 
area 4 participates in processes of greater complexity such as 
complex finger movement sequences (Gerloff et al. 1998), 
spatiotemporal patterning of muscle activity (Kakei et al. 
1999) and manual skill learning (Karni et al. 1998) and (4) 
Woolsey’s map of the SMA includes parts of the cingulate 
gyrus, which is now known to contain separate, cingulate, 
motor representations (see Fig. 9.36).

Anatomical, neurophysiological and lesion studies have 
suggested that the SMA may have an important role in 
bimanual coordination. Anatomically, there are strong inter-
hemispheric connections between the two SMAs, including 
distal representations of the arm and hand and strong bilateral 
SMA projections to the basal ganglia (Rouiller et al. 1994). 
Neuronal activity within the SMA is associated with contral-
ateral and ipsilateral arm movements (Brinkman and Porter 
1979; Tanji et al. 1988; Tanji 1996). After unilateral removal 
of the SMA, monkeys had difficulties in tasks requiring 
bimanual coordination (Brinkman 1981, 1984). In retrieving 
food pellets from a well in a perspex board, they had to push 
a currant down through the hole with a finger from one hand, 
the other hand was held cupped underneath to catch it 
(Fig. 9.49b). After the lesion, there was a lack of coordination 
between the hands. The monkeys now tried to use both hands 
to push the currant out of the hole. In the lesioned animals, the 
SMA might influence precentral areas bilaterally, resulting in 
mirror movements of the hands. Kinematic analysis of the 
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effect of SMA lesions showed increased variability in the per-
formance of either hand during bimanual tasks, but surprising 
stability and precision of the final interaction of the two hands 
at the target (Kazennikov et al. 1994; Wiesendanger et al. 
1996; Wiesendanger and Serrien 2005).

Identification of the sensorimotor cortex in individual sub-
jects by PET of fMRI is remarkably straightforward (Grafton 
et al. 2000). Reaching, grasping, finger tapping and a variety of 
other movements versus a rest condition will lead to increased 
activity in the cortex around the central sulcus. Kawashima 

Fig. 9.51 (a) Figurine map of the movements elicited from the left pri-
mary motor cortex and the SMA in a single monkey; (b) composite 
simunculus derived from experiments on several monkeys (after Woolsey 

et al. 1952); (c) somatic figurines: the primary motor and sensory 
(Rolandic) representations and the SMA (from Penfield and Jasper 
1954)

a

i

i

d

e

e

C

S

C

b

c

Gyrus
cinguli Sulcus

cinguli

Lip and
floor of
central
fissureArcuate

S
ul

cu
s

Sylvian fissure

Longitudinal
fissure

Corpus callosum

Supplementary sensory

Supplementary
motor

Rolandic
motor

Rolandic
sensory

Second
sensory

I   N   S   U   L
   A



4299.4 Central Control of Movement

et al. (1994) noted two activations within the pre- and postcen-
tral banks of the central sulcus. The motor cortex can be identi-
fied by TMS using near-threshold stimulation over the central 
sulcus with muscle activity observed directly or electrically by 
EMG. Wassermann et al. (1992) identified maps of particular 
muscles. When mapping the motor cortex by TMS and record-
ing the surface EMG from muscles performing a simple motor 
task during fMRI, excellent spatial correspondence was found 
between the two methods, suggesting that the fMRI motor acti-
vation is derived in part from the areas of highest motor neuron 
density (Krings et al. 1997). As part of the presurgical planning 
process, PET, fMRI, magnetoencephalography (MEG) and 
TMS have been used to identify motor-eloquent areas in 
patients with tumours or vascular malformations (Grafton et al. 
1994; Baumann et al. 1995; Krings et al. 1997). A crude motor 
cortex somatotopy can be obtained with PET and fMRI 
(Colebatch et al. 1991a, b; Connelly et al. 1993; Grafton et al. 
1991, 1993; Kim et al. 1993a, b; Cheney 2002). These data 
suggest the following somatotopic order: finger movements are 
associated with activation of the sensorimotor hand area at the 
genu of the central sulcus, foot movements with activity closer 
to the medial wall of the contralateral hemisphere (Hari et al. 
1983) and mouth and tongue movements are the most laterally 
activated (Kristeva-Feige et al. 1994). Wassermann et al. (1996) 
noted a similar somatotopic relationship by TMS mapping of 
the foot, thumb, index finger and mouth. High-resolution fMRI 
and neurophysiological data, however, suggest a complex, 
fractured, overlapping set of finger, wrist and arm areas of the 
human motor cortex with minimal somatotopic organization 
(Kawashima et al. 1995; Sanes et al. 1995; Kleinschmidt et al. 
1997). Moreover, Geyer et al. (1996) showed that there may be 
two sets of representations for the finger, thumb and probably 
the middle finger in M1, one in area 4a, the other in area 4p (see 
also Geyer 2004).

Hand dominance has also been studied by fMRI, MEG, 
TMS and PET. With fMRI, Kim et al. (1993a, b) evaluated 

hemispheric asymmetry in the motor cortex of normal subjects 
who made simple repetitive sequential finger movements of the 
dominant or non-dominant hand. In both right- and left-handed 
subjects, the right motor cortex was activated mostly during 
contralateral finger movements. The left motor cortex, however, 
was preferentially activated for left-handed subjects, but it was 
equally activated for contralateral and ipsilateral movements in 
right-handed persons. Similar observations were made with 
PET (Kawashima et al. 1993, 1997). This laterality effect might 
explain why there are greater performance deficits of the ipsilat-
eral hand in patients with a stroke in the left hemisphere than in 
the right hemisphere. Volkmann et al. (1998) suggested a neu-
romagnetic correlate of handedness in the human motor cortex. 
Sources of motor fields were determined during five different 
hand movements, and the smallest volume enclosing all five of 
the sources was found to be significantly larger in the hemi-
sphere contralateral to the dominant hand. Rademacher et al. 
(2001) reported a leftward asymmetry in the volume of the cor-
ticospinal tract in 9 out of 10 examined brains (see also Büchel 
et al. 2004; Hervé et al. 2006; Westerhausen et al. 2007).

9.4.4.3  Lesions of the Precentral Gyrus
Lesions restricted to the precentral gyrus result in paresis, 
the distribution of which follows the somatotopic pattern of 
the motor homunculus (Foerster 1909, 1936a; Penfield and 
Rasmussen 1950). After acute, extensive lesions, the com-
plete initial hemiplegia of the contralateral side is followed 
by a characteristic pattern of restitution of function of the 
various parts of the body. Foerster (1909) distinguished 
three stages of functional recovery after acute lesions of the 
precentral gyrus: (1) complete paralysis of the contralateral 
limbs; (2) the appearance of complex movement synergies, 
most likely due to the involvement of area 6 (part of his 
areae extrapyramidales) and (3) subsequent functional res-
titution allowing the reappearance of single movements. 
These movements resembled the fractionated movements 

Fig. 9.52 The motor cortical fields of man as determined by Foerster with cortical stimulation: (a) lateral view; (b) medial view (from Foerster 1936a)
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characteristic of the pyramidal system and, therefore, 
Foerster attributed these effects to projections from the ipsi-
lateral precentral gyrus. Patients with damage of the pre-
central gyrus on both sides did not show the recovery of 
movements. After recovery, functional restitution was com-
plete in the trunk muscles, partial in the proximal muscles, 
and absent or negligible in the distal muscles. There are 
exceptions to the afore-mentioned principles. Foerster 
(1936a) described a young man in whom the precentral 
gyrus was excised, which resulted in a complete degenera-
tion of the ipsilateral pyramid as proven at autopsy. After 
intensive physiotherapy and training for more than 2 years, 
he achieved a remarkable degree of control of hand and fin-
ger movements (see Clinical case 9.15). Freund (1987) 
mentioned a right-handed stroke patient with an initially 
complete flaccid paralysis of the right hand without involve-
ment of proximal arm muscles or muscles of the face or leg. 
A CT scan revealed a small hypodense area in the hand area 
of the left precentral gyrus. After intensive rehabilitation 
for 6 months, voluntary movements of the distal arm mus-
cles reappeared and the power grip of the right fist reached 
two-thirds of that of the left one. The patient could perform 
the precision grip, control a given force level normally and 
use his arm for most purposes. Eight months after the stroke, 
he resumed his professional activities as a dentist, using his 
right hand. The only clear dysfunctions that remained were 
a difficulty in fully extending the fingers and an inability to 
perform rapid alternating finger movements. These findings 
strikingly resemble the permanent deficits seen in monkeys 
after unilateral pyramidotomy.

9.4.4.4  Lesions of the SMA
Lesions of the SMA suggest a role in bimanual coordination. 
Talairach and co-workers found that excision of a strip of the 
medial frontal cortex in humans, including the SMA and the 
cingulate cortex, resulted in severe reduction of spontaneous 
motor activity and impaired bimanual coordination (Talairach 
and Bancaud 1966; Laplane et al. 1977). The motor changes 

were accompanied by a reduction in speech and an emotional 
facial palsy. The nearly complete akinesia particularly in the 
limbs contralateral to the lesion receded after 2 weeks. After 
recovery, the only remaining deficit was a slowing of alternat-
ing serial movements of both hands. Stephan et al. (1999) stud-
ied two patients with midline tumours and disturbances of 
bimanual coordination. Both patients reported difficulties when 
using their hands together, but had no problems with unilateral 
dexterity or the use of both hands sequentially. In the first 
patient, the lesion was confined to the cingulate gyrus, whereas 
in the second it also invaded the corpus callosum and the SMA. 
Kinematic analysis revealed an impairment of both the tempo-
ral adjustment between the hands and the independence of 
movements between the two hands. fMRI in volunteers showed 
strong activations of midline structures including the cingulate 
and ventral SMA. The prominent activation of ventral medial 
wall motor areas in volunteers and the bimanual coordination 
disorder in two patients with lesions compromising their func-
tion suggests a pivotal role of these structures in bimanual coor-
dination. Repetitive TMS (rTMS) is known to produce transient 
dysfunctions in limited zones of the cerebral cortex (Pascual-
Leone and Walsh 2002; Sack 2006). rTMS of the mesial frontal 
cortex resulted in a deterioration of bimanual coordination 
(Serrien et al. 2002; Wiesendanger and Serrien 2005).

9.4.4.5  Lesions of the PMC
Lesions of the PMC, not affecting the primary motor cortex, 
were described by Freund and Hummelsheim (1985) and 
studied experimentally in rhesus monkeys by Lou Moll (Moll 
and Kuypers 1977; Moll 1984). Moll’s lesion studies showed 
that: (1) the hand area of the precentral motor cortex is indis-
pensable for the execution of relatively independent move-
ments of the contralateral hand and fingers; (2) the premotor 
cortical afferent projections to the precentral hand area play 
an important role in the visual guidance of such movements; 
and (3) an ablation of the premotor cortical areas including 
the SMA and the arcuate gyrus impairs the capacity of the 
contralateral arm to reach around a transparant obstacle to a 

Clinical Case 9.15 Recovery of Function Following a Lesion 

of the Motor Cortex

That even patients with extensive cortical lesions may show 
a surprising recovery is illustrated by a case described by 
Foerster (1936). A syphilitic lesion of the precentral corti-
cal hand and arm field resulted in a severe spastic paresis of 
the contralateral arm. Gradually, the patient was able to 

perform coarse synkinesias of elbow flexors and extensors. 
Then he received intensive physiotherapy for 3 years. He 
first learned to perform single movements of the upper arm 
and the forearm (Fig. 9.53a). His hand motility was for a 
long time limited to global closure or opening of the hand 
(Fig. 9.53b, c). Eventually, the patient even recovered fine 
hand movements including isolated finger movements and 
the precision grip for the correct holding of a pencil with 



4319.4 Central Control of Movement

Fig. 9.53 Male patient with an extensive lesion of the left cortical 
hand-arm region. (a) The first sign of functional restitution was the 
capability to perform coarse proximal arm movements. (b, c) 
Subsequent ability to use the hand for a power grip (global closure of 
the hand), but inability to use fingers independently. (d) Recuperation 
of control of individual finger movements with correct holding of the 
pen with the precision grip in the late stage of recovery. (e) Complete 
Wallerian degeneration of the left pyramid (from Foerster 1936a)

the index and the opposing thumb (Fig. 9.53d). At that 
time, hand writing was reported to be normal. This remark-
able case proved to be a total degeneration of the left pyra-
mid (Fig. 9.53e). Since the lesion was cortical, Foerster 
assumed that restitution of function was re-established by 
the ipsilateral cortical arm and hand field. Restitution of 
function may, in a more general sense, depend on the extent 
of remaining descending pathways connecting contralat-
eral (such as the SMA and cingulate motor areas) and ipsi-
lateral cortical areas with the spinal cord.
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visible food reward (Fig. 9.49d), which effect is independent 
of the connections to the motor cortex. In Freund and 
Hummelsheim’s study of ten patients with ischaemic lesions 
or tumours involving the PMC, a surprisingly stereotyped 
motor disturbance was found consisting of a mild or moder-
ate persistent contralateral weakness of shoulder and hip 
muscles and limb-kinetic apraxia. The paresis was never 
complete, so the patients could use the arm for most pur-
poses. They had difficulty in raising the arm above the hori-
zontal plane and could barely manage to comb their hair with 
the affected arm. Gait was normal but the patients had diffi-
culty climbing onto a chair with the affected limb. Individual 
finger movements, active touch, stereognosis, tactile prehen-
sion and skilled movements were normal. Therefore, the 
functional capacity of hands and fingers was fully preserved. 
Limb-kinetic apraxia only became apparent during tasks 
requiring certain coordination between both arms and legs 
(see Sect. 9.4.6).

9.4.5  Higher-Order Motor Control

In 1931, John Hughlings Jackson predicted that 1 day three 
levels of functional differentiation would be demonstrated in 
the CNS (Jackson 1931; see also Brooks 1986): (1) the low-

est level with representations of the body as units was to be 
found in the spinal cord and brain stem; (2) the middle level 
with representations of functions (coordinated movements 
and differentiation of sensation) would lie in the primary 
motor cortex and the primary sensory cortices and (3) the 
highest level of integration with final sensory and motor rear-
rangement might be found in the frontal regions. In Jackson’s 
view of the organization of the motor cortex, the “highest 
level” of motor integration or the final representation of edu-
cated skills, called “eupraxia” by Walshe (1948), was to be 
found within the frontal cortex rostral to the excitable motor 
cortex. The introduction of functional neuroimaging tech-
niques allowed to approach the concept of the highest level 
of motor integration.

9.4.6  Lesions of Higher-Order Motor Centres

Higher-order motor disorders are understood as disturbances 
resulting from damage to areas upstream of the primary motor 
cortex (Freund et al. 2005). These disturbances cover a wide 
range of disorders, including the apraxias and sensorimotor 
transformation deficits, motor neglect, anarchic hand syn-
drome, and action motivational and monitoring disorders. The 
meticulous clinical analysis of these complex dysfunctions by 

Clinical Case 9.16 Lesions of the Premotor  

Versus Motor Cortices

Moderate unilateral weakness of shoulder and hip muscles 
and limb-kinetic apraxia were observed in patients with 
frontal lobe lesions on the side opposite the deficits (Freund 
and Hummelsheim 1985; Freund 1987). The lesions 
appeared to involve the PMC but not the primary motor 
cortex. Lesions of the PMC versus those of the primary 
motor cortex are discussed in the Case report.

Case report: Damage to the primary motor cortex (M1) 
or of the corticospinal tract leads to paralysis. Because of 
their bilateral innervation, the bulbar and axial muscles show 
only transient, mild paresis during the first days after an 
acute unilateral lesion. Proximal muscles are also bilaterally 
innervated by both the M1 and the PMC, and therefore, show 
reasonable recovery of function. Only the distal muscles, in 

particular those of the arm and the hand, depend exclusively 
on the unilateral corticospinal projections to the motoneu-
rons for these muscles, and therefore, show little or no func-
tional restitution after lesions of M1 or of the pyramidal tract. 
In contrast to lesions of M1, the deficits seen after lesions of 
the SMA or the PMC become only fully apparent after bilat-
eral lesions (Laplane et al. 1977; Freund 1987). Bilateral 
damage of the PMC results in deficient postural control of 
the body. Patients with unilateral lesions of the lateral PMC 
(Fig. 9.54a) present with a contralateral mild or moderate 
proximal paresis of the hip and shoulder muscles and a limb-
kinetic apraxia restricted to performances requiring the inter-
action of both arms or both legs. The PMC exerts its control 
via the indirect cortico-reticulospinal route (Fig. 9.54a) and 
via dense corticocortical projections to M1, whereas motor 
control by M1 and the SMA depends on the direct corti-
cospinal tract (Fig. 9.54b).
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Liepmann (1908) and many other clinical neurologists estab-
lished the basis for our knowledge about higher-order motor 
disorders such as the apraxias and motor neglect. Following 
this early period of clinicopathological correlations, lesion 
studies gained a new dimension by the advent of in vivo imag-
ing (Damasio and Damasio 1989) and later by functional 
imaging. Imaging studies of small lesions and functional imag-
ing offer direct links to experimental research in primates.

Bilateral parieto-occipital lesions are associated with 
visuomotor ataxia, a disorder of visual motor control under 
conditions in which the motor, cerebellar, somatosensory 
and visual pathways function satisfactorily. Bálint (1909) 
suggested the term optic ataxia, because of the resemblance 
of the incoordination to tabetic ataxia. Rondot et al. (1977) 

preferred the term visuomotor ataxia because their six 
patients could see and recognize objects well but had great 
difficulty in grasping them and exploring extrapersonal 
space. In commissurotomized rhesus monkeys, Haaxma and 
Kuypers (1975) and Haaxma (1976) studied a unilateral dis-
order of grasping, which showed the same pattern after con-
tralateral occipital lobectomy or widespread contralateral 
posterior parietal leucotomy (Fig. 9.49c). In the first case, the 
injured hemisphere was deprived of its visual input, whereas 
in the second case there was visuomotor disconnection which 
disturbed visuomotor coordination in animals which retained 
their normal ability in visual discrimination. Haaxma and 
Kuypers (1975) demonstrated that in rhesus monkeys visuomo-
tor coordination is maintained by intrahemispheric connections 

Fig. 9.54 The approximate 
sites of a lesion of (a) the 
premotor cortex and (b) the 
primary motor cortex and 
their interference with the 
premotor-reticulospinal and 
corticospinal pathways (after 
Freund 1984, 1987 and 
Freund and Hummelsheim 
1985)
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which project from the visual areas to the motor cortex via 
the white matter of the parietal lobe, and by interhemispheric 
connections crossing the posterior two-thirds of the corpus 
callosum. Rondot et al. (1977) found that visuomotor ataxia 
may extend over the whole visual field or be restricted to 
one visual half-field, right or left. Since the disorder may 
involve both hands or only one, they divided visuomotor 
ataxia into (see Clinical case 9.17): (1) unilateral visuomo-
tor ataxia, localized to a single field and affecting both hands 
or a single hand, either direct when the hand is ataxic in the 
ipsilateral visual field or crossed when the hand is ataxic in 
the contralateral visual field; (2) bilateral visuomotor ataxia, 
involving the whole visual field. Each hand may be ataxic 
only in the contralateral visual field (bilateral crossed visuo-
motor ataxia) or in the ipsilateral field (bilateral direct visuo-
motor ataxia).

The term apraxia covers a wide spectrum of higher-order 
motor disorders due to acquired brain disease affecting the 
performance of skilled, learned movements with or without 
preservation of the ability to perform the same movement 

outside the clinical setting in the appropriate situation or 
environment (Freund 1987, 1992; Leiguarda and Marsden 
2000; Leiguarda 2005; Heilman and Watson 2008). Apraxia 
is mostly found in patients with a stroke but can also result 
from a wide variety of other focal lesions such as trauma or 
a tumour or from diffuse brain damage as observed in 
Alzheimer disease or corticobasal degeneration (see Clinical 
case 9.18 and Chap. 15). In 1908, Hugo Liepmann defined 
three different types of apraxia (Liepmann 1908): ideational, 
ideokinetic and limb-kinetic apraxia. Ideational apraxia is 
characterized by a deficit of the conception of the movement 
so that the patient does not know what to do, whereas in 
ideokinetic apraxia the patient does not know how to per-
form particular motor acts. Limb-kinetic apraxia concerns a 
slowing, clumsiness and awkwardness of movements with 
loss of the kinetic melody, temporal deordering and decom-
position of movements. Despite the ongoing controversies 
about the terminology of the apraxias (see Goldenberg 2008), 
this classification still forms the most widely accepted 
schema. The apraxias are further discussed in Chap. 15.

Clinical Case 9.17 Visuomotor Ataxia

Visuomotor ataxia is a disorder of movement performed 
under visual control. It can occur in the absence of distur-
bance of ocular fixation and in the absence of spatial agnosia. 
This disorder may extend over the whole visual field or it 
may be restricted to one visual half-field. It may involve both 
hands or one hand only, so that visuomotor ataxia may be 
divided into (Rondot et al. 1977): (1) unilateral direct visuo-
motor ataxia; (2) unilateral crossed visuomotor ataxia and (3) 
bilateral crossed visuomotor ataxia (see Case report).

Case report: In the five patients discussed by Rondot 
et al. (1977), movement was poorly performed under visual 
control, although visual acuity was satisfactory and they 
have neither paralysis nor marked sensory loss in their 
limbs. Two principal groups were distinguished: (1) unilat-
eral visuomotor ataxia with the disorder localized in the two 

homonymous visual half-fields, right or left; and (2) bilat-
eral visuomotor ataxia in which the incoordination affects 
the whole visual field. In unilateral visuomotor ataxia, the 
ataxia is called direct when it affects only the hand of the 
same side as the visual field in which the objects are grasped 
with difficulty (Fig. 9.55a) and crossed when only the hand 
of the side opposite to the visual field in which grasp is 
defective is affected (Fig. 9.55b). In bilateral visuomotor 
ataxia, both hands may be affected (the complete form) or 
crossed. In the crossed form, sometimes each hand shows 
difficulties in grasping only in the visual field of the oppo-
site side with satisfactory direct grasping (Fig. 9.55c).
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Fig. 9.55 Rondot’s subdivision of visuomotor ataxia: (a) 
unilateral direct visuomotor ataxia; (b) unilateral crossed 
visuomotor ataxia; (c) bilateral crossed visuomotor ataxia  
(after Rondot et al. 1977)
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Clinical Case 9.18 Apraxia

The apraxias cover a wide spectrum of higher-order motor 
disorders caused by acquired brain disease that affect the 
performance of skilled, learned movements with or without 
preservation of the ability to perform the same movement 
outside the clinical setting in the appropriate situation or 
environment (Leiguarda 2005). Apraxia is mostly found in 
patients with stroke but may also result from a wide variety 
of focal lesions such as trauma or tumours or from diffuse 
brain damage as in Alzheimer disease (see Chap. 15) and 
corticobasal degeneration (see Case report).

Case report: A 70-year-old female was first diagnosed 
with Parkinson disease because of her hypokinesia, bra-
dykinesia and tremor of the left arm. There was normal 
walking and no lack of facial expression. She gradually 
developed a strange disorder of movement of the left arm 
and hand, in the course of which she noted that she did not 
know how to use her hand anymore. When she was asked 
to perform a symbolic movement with the left hand, such 
as lighting a candle, she could not do so with her left hand, 

whereas a similar gesture with her right hand was per-
formed easily. The next 2 years she developed more diffuse 
cognitive dysfunction, in which dyspraxia was the most 
prominent feature. This made her behaviour uncertain, 
frightful and sometimes even catastrophic. Her social 
behaviour remained inconspicuous for a long time, and 
there were no major memory complaints. These findings 
suggested the presence of corticobasal degeneration. An 
MRI showed asymmetry of the parietal sulci (Fig. 9.56). 
An IBZM SPECT showed reduced dopamine receptor den-
sity on both sides but a DAT-SPECT was normal.

This case was kindly provided by Peter van Domburg 
(Department of Neurology, Orbis Medical Centre, Sittard, 
The Netherlands)
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10.1  Introduction

The cerebellum is one of the best studied parts of the brain. 
Its three-layered cortex and well-defined afferent and effer-
ent fibre connections make the cerebellum a favourite field 
for research on the connectivity of the brain (Voogd et al. 
1996; Voogd 2003, 2004). The cerebellar cortex is composed 
of four main types of neurons: granule cells, Purkinje cells 
and two types of inhibitory interneurons, the Golgi cells and 
the stellate or basket cells. The cerebellar cortex receives 
three kinds of inputs: the mossy fibres (most afferent sys-
tems), the climbing fibres from the inferior olive, and dif-
fusely organized monoaminergic and cholinergic fibres. The 
general idea that the cerebellum functions to regulate muscle 
tone and coordinate movements arose from experiments in 
the nineteenth century (Flourens 1824; Luciani 1891). The 
extensive literature on the function and dysfunction of the 
cerebellum, of cats in particular, was set out in monographs 
by Dow and Moruzzi (1958), Eccles et al. (1967) and Ito 
(1984). The cerebellum plays a role not only in motor control 
(Holmes 1939; Brooks and Thach 1981; Gilman et al. 1981) 
but also in motor learning and cognition (Middleton and 
Strick 1998; Schmahmann and Sherman 1998; Mariën et al. 
2001; Schmahmann 2004).
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Cerebellar disorders typically manifest themselves by 
ataxia, which is characterized by incoordination of balance, 
instability of gait, extremity and eye movements and dysar-
thria. More recently, it has become apparent that cerebellar 
lesions do not always lead to ataxic motor symptoms. The 
cerebellar cognitive affective syndrome includes impair-
ments in executive, visuospatial and linguistic abilities, with 
affective disturbance ranging from emotional blunting 
and depression, to disinhibition and psychotic features 
(Schmahmann and Sherman 1998; Schmahmann 2004). The 
role of the cerebellum in motor control and cognition is illus-
trated in several Clinical cases.

10.2  A Few Notes on the Development  
of the Cerebellum

The cerebellum develops over a long period, extending from 
the early embryonic period until the first postnatal years. Its 
protracted development makes the cerebellum vulnerable to 
a broad scala of disorders, ranging from the Dandy–Walker 
and related developmental malformations to medulloblas-
toma, which is a neoplasia of granule precursor cells (Friede 
1989; Norman et al. 1995; Ramaeckers et al. 1997; ten 
Donkelaar et al. 2003, 2006; ten Donkelaar and Lammens 
2009). Cerebellar anomalies, of the vermis in particular, have 
also been found in neurobehavioural disorders such as autism 
and developmental dyslexia. The cerebellum arises bilater-
ally from the alar plates of the first rhombomere. Early in the 
foetal period, the two cerebellar primordia are said to unite 
dorsally to form the vermis. Rostrally, the paired anlagen are 
not completely separated, however. Sidman and Rakic 
(1982), therefore, advocated Hochstetter’s (1929) view that 
such a fusion does not take place, and suggested one cerebel-
lar primordium (the tuberculum cerebelli). The tuberculum 
cerebelli consists of a band of tissue in the dorsolateral part 
of the alar plate that straddles the midline in the shape of an 
inverted V (Fig. 10.1a). The arms of the V are directed cau-
dally as well as laterally and thicken enormously, which 
accounts for most of the early growth of the cerebellum. The 
rostral, midline part of the V, however, remains small and 
relatively inconspicuous. During the sixth week of develop-
ment, the arms of the tuberculum cerebelli thicken rapidly 
and bulge downwards into the fourth ventricle, on each side 
giving rise to the internal cerebellar bulge or “innerer 
Kleinhirnwulst” of Hochstetter, which together form the 
 corpus cerebelli (Fig. 10.1b). During the seventh week of 
development, the rapidly growing cerebellum bulges out-
wards as the external cerebellar bulges (Hochstetter’s 
“äusserer Kleinhirnwulst”); these represent the flocculi. 
During the third month of development, growth of the mid-

line component accelerates and begins to fill the gap between 
the arms of the V, thereby forming the vermis, so that by the 
12th to 13th weeks of development, outward, lateral and 
 rostral growth processes have reshaped the cerebellum to a 
transversely oriented bar of tissue overriding the fourth ven-
tricle (Fig. 10.1c). At that time, fissures begin to form trans-
verse to the longitudinal axis of the brain, first on the vermis 
and then spreading laterally into the hemispheres (Fig. 10.1d–f). 
The first fissure to appear is the posterolateral fissure, which 
separates the main body of the cerebellum from the floccu-
lonodular lobe.

The histogenesis of the cerebellum occurs in four basic 
steps (Altman and Bayer 1997; Hatten et al. 1997; Wang and 
Zoghbi 2001; Millen and Gleeson 2008): (1) characteriza-
tion of the cerebellar territory in the hindbrain; (2) formation 
of two compartments of cell proliferation, giving rise to the 
Purkinje cells and the granule cells, respectively; (3) inward 
migration of the granule cells and (4) differentiation of cer-
ebellar neurons. An overview of the histogenesis of the 
human cerebellum is presented in Fig. 10.2. The main cell 
types of the cerebellum arise at different times of develop-
ment and at different locations (see ten Donkelaar et al. 2003, 
2006; ten Donkelaar and Lammens 2009): (1) the Purkinje 
cells and the deep cerebellar nuclei arise from the ventricular 
zone of the metencephalic alar plate, expressing the bHLH-
factor Ptf1a and (2) the granule cells are added from the ros-
tral part of the rhombic lip (the “Rautenleiste” of His 1890), 
known as the upper rhombic lip (Sidman and Rakic 1982; 
Altman and Bayer 1997; Hatten et al. 1997; O’Rahilly and 
Müller 2001; Wang and Zoghbi 2001), expressing the bHLH 
factor Math1. The caudal part of the rhombic lip (the lower 
rhombic lip) gives rise to the precerebellar nuclei, which 
include the pontine nuclei, the inferior olivary nucleus and 
some smaller nuclei with projections largely aimed at the 
cerebellum.

Anatomically, cerebellar malformations may be classi-
fied into unilateral and bilateral abnormalities. Unilateral 
cerebellar malformations are most likely due to acquired 
insults, such as intracerebellar bleeding associated with pre-
maturity (Grunnet and Shields 1976; Volpe 2008). Depending 
on the part of the cerebellum involved, bilateral cerebellar 
malformations may be further classified into midline or 
 vermis malformations (see Clinical case 10.1) and malfor-
mations affecting both the vermis and the cerebellar hemi-
spheres (Ramaeckers et al. 1997; Parisi and Dobyns 2003; 
ten Donkelaar et al. 2003, 2006; ten Donkelaar and Lammens 
2009; Barkovich et al. 2010). The combination of pontine 
hypoplasia with cerebellar malformations is considered as a 
separate group, i.e. the pontocerebellar hypoplasias (Barth 
1993; Ramaeckers et al. 1997; Parisi and Dobyns 2003; see 
Clinical case 10.2).
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Fig. 10.1 Embryonic (a and b) and foetal (c–f) development of the 
human cerebellum: (a) at approximately 4 weeks; (b) at the end of the 
embryonic period (the first 8 weeks); (c–f) at 13 weeks (c and d) and 4 
(e) and 5 (f) months of development. The V-shaped tuberculum cere-
belli (tbcb) is indicated in grey, and the upper and lower rhombic lips in 
light red and red, respectively. cbi internal cerebellar bulge, ci collicu-

lus inferior, Cpb corpus pontobulbare, cs colliculus superior, fpl fissura 
posterolateralis, fpr fissura prima, is isthmus, IO inferior olive, l ant 
lobus anterior, l flnod lobus flocculonodularis, l post lobus posterior, 
mes mesencephalon, nV trigeminal nerve, tbac tuberculum acusticum, 
tbpo tuberculum ponto-olivare, vq ventriculus quartus, 2, 4, 6 rhom-
bomeres (from ten Donkelaar et al. 2003)
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Clinical Case 10.1 Midline or Vermis Malformations

Agenesis or hypoplasia of the vermis may be found in a 
large number of malformations of the brain (Norman et al. 
1995; Ramaeckers et al. 1997; ten Donkelaar et al. 2003, 
2006; ten Donkelaar and Lammens 2009) including: (1) the 
Dandy–Walker malformation (DWM) and syndromes with 
agenesis as a constant feature such as the Joubert and 
Walker–Warburg syndromes; (2) a large group of syndromes 
in which absence of the vermis may occur such as the 
Meckel–Gruber and Smith–Lemli–Opitz syndromes and 
(3) dysgenesis of the vermis in rare disorders such as rhomb-

encephalosynapsis, tectocerebellar dysraphia and Lhermitte-
Duclos disease. Major malformations of cerebellar midline 
structures are also found in the Chiari malformations, the 
most common of which, type II, is almost always associated 
with a myelomeningocele and forms part of the neural tube 
spectrum defect. Vermal malformations have also been 
noted in idiopathic autism and in dyslexic children.

DWM, a relatively common malformation occurring in at 
least 1 in 5,000 liveborn infants, is characterized by the fol-
lowing triad (Barkovich 2000): (1) cystic dilatation of the 
fourth ventricle and an enlarged posterior fossa with upward 
displacement of the lateral sinuses, confluens sinuum and 
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Fig. 10.2 Overview of the histogenesis of the human cerebellum. (a) 
A dorsolateral view of a human embryo and part of the tuberculum 
cerebelli enlarged, showing the two proliferative compartments: the 
ventricular zone (VZ), giving rise to Purkinje cells and the deep cerebel-
lar nuclei, and the external germinal or granular layer (EGL), giving 
rise to the granule cells. (b) The position of the rhombic lip in a trans-
verse section at the level of the lateral recess of the fourth ventricle. The 
upper rhombic lip is found lateral to the lateral recess and the lower 

rhombic lip medial to the recess. (c) The formation of the layers of the 
cerebellum in four periods from the early foetal period until 7 weeks 
postnatally. The lamina dissecans is indicated with asterisks. The 
arrows in (a–c) show the migration paths. Cpb corpus pontobulbare, De 
dentate nucleus, ep ependyma, GPC granule precursor cells, IGL inter-
nal granular layer, IO inferior olive, IZ intermediate zone, ML molecu-
lar layer, P-cell Purkinje cell, vq ventriculus quartus, WM white matter 
(from ten Donkelaar et al. 2003)
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a b

Fig. 10.3 MRIs of a Dandy–Walker malformation (a) and a Dandy–
Walker variant (b). Note in a the large cyst in the posterior fossa, the 
hydrocephalus, elevation of the structures forming the roof of the pos-
terior fossa, and hypoplasia of the corpus callosum. In the Dandy–

Walker variant (b), no hydrocephalus and a normal corpus callosum 
can be seen (from ten Donkelaar et al. 2006; courtesy Henk Thijssen, 
Nijmegen)

tentorium cerebelli; (2) varying degrees of vermian aplasia 
and hypoplasia and (3) hydrocephalus (Fig. 10.3a). 
Hydrocephalus, associated with a bulging occiput, is unusual 
at birth but is present by 3 months of age in about 75% of 
patients. Most cases are sporadic with a low recurrence risk. 
Associated central nervous system (CNS) malformations are 
present in two-thirds of the cases, the most common of which 
is agenesis or hypogenesis of the corpus callosum (see 
Fig. 10.3a). Barkovich (2000) advocated the Dandy–Walker 
complex as a continuum of posterior fossa anomalies, com-
prising DWM, the Dandy–Walker variant and the mega cis-
terna magna. In the Dandy–Walker variant, the posterior 
fossa is hardly enlarged; there is hypoplasia of the vermis 
and communication between the fourth ventricle and arach-
noid space, whereas hydrocephalus is absent (Fig. 10.3b). 
The mega cisterna magna consists of an enlarged posterior 
fossa, secondary to an enlarged cisterna magna but a normal 
vermis and fourth ventricle are found. Parisi and Dobyns 
(2003) introduced the term “cerebellar vermis hypoplasia-
dysplasia” as an alternative (see also Barkovich et al. 2010). 
For a discussion of the Joubert syndrome and other vermis 
malformations, see Parisi and Dobyns (2003), ten Donkelaar 
and Lammens (2009) and Barkovich et al. (2010).

Selected References

Barkovich AJ (2000) Pediatric Neuroimaging, 3rd ed. Lippincott, 
Philadelphia, PA

Barkovich AJ, Millen KJ, Dobyns WB (2010) A developmental and 
genetic classification for midbrain-hindbrain malformations. 
Brain 132:3199–3230

Norman MG, McGillivray BC, Kalousek DK, Hill A, Poskitt KJ 
(1995) Congenital Malformations of the brain. Pathological, 
embryological, clinical, radiological and genetic aspects. Oxford 
University Press, New York

Parisi MA, Dobyns WB (2003) Human malformations of the mid-
brain and hindbrain: Review and proposed classification scheme. 
Mol Genet Metab 80:36–53

Ramaeckers VT, Heimann G, Reul J, Thron A, Jaeken J (1997) 
Genetic disorders and cerebellar structural abnormalities in child-
hood. Brain 120:1739–1751

ten Donkelaar HJ, Lammens M, Wesseling P, Thijssen HOM, Renier 
WO (2003) Development and developmental disorders of the 
human cerebellum. J Neurol 250:1025–1036

ten Donkelaar HJ, Lammens M, Wesseling P, Hori A (2006) 
Development and developmental disorders of the human cerebel-
lum. In: ten Donkelaar HJ, Lammens M, Hori A (eds) Clinical 
neuroembryology: development and developmental disorders  
of the human central nervous system. Springer, Heidelberg,  
pp 309–344

ten Donkelaar HJ, Lammens M (2009) Development of the human 
cerebellum and its disorders. Clin Perinatol 36:513–530



454 10 The Cerebellum

a b

Fig. 10.4 (a) MRI data of a case of pontocerebellar hypoplasia 
(courtesy Henk Thijssen, Nijmegen) and (b) basal view of a brain 
with pontocerebellar hypoplasia due to a congenital disorder of gly-

cosylation type 1a (courtesy Martin Lammens, Nijmegen). Note that 
in (b) the width of the pons does not exceed that of the medulla (from 
ten Donkelaar et al. 2006)

Clinical Case 10.2 Pontocerebellar Hypoplasias

The pontocerebellar hypoplasias form a large group of 
disorders characterized by a smaller volume of the pons 
and varying degrees of cerebellar hypoplasia up to near-
total absence of the cerebellum (Barth 1993; Ramaeckers 
et al. 1997; Gardner et al. 2000; Parisi and Dobyns 2003; 
Barkovich et al. 2010). Most types of the pontocerebellar 
hypoplasias arise in the foetal period, suggesting a 
rhombic lip defect and the MATH1 gene as a candidate 
for this  disorder. Most pontocerebellar hypoplasias are 
 autosomal-recessive disorders with a recurrence risk of 
25%. Two cases of pontocerebellar hypoplasia are shown 
in Fig. 10.4.
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10.3  Gross Morphology, Subdivision 
and Compartmentalization

Transverse fissures divide the cerebellum into lobes, lobules 
and folia, whereas paramedian sulci separate the median 
vermis from the hemispheres (Fig. 10.5). The flocculus and 

the nodule form the caudal flocculonodular lobe that is also 
known as the vestibulocerebellum or archicerebellum. This 
lobe receives primary (from the vestibular organs) and sec-
ondary (from the vestibular nuclei) vestibular projections. 
The corpus cerebelli, i.e. the vermis and the hemispheres, 
consists of the spinocerebellum (or paleocerebellum) medi-
ally, and the pontocerebellum (the neocerebellum) laterally. 
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The spinocerebellum is innervated by the spinal cord and the 
trigeminal system, whereas the pontocerebellum receives 
extensive projections from the cerebral cortex through the 
pontocerebellar fibres. The lobules and folia were given 
names such as lingula, culmen, declive and uvula by 
Malacarne, Meckel and Burdach in the late eighteenth and 
early nineteenth centuries. Lodewijk Bolk introduced another 
nomenclature and accentuated the different degrees of conti-
nuity between the lobules of the vermis and the hemispheres 
(Bolk 1906). Later, Larsell (1970; Larsell and Jansen 1972) 
came to the same conclusion as Bolk and he numbered the 
lobules of the vermis and the hemispheres, for the vermis 
I–X, for the hemispheres HII–HX. The tonsils of the hemi-
spheres (HIX) are the deepest parts of the cerebellum, 
extending to the foramen magnum. Elevation of the intracra-
nial pressure may lead to tonsillar herniation (see Clinical 
case 1.2). Schmahmann and co-workers published a 3-D 
MRI atlas of the human cerebellum in which they delineated 
all lobules of the vermis and the hemispheres (Schmahmann 
et al. 1999, 2000).

The fissura prima divides the cerebellar hemispheres into 
anterior and posterior lobes. In connectivity studies, Jan Voogd 
and co-workers showed that the cerebellum is organized as 

longitudinal zones of Purkinje cells (A-, B-, C- and D-zones), 
each projecting to its own cerebellar nucleus (Fig. 10.5) and 
receiving input from different parts of the inferior olive (Voogd 
1967, 1995, 2003, 2004; Oscarsson 1980; Ito 1984; Voogd 
et al. 1996). A less well-studied zone is the X-zone between 
the A- and B-zones in the anterior vermis (Voogd 2003, 2004). 
The olivocerebellar projection is arranged in a similar way. 
Subnuclei of the inferior olive project to a single Purkinje-cell 
zone or to a pair of zones sharing the same target nucleus. These 
longitudinal zones are not evident on the outside of the cerebel-
lum. However, a system of compartments in the white matter, 
which contains the axons of the Purkinje cells and the climbing 
fibres, can be visualized (Voogd 1967; Voogd and Bigaré 1980; 
Feirabend 1983; Feirabend and Voogd 1986). Moreover, a 
strong heterogeneity has been found in the expression of 
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Fig. 10.6 Transverse, acetylcholinesterase-stained section of the ante-
rior cerebellar lobe of the macaque monkey, showing the modular orga-
nization of the cerebellum. A, B, C
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positus nucles, m midline (kindly provided by Jan Voogd, Oegstgeest)
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 certain proteins by subpopulations of Purkinje cells, distrib-
uted in alternating longitudinal zones. This pattern described 
by Scott (1964) and Marani (1982) for the 5¢-nucleotidase 
pattern, and subsequently by Hawkes and Leclerc (1987) for 
the “zebrin” epitope on the rat cerebellum, is shared by the 
expression of several other proteins in Purkinje cells and 
Bergmann glia (Voogd et al. 1996; Herrup and Kuemerle 
1997). The antibodies zebrin I and zebrin II specifically stain 
a subset of Purkinje cells, distributed into multiple longitudi-
nal zones and separated by zebrin-negative areas in rodents 
(Hawkes et al. 1985; Hawkes and Leclerc 1987), but not in 
macaque monkeys, where antibodies against zebrin stain all 
Purkinje cells (Leclerc et al. 1990). In the human cerebellum, 
no clear arrangement of zebrin I-stained Purkinje cells was 
found (Plioplys et al. 1985). Acetylcholinesterase (AChE) his-
tochemistry is a useful marker for the delineation of parasagit-
tal compartments in the cerebellum of adult mammals (Marani 
and Voogd 1977; Hess and Voogd 1986). The borders between 
compartments are selectively stained with AChE and this 
staining is especially distinct in monkeys (Fig. 10.6).

10.4  The Deep Cerebellar Nuclei

The central or deep cerebellar nuclei, first distinguished in 
the human cerebellum by Benedikt Stilling in 1864, are the 
medial nucleus fastigii, the intermediate nucleus globosus 
and nucleus emboliformis (together known as the nucleus 
interpositus), and the large, laterally situated, nucleus denta-
tus (Figs. 10.7 and 10.8). The dentate nucleus can be divided 
into ventromedial magnocellular and caudolateral parvocel-
lular parts. The vermis contains a medial zone (A-zone), pro-
jecting to the fastigial nucleus, and a small B-zone that 
innervates the lateral vestibular nucleus of Deiters. The 
X-zone between the A- and B-zones projects to interstitial 

cell groups. The cerebellar hemispheres can be divided into 
intermediate and lateral zones. The intermediate zone con-
sists of three C-zones, projecting to the emboliform nucleus 
(C1 and C3) and the globose nucleus (C2). The large lateral 
zone (D-zone) innervates the dentate nucleus. The floccu-
lonodular lobe innervates the vestibular nuclear complex. In 
rhesus monkeys, Langer (1985) described a basal interstitial 
nucleus, which is reciprocally connected with the flocculus. 
Corticonuclear zones can extend across one or more lobules; 
some span the entire rostrocaudal length of the cerebellum 
(Fig. 10.5).

10.5  The Cerebellar Peduncles

Afferent and efferent fibre connections of the cerebellum pass 
through the cerebellar peduncles. The inferior cerebellar 
peduncle consists of external and internal divisions: the cor-
pus restiforme and the juxtarestiform body. The corpus resti-
forme contains cerebellar afferents: the posterior 
spinocerebellar tract and the cuneocerebellar fibres from the 
spinal cord, trigeminocerebellar fibres from the sensory 
trigeminal nuclei, and the olivocerebellar fibres. The localiza-
tion of afferent tracts in the restiform body was already stud-
ied in 1886 by Bechterew as well as by Darkschewitsch and 
Freud in myelinization studies on foetal material (Bechterew 
1886; Darkschewitsch and Freud 1886). Vladimir Bechterew 
distinguished the dorsal spinocerebellar tract (DSCT). At the 
stage of development studied, the olivocerebellar fibres still 
stand out as unmyelinated. The juxtarestiform body is 
located medial to the corpus restiforme and consists of ves-
tibulocerebellar connections, uncrossed efferent pathways 
from the fastigial nucleus and corticovestibular projections 
from the flocculus and the vermis. The middle cerebellar 

Fig. 10.7 The deep cerebellar 
nuclei shown in a microdissec-
tion by Gluhbegovic (1983): 
d dentate nucleus, e emboliform 
nucleus, f fastigial nucleus, 
g globose nucleus
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peduncle or brachium pontis is formed by the massive pon-
tocerebellar system (Fig. 10.8). The pontine nuclei are inner-
vated by the cerebral cortex via two tracts: the frontopontine 
tract (Arnold’s bundle) from the frontal lobe, motor and pre-
motor areas in particular, and the parietotemporo-occipito-
pontine tract, particularly arising in the somatosensory areas 
and the adjacent area 5. The superior cerebellar peduncle or 
brachium conjunctivum (Burdach’s “Bindearm”) contains 
the anterior spinocerebellar tract and the main efferent sys-
tem of the cerebellum, i.e. the brachium conjunctivum. The 
brachium conjunctivum contains ascending projections from 
the dentate, emboliform, globose and fastigial nuclei (Batton 
et al. 1977; Kievit 1979; Stanton 1980; Kalil 1981). It seems 
likely that the course of the human ventral spinocerebellar 
tract (VSCT) was first described by Theodor Meynert as the 
“Hirnklappenschleife” (Meynert 1872), located dorsal to the 
trigeminal spinal tract, which reaches the cerebellum along 
the “Hirnklappe” (the anterior medullary velum).

10.6  Cerebellar Afferent Connections

Most afferent systems to the cerebellar cortex are mossy 
fibres: somatosensory projections from the spinal cord and 
brain stem, vestibulocerebellar fibres and pontocerebellar 
fibres (Bloedel and Courville 1981; Gilman et al. 1981; 
Voogd 1995). Climbing fibres arise in the inferior olive.

10.6.1  The Spinocerebellar Tracts

The spinal cord projects directly to the cerebellum via four 
spinocerebellar tracts and the cuneocerebellar tract as well as 
indirectly via the lateral reticular nucleus. The spinocerebel-
lar tracts can be classified by their origin, their decussation 
in the spinal cord, their position in the lateral funiculus, 
their entrance route into the cerebellum and their pattern of 
distribution to the cerebellar cortex (Fig. 10.9). All spinocer-
ebellar tracts terminate in parasagittal stripes in the granular 
layer. In humans, zonation of degenerating spinocerebellar 
fibres was shown so far only by Nikitin (1925) in a case of 
progressive spinocerebellar degeneration. The DSCT arises 
from Clarke’s column (Petras and Cummings 1977; Snyder 
et al. 1978; Matsushita et al. 1979), which is located in the 
base of the dorsal horn and extends from spinal segment T1 
until L2 in humans, and until L3/L4 in cats. Clarke’s column 
receives monosynaptic input from group Ia and Ib muscle 
afferents and joint receptors, a smaller input from group II 
spindle afferents and also gets skin afferents. The detailed, 
local information transmitted by the DSCT about receptors 
in muscles, joints and skin resembles the information that 
ascends in the medial lemniscus to the somatosensory cor-
tex. The DSCT transmits proprioceptive and exteroceptive 
information from the lower limb. Its forelimb equivalent is 
the cuneocerebellar tract. The cuneocerebellar tract con-
veys exteroceptive and proprioceptive information via the 

Fig. 10.8 The brachium pontis in a Weigert-
stained section of the cerebellum (prepared by 
Camillo Golgi during his stay in Prague; kindly 
provided by Pavel Petrovický, Prague). In the 
upper part of the section on each side, from 
medial to lateral, the fastigial, globose, 
emboliform and dentate nuclei can be seen
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cuneate nucleus and the external cuneate nucleus, respec-
tively (Grant 1962a, b; Cooke et al. 1971a, b; Rinvik and 
Walberg 1975).

The VSCT arises largely from the spinal border cells, 
located in the lateral region of the ventral horn of the lumbar 
segments L3–L5 or L6 [in cats: Grant 1962b; Hubbard and 
Oscarsson 1962; Lundberg and Oscarsson 1962; Matsushita 
et al. 1979; Grant and Xu 1988; for human data, see Foerster 
and Gagel (1932), Cooper and Sherrington (1940), Kuru 

(1949), and Morin et al. (1951)]. Physiological studies indi-
cate that the input to the VSCT is distinct from that to the 
DSCT. There is only a small contribution from Ia and Ib 
muscle afferents, whereas the main input comes, polysynap-
tically, from flexor reflex afferents (Lundberg 1971; Ekerot 
et al. 1979; Bloedel and Courville 1981). The VSCT moni-
tors transmission in the segmental inhibitory pathways to 
spinal motoneurons (Lundberg 1971). With the Marchi tech-
nique, Brodal and Jansen (1941) described the course and 
the site of the termination of spinocerebellar fibres arising 
below T4/5 in a case with bilateral thoracic cordotomies. 
Ascending degeneration could be traced to the vermis and 
the medial part of the intermediate zones of the anterior lobe 
(Fig. 10.10). The VSCT ascends contralaterally in the anter-
olateral fasciculus. It enters the cerebellum via the superior 
cerebellar peduncle and recrosses to terminate mainly in the 
anterior lobe ipsilateral to its cells of origin (Yoss 1953; 
Vachananda 1959; Grant 1962b). The rostral spinocerebel-
lar tract arises from the intermediate zone and the dorsal 
horn in the cervical enlargement (Matsushita et al. 1979). It 
may be viewed as the forelimb equivalent of the VSCT, but 
ascends ipsilateral to the cerebellum. A fifth spinocerebellar 
tract arises from the central cervical nucleus, located in the 
upper cervical segments (Matsushita and Ikeda 1975, 1987; 
Cummings and Petras 1977; Petras and Cummings 1977; 
Wiksten and Grant 1986). This tract decussates within the 
spinal cord and distributes bilaterally to the granular layer of 
the anterior lobe, where it overlaps with primary and second-
ary vestibulocerebellar fibres. There are parallel propriocep-
tive and exteroceptive projections from the trigeminal 
system (see Voogd 2004). For the role of DSCT and VSCT 
during locomotion, see Armstrong (1986), Arshavsky et al. 
(1986), Rossignol (1996), Mori et al. (1998) and Rossignol 
et al. (2006).

Spinal information is also relayed via nucleocerebellar 
fibres, which arise from the lateral and paramedian reticular 
nuclei, both located in the caudal medulla. Their fibre con-
nections were studied by Künzle (1973, 1975), Somana and 
Walberg (1978), Gould (1980) and Hrycyshyn and Flumerfelt 
(1981). The lateral reticular nucleus, first described by 
Deiters (1865), has been subdivided by Walberg (1952) into 
lateral parvocellular, medial magnocellular and subtrigemi-
nal portions. It receives somatotopically arranged spinal 
afferents: lumbosacral fibres terminate laterally in the mag-
nocellular part, fibres from cervical and high thoracic seg-
ments medially (Künzle 1973; Hrycyshyn and Flumerfelt 
1981). In human cordotomy cases, fibre degeneration in the 
nucleus always prevailed in its lateral half (see Mehler’s case 
in Fig. 4.32). The human lateral reticular nucleus also 
receives cortical afferents (Kuypers 1958; Schoen 1969). 
The nucleus projects bilaterally to discrete parasagittal bands 
of the vermis and the hemisphere of the cerebellum (Brodal 
1943; Künzle 1975; Dietrichs 1983). The paramedian 
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PL paramedian lobule, Pyr pyramis, rsct rostral spinocerebellar tract, 
SL simple lobule, Uv uvula, vm vermis, vsct ventral spinocerebellar 
tract (after Voogd 1995)
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reticular nucleus consists of three cell groups at the lateral 
border of the medial longitudinal fascicle in the caudal 
medulla. It receives fibres from the spinal cord, the vestibular 
nuclei, the superior colliculus and the ceebral cortex (Brodal 
1953; Somana and Walberg 1978; Gould 1980), although 
nothing is known about its connections in the human brain 
(Voogd 2004).

In a high-resolution fMRI study, Nitschke et al. (1996) 
delineated the representation of hand, foot and tongue move-
ments in the anterior lobe of the cerebellum in eight healthy 
volunteers. All subjects showed task-related signal increases 
in an ipsilateral region during distal limb movements. For the 
hand task, the centre of activation was located in the interme-
diate hemispheric portion of lobules HIV–HV. Foot move-
ments activated areas within the central lobule, lobules II–III, 
medial and anterior to the corresponding hand areas in all 
subjects. Responses for tongue movements were less consis-
tent but were found in areas posterior to the respective indi-
vidual hand representation.

10.6.2  Vestibulocerebellar Projections

Primary vestibulocerebellar fibres from the vestibular root 
terminate in the nodulus and the adjacent ventral uvula, but 
not in the flocculus (Carpenter et al. 1972; Fig. 10.11a; see 
also Chap. 6). Secondary vestibulocerebellar projections 
terminate bilaterally in both divisions of the vestibulocer-
ebellum: the flocculus and the nodulus (Brodal 1974; 

Kotchabhakdi and Walberg 1978; Brodal and Brodal 1985; 
Langer et al. 1985; Thunnissen et al. 1989; Epema et al. 
1990; Fig. 10.11b; see also Chap. 6). The related nucleus 
prepositus hypoglossi projects also to the vestibulocerebel-
lum (Kotchabhakdi et al. 1978; Brodal and Brodal 1983; 
Thunnissen et al. 1989; Epema et al. 1990), but differs mark-
edly from the vestibular nuclei in its afferent connections. 
The nucleus is involved in visual brain stem pathways to 
oculomotor nuclei and receives direct input from the acces-
sory nuclei of the optic tract and from the paramedian pon-
tine reticular formation (Graybiel 1977; Gerrits and Voogd 
1986).

10.6.3  Olivocerebellar Projections

Olivocerebellar fibres show a sagittal zonal organization 
(Voogd 1969; Groenewegen and Voogd 1977; Groenewegen 
et al. 1979; Voogd et al. 1996). The human inferior olive con-
sists of a principal olive and dorsal and medial accessory 
olives (Kooy 1916, 1917; Fig. 10.12). To map the olivocere-
bellar projection, Alf Brodal studied retrograde changes, 
induced by localized lesions, in cells of the inferior olive of 
young kittens and newborn rabbits with a modified von 
Gudden technique (Brodal 1940; see Chap. 3). He proposed 
the presence of three longitudinal zones in the anterior lobe: 
the vermis with projections from the dorsal and medial acces-
sory olives, the intermediate part with projections from the 
dorsal accessory olive, and the hemisphere with projections 
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Fig. 10.10 Termination of 
spinocerebellar fibres in the 
human cerebellum as studied 
with the Marchi technique after a 
hemicordotomy at T4-5. The 
lesions of the cord are hatched. 
Abbreviations: Bl biventral 
lobule, CE central lobule, CU 
culmen, DE declive, FLO 
flocculus, FO folium of vermis, 
GR gracile lobule, Li lingula, 
NOD nodulus, PY pyramis, Qa, 
Qp anterior and posterior 
quadrangular lobules, Sli, Sls 
inferior and superior seminlunar 
lobules, Tons tonsilla, UV uvula 
(from Brodal and Jansen 1941)
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Fig. 10.11 The primary (a; in 
red) and secondary (b; in light 
red) vestibulocerebellar 
projections to the flocculonodu-
lar lobe and the vermis indicated 
by dots. DE declive, Fl flocculus, 
hem hemisphere, LV lateral 
vestibular nucleus, MV medial 
vestibular nucleus, Nod nodulus, 
Pyr pyramis, SV superior 
vestibular nucleus, Uv uvula, vm 
vermis (after Voogd 1995)

from the principal olive. In ablation-degeneration studies on 
the corticonuclear projections, Jansen and Brodal (1940, 
1942) as well as Chambers and Sprague (1955a, b) also 
found a longitudinal organization with projections from the 
vermis to the fastigial nucleus, from the intermediate zone to 
the interposed nucleus and from the hemisphere to the den-
tate nucleus. Jan Voogd’s studies with the Nauta technique 
showed that the olivocerebellar projection is organized in a 
strictly longitudinal zonal fashion with different subnuclei 
projecting to narrow longitudinal zones (Voogd 1967, 1969). 
He postulated that these climbing fibre zones co-exist with 
the corticonuclear projection zones. These observations were 
extended in rodents and carnivores (e.g., Oscarsson 1969, 
1980; Groenewegen and Voogd 1977; Groenewegen et al. 
1979; Kawamura and Hashikawa 1979; Voogd et al. 1996; 
Ruigrok and Voogd 2000). The central cerebellar nuclei also 
project to the inferior olive (de Zeeuw et al. 1994; Voogd 
2004). In primates, only limited data are available (Brodal 
and Brodal 1981, 1982), whereas the human olivocerebellar 

projection was studied in many pathological cases, of which 
the best known is that of Holmes and Stewart (1908; see 
Fig. 10.13). Iwata and Hirano (1978) studied the localization 
of the degenerating olivocerebellar fibres in a patient with a 
chronic lesion of the cerebellum. They described a ventro-
medial localization in the caudal restiform body.

In summary, the terminal fields of the climbing-fibre pro-
jections from subdivisions of the inferior olive constitute 
narrow, parasagittal zones, which coincide with the cortico-
nuclear projection zones (Fig. 10.14): (1) the caudal halves 
of the accessory inferior olives innervate the A- and B-zones 
of the vermis; (2) olivocerebellar fibres to the C-zones of the 
intermediate part of the cerebellum arise from the rostral 
halves of the accessory inferior olives and (3) fibres from the 
principal olive terminate in the D-zones.

The inferior olive receives afferent projections from the 
spinal cord, certain brain stem nuclei and the cerebral 
 cortex. A major projection to the inferior olive comes from 
nuclei at the mesodiencephalic junction, including the zona 
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incerta, the pretectum, optokinetic centres such as the 
nucleus of the optic tract and the nuclei of the accessory 
optic tract, the central grey, the nucleus of Darkschewitsch 
and the parvocellular part of the red nucleus (Fig. 10.14). In 
cats, these descending fibres reach the inferior olive via the 
central and medial tegmental tracts (Ogawa 1939; Busch 
1961; Onodera 1984). The central tegmental tract is espe-
cially well developed in humans (Verhaart 1949, 1956; 
Nathan and Smith 1982). Its fibres emerge from the parvo-
cellular part of the red nucleus and can be traced as a com-
pact bundle of uniform fibre calibre through the tegmentum 
to the amiculum surrounding the inferior olive. The medial 
tegmental tract arises in the nucleus of Darkschewitsch 
and is located in the ventral part of the medial longitudinal 
fascicle. It descends in this position to enter the inferior 
olive dorsomedially. In rhesus monkeys, Strominger et al. 
(1979) studied the termination of the tegmental tracts (see 
Fig. 10.14). The parvocellular red nucleus projects to the 
principal inferior olive and the nucleus of Darkschewitsch 
to the medial accessory olive. The distribution of the teg-
mental tracts in the human brain is in general accordance 
with Strominger’s data (see Clinical case 10.3). GABAergic 

nucleo-olivary projections take their origin from the ves-
tibular nuclei and the nucleus prepositus hypoglossi 
(Ruigrok et al. 1990; de Zeeuw et al. 1994).

In cats and rodents, hypertrophy of the inferior olive can 
be induced by lesions of the contralateral cerebellum includ-
ing the cerebellar nuclei (Verhaart and Voogd 1962; Ruigrok 
et al. 1990). In human cases, hypertrophy occurs in the main 
olive and the medial accessory olive, but never in the dorsal 
accessory olive (Gauthier and Blackwood 1961; Aberfeld 
1966; Voogd et al. 1990). Lesions of the cerebellar nuclei or 
their nucleo-olivary pathways probably cause olivary hyper-
trophy. In humans, hypertrophy of the inferior olive is asso-
ciated with palatomyoclonus or palatal tremor (Lapresle 
1986; Deuschl et al. 1994). It may occur in combinations 
such as oculopalatal tremor (Deuschl et al. 1996; Wilms 
et al. 1999; Deuschl and Wilms 2002). This tremor is a 
delayed complication due to damage to the dentato-rubro-
olivary pathway (the Guillain–Mollaret triangle or pathway) 
and is associated with a hyperintense signal in the inferior 
olive on MRI (Yakushiji et al. 2006; Kim et al. 2007). In the 
22 patients studied by Kim et al. (2007), all lesions involved 
the central tegmental tract.

Fig. 10.12 The inferior olive in 
a Weigert-stained section 
(prepared by Camillo Golgi 
during his stay in Prague; kindly 
provided by Pavel Petrovický, 
Prague)
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Fig. 10.14 Diagram of the olivocerebellar and tegmento-olivary projec-
tions. The olivocerebellar projection is indicated by a large open arrow 
and the GABAergic nucleo-olivary pathway as a large black arrow. 
Interconnected subdivisions of the inferior olive, their main afferent con-
nections and their termination sites as climbing fibres as well as collateral 
projections to the cerebellar nuclei are indicated with the same colours. 
The medial accessory olive projects to the A zone and the principal olive 
to the D zone. A, B, C
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, C
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, C

3
, D longitudinal zones, CS colliculus supe-

rior, ctt central tegmental tract, Da Darkschewitsch nucleus, DAO dorsal 
accessory olive, DC dorsal cap, De dentate nucleus, E emboliform nucleus, 
F fastigial nucleus, Fl flocculus, hem hemisphere, LV lateral vestibular 
nucleus, MAO medial accessory olive, mtt medial tegmental tract, Nod 
nodulus, Not nucleus of the optic tract, PO principal olive, Rubp parvocel-
lular part of red nucleus, vm vermis (after Voogd 1995)
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Fig. 10.13 Diagram illustrating the topographical relations between 
the inferior olive and the human cerebellum. The dorsal accessory olive 
and the medial half of the dorsal leaf of the principal olive are con-
nected with the cortex of the superior surface of the cerebellum. 
Olivocerebellar fibres from the ventral lamina of the principal olive 
project to the tonsilla and the caudal vermis. Bi biventral lobule, Ce 
central lobule, DAO dorsal accessory olive, Fl flocculus, Gr gracile lob-
ule, Lg lingula, MAO medial accessory olive, PO principal olive, Qa, 
Qp anterior and posterior quadrangular lobules, Si, Ss inferior and supe-
rior semilunar lobules, To tonsilla (from Holmes and Stewart 1908)
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Fig. 10.15 Summary of Schoen’s data with the Nauta technique on 
tegmental projections to the inferior olive. The lesions (in black) and 
the resulting anterograde fibre degeneration (indicated by dots) are 
shown for a large tegmental lesion destructing the central and medial 
tegmental tracts (a), a small lesion of only the medial tegmental tract 

(b) and a lesion with degeneration of the medial tegmental tract and 
partial degeneration of the central tegmental tract (c). cp cerebral 
peduncle, CS colliculus superior, DAO dorsal accessory olive, MAO 
medial accessory olive, pyr pyramid, Rub red nucleus (after Voogd 
et al. 1990)

Clinical Case 10.3 The Human Central and Medial 

Tegmental Tracts

The central tegmental tract is especially well developed in 
the human brain (Verhaart 1949, 1956; Nathan and Smith 
1982). It arises from the parvocellular part of the red 
nucleus and innervates the inferior olive. Projections from 

the nucleus of Darkschewitsch and related nuclei to the 
inferior olive pass via the medial tegmental tract, which is 
located in the ventral part of the medial longitudinal fasci-
cle. Schoen studied the distribution of both tracts to the 
inferior olive in several cases with large lesions in the 
 mesencephalon (Voogd et al. 1990; Fig. 10.15; see Case 
report).
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10.6.4  Corticopontocerebellar Projections

The corticopontocerebellar projections were studied in 
primates by Wiesendanger and collaborators (Dhanarajan 
et al. 1977; Wiesendanger et al. 1979), Brodal (1978, 1979, 
1982; Fig. 10.16), Glickstein and collaborators (Glickstein 
et al. 1985; Stein and Glickstein 1992) and, more recently, by 
Schmahmann and Pandya (1991, 1993, 1995, 1997; 
Schmahmann et al. 2004b). The corticopontine projections 
arise, apart from the sensorimotor cortices, in the prefrontal, 
anterior and posterior parietal, superior temporal, posterior 
parahippocampal, dorsal prestriate and cingulate cortex 
(Vilensky and Van Hoesen 1981; Schmahmann and Pandya 
1991, 1993, 1995). The corticopontocerebellar projections 
form part of a closed-loop system with the cerebral cortex 
via the thalamus (see Sect. 10.7). Subcorticopontine projec-
tions from the reticular formation and the mammillary body 
 provide only a few percent of the total input to the pontine 
nuclei (Brodal and Bjaalie 1992). All corticopontine fibres 
arise from layer-V pyramidal cells or the comparable layer 
of the mesocortex, but the projection from different areas of 
the cerebral cortex is highly uneven. Some cortical areas, 

more in particular those which are involved in motor control 
(M1, S1), project heavily to the pontine nuclei, some very 
lightly or not at all. There is for instance a lack of pontine 
input from the ventrolateral and orbitofrontal cortices, 
including areas 11, 47/12, 14 and 9/46v (Nyby and Jansen 
1951; Brodal 1978; Glickstein et al. 1985; Schmahmann and 
Pandya 1995, 1997). As regards the visual areas, the input 
arises from those extrastriate areas in the parietal lobe, which 
are important links in the visual guidance of movement 
(Glickstein et al. 1985; Stein and Glickstein 1992). These 
extrastriate visual areas project to the dorsolateral parts of 
the pons.

The corticopontine fibres terminate characteristically in 
rostrocaudally extending lamellae (Fig. 10.16). The projec-
tions from M1, S1 and possibly also from area 5 are somato-
topically arranged (Brodal 1978). The collateral origin of 
corticopontine fibres from the pyramidal tract was demon-
strated by Ugolini and Kuyp ers (1986), using a retrograde 
fluorescent fibre labelling technique. Prefrontal projections 
to the pons are derived from dorsal area 46, areas 8 and 9 at 
the dorsolateral convexity and area 10 at the dorsolateral and 
medial convexities (Schmahmann and Pandya 1995, 1997). 

Case report: Large lesions of the mesencephalon 
resulted in descending degeneration of the central and 
medial tegmental tracts as exemplified in Case 1 (H6386), 
a 76-year-old male with Weber syndrome, characterized by 
a right-sided hemiplegia and a left-sided paralysis of the 
oculomotor nerve. The patient died 18 days after the onset 
of the symptoms. The medial part of the midbrain had been 
destroyed by a number of ischaemic lesions, resulting in 
the degeneration of the central and medial tegmental tracts 
and of the frontopontine tract. Fibre degeneration was 
found in and around the dorsal accessory olive, the medial 
accessory olive and in the principal olive over their entire 
rostrocaudal extent. A case with medially located lesions 
of the central mesencephalic grey is shown as Case 2 
(H6348), a 73-year-old male who died six weeks after 
severe concussion and a transverse lesion at C5, following 
a street accident. In this case, a small lesion was found in 
the lateral part of the central grey of the rostral midbrain, 
including the interstitial nucleus of Cajal. The resulting 
degeneration was restricted to the medial tegmental tract. 
In such cases, degenerating medial tegmental fibres were 
found to terminate in the medial part of the principal olive 
and in the entire medial accessory olive. Partial degenera-

tion of the central tegmental tract was found in Case 3 
(H6486), a 68-year-old male who remained in coma for 18 
days with severe brain stem symptoms and then died. At 
autopsy, a haemorrhagic softening was found in the ventral 
part of the central grey, involving the medial and central 
tegmental tracts as well as the medial part of the red 
nucleus. This resulted in degeneration in the medial teg-
mental tract, the medial part of the central tegmental tract 
and of rubrospinal fibres. The degenerating tegmental 
fibres terminated in particular around the ventral lamella of 
the principal olive.
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Medial prefrontal areas innervate the most medial pontine 
regions, whereas lateral prefrontal regions prefer more lat-
eral parts. The pontine nuclei receive a sizeable input from 
limbic-related cortices, including the rostral cingulate gyrus 
(areas 35, 25 and 24), which project to the dorsomedial, 
medial and ventromedial pons, and the caudal cingulate 
gyrus (area 23 and the retrosplenial cortex), which projects 
to the lateral and ventrolateral pons (Vilensky and Van 
Hoesen 1981). A summary of the pontocerebellar projec-
tions is shown in Fig. 10.16.

Kelly and Strick (2003) studied the corticopontocerebellar 
circuitry with anterograde transneuronal transport of HSV1 
that was injected into M1 and area 46 (Fig. 10.17). The motor 
cortex connects with lobules V, VI, HVIIB and HVIII of the 
cerebellar cortex and with dorsal parts of the dentate nucleus 
(the “motor” module). The prefrontal cortex was shown to 
connect mainly with lateral crus II and vermal lobules VII 
and IX of the cerebellar cortex and with the ventral portions 
of the dentate nucleus (the “prefrontal” module).

In humans, corticopontine fibres from the pericentral cor-
tex are located in the central region of the cerebral peduncle, 
frontopontine fibres more medially, whereas the parietotem-
poro-occipitopontine tract forms the lateral part of the 
peduncle (Dejerine 1901; Beck 1950; Marin et al. 1962; 
Lankamp 1967). In a diffusion tensor MRI study, Ramnani 
et al. (2006) showed that in macaque brains fibres from the 
cortical motor system occupied the largest proportion of the 
cerebral peduncle, whereas a comparatively small proportion 
was occupied by fibres from the prefrontal cortex. By con-
trast, in the human brain, the largest contribution did not 
come from the cortical motor areas but from the prefrontal 
cortex. These data suggest that the human cerebellum is not 
merely involved in the control of action, but is also actively 
engaged in processing more abstract information from the 
prefrontal cortex (Ramnani 2006). In cases with large hemi-
spheric lesions, Schoen (1969; see also Voogd et al. 1990; 
see Clinical case 10.4) studied the termination of cortico-
pontine fibres in the pontine nuclei and the reticular pontine 
nucleus of Bechterew (the nucleus papillioformis of Olszewski 
and Baxter 1954). Temporopontine fibres were degenerated 
in a case with a temporal abscess. Terminations were found 
in the lateral part of the pontine grey (Fig. 10.18). Fronto-
pontine connections are more extensive in humans than in 
primates. Their terminations are found in the medial part of 
the pes pontis and in the papillioform nucleus. On the basis 
of gross dissection of the human brain, Jamieson (1910) con-
cluded that the anterior lobe of the cerebellum receives fibres 
from caudal parts of the pons, whereas more caudal parts of 
the cerebellar hemispheres are supplied from a ventral region 
throughout the rostrocaudal extent of the pons.

Fig. 10.16 (a) Diagram of the corticopontine projections from the pri-
mate prefrontal, motor, somatosensory and parietal cortices (after 
Brodal 1978, 1982). Pontine sections are shown from rostral (R) to cau-
dal (C). The pontine projections from the prefrontal cortex around the 
arcuate sulcus (in light red) project medially in the pontine nuclei, those 
from the primary motor cortex (M1; in red) and the primary somatosen-
sory cortex (S1; in grey) more centrally and those from the parietal lobe 
(in light grey) laterally. (b and c) The pontocerebellar projections with 
projections to the middle part of the vermis indicated by dots and pon-
tine projections to the simple lobule (SL), crus I (CrI) and crus II (CrII), 
the paramedian lobule (PL) and the paraflocculus (Pfl) by colours. 
Other abbreviations: AL anterior lobe, Fl flocculus, I-X folia of vermis
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Clinical Case 10.4  Corticopontine Projections  

in the Human Brain

In cases with large hemispheric lesions, Schoen (1969; 
Voogd et al. 1990) studied the termination of corticopon-
tine fibres in the pontine nuclei and the adjacent reticular 
pontine nucleus of Bechterew (see Case report).

Case report: Corticofugal projections to the human 
pons and lower brain stem were studied by Schoen (1969). 
Three cases are shown in Fig. 10.18. In the first case 
(H5671, a 56-year-old woman who died 6 weeks after a 
cerebrovascular accident), the cerebral peduncle was com-
pletely degenerated following an infarct extending in the 

superior and middle temporal gyri, the lower part of the 
precentral gyrus, the insula, the internal capsule and the 
lentiform nucleus. In the second case (H5751), degenera-
tion was restricted to the frontopontine tract. This material 
came from a woman who suffered from a left-sided hemi-
plegia after a stroke. She was admitted in coma 6 years 
later and died after 3 weeks. At autopsy, an old scar was 
found in the right frontal lobe and the insula, and fresh 
bilateral softenings were observed in the gyrus cinguli, the 
rostrum of the corpus callosum, and the medial and basal 
sides of the frontal lobes. On the left side, the head of the 
caudate nucleus, the internal capsule and the putamen were 
involved. The third case (H5747) concerns a 67-year-old 
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Fig. 10.17 (a and c) Flattened surface maps showing the distribution 
of Purkinje cells that project to the arm area of M1 (a) and area 46  
(c). These neurons were labelled after retrograde transneuronal 
transport of rabies virus from injections into these areas. (b and d) The 
site of termination of corticopontocerebellar projections from M1 (b) 
and area 46 (d) in the granular layer of the primate cerebellar cortex as 
shown with anterograde transneuronal transport of herpes simplex 
virus (HSV1) injected into M1 and area 46. The central insert shows 
the circuitry involved. Ctx cortex, De dentate nucleus, Gc granular 
cells, Pc Purkinje cells, PN pontine nuclei, VL ventrolateral nucleus of 
thalamus, I-X lobules of cerebellar cortex (after Kelly and Strick 2003)
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10.6.5  Hypothalamocerebellar Projections

In monkeys, a direct and reciprocal hypothalamocerebellar 
projection from lateral and posterior hypothalamic areas to 
the ansiform and paramedian lobules and the paraflocculus 
has been found (Haines and Dietrichs 1984). Moreover, the 

anterior lobe of the cerebellum is connected with these same 
hypothalamic regions as well as with the dorsomedial and 
dorsal hypothalamic nuclei. The lateral mammillary and 
supramammillary nuclei project to the cerebellar ansiform 
and paramedian lobules, the paraflocculus and the anterior 
lobe (Haines and Dietrichs 1984).

male who died 6 weeks after an operation for otitis media. 
Autopsy revealed a well-encapsulated otogenous brain 
abscess situated in the centre of the temporal lobe, inter-
rupting the connections of the inferior and middle temporal 
gyri such as the temporopontine tract. The mediolateral 
arrangement of frontopontine, pericentral and parietotem-
poropontine fibres in the cerebral peduncle is reproduced 
in the pontine nuclei by their termination in medial, central 
and lateral parts of the pontine nuclei.
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Fig. 10.18 Summary of Schoen’s data on corticopontine projections 
as studied with the Nauta technique. (a) Total degeneration of the 
cerebral peduncle after a large infarct in the MCA territory including 
the basal ganglia and the internal capsule; (b) degeneration of the 
frontopontine tract; (c) degeneration of the parietotemporopontine 

tract. The extent of the cortical lesions is shown for (a dotted area) 
and (c in black). CI colliculus inferior, cp cerebral peduncle, CS col-
liculus superior, ml medial lemniscus, PN pontine nuclei, Rub red 
nucleus (after Schoen 1969; Voogd et al. 1990)
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10.7  Cerebellar Output: Motor  
and Cognitive Channels

10.7.1  The Brachium Conjunctivum

The central or deep cerebellar nuclei are the output centres 
of the cerebellum. The targets of these nuclei differ consider-
ably. Data on the efferent connections of the human cerebel-
lar nuclei are limited. The course and site of termination of 
the human brachium conjunctivum in the thalamus has 
only been described in two studies using axonal degenera-

tion techniques (Voogd 2004). In a Marchi study of a case 
with an isolated softening of the brachium conjunctivum, 
Probst (1901) noted that its decussation is incomplete, a 
few fibres could be traced to the ipsilateral red nucleus. 
Cerebellothalamic projections were mainly found to the con-
tralateral ventral lateral nucleus. A second study by Gebbink 
(1967) is summarized in Clinical case 10.5. In primates, the 
descending branch of the brachium conjunctivum could be 
traced caudally to the hilus of the inferior olive and beyond 
that into the ventral funiculus of the spinal cord (Carpenter 
and Stevens 1957; Chan-Palay 1977).

Clinical Case 10.5  The Human Brachium Conjunctivum

Gebbink (1967) studied two cases with degeneration of 
the brachium conjunctivum with the Nauta technique. 
One of these cases (H5739) is presented as Case report. 
In this case, Schoen studied the descending branch of 
the brachium conjunctivum (published in Voogd et al. 
1990).

Case report: In an elderly woman with a 7-year-old 
left-sided hemiplegia, a more recent (1-month-old) haem-

orrhage was found in the right dentate nucleus, extending 
into the dorsal half of the brachium conjunctivum. It spared 
the other central nuclei but may have severed the uncinate 
tract after its decussation. Degenerating fibres entered the 
thalamus from the red nucleus via the internal medullary 
lamina and the centre médian, where they terminated 
mediodorsally, and via the field of Forel, where they inter-
mingled with pallidal fibres from the lenticular fascicle 
(Fig. 10.19a, b). They passed rostroventral to the centre 
médian and dorsal to the zona incerta to terminate in the 
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Fig. 10.19 Labelling of the ascending (a and b) and descending 
(d–f) branches of the brachium conjunctivum after a lesion in the cer-
ebellar stem (c; in black). bc brachium conjunctivum, bcd descending 
branch of brachium conjunctivum, ctt central tegmental tract, De den-

tate nucleus (in black), MD mediodorsal nucleus, ml medial lemnis-
cus, VL ventrolateral nucleus (after Gebbink 1967; Schoen in Voogd 
et al. 1990)
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10.7.2  Cerebellothalamocortical Projections

In rhesus monkeys, cerebellothalamocortical projections 
were studied by Kievit and Kuypers (1972, 1977; Kievit 
1979; see Fig. 10.20). Additional data were presented by 
Chan-Palay (1977), Stanton (1980), Kalil (1981), Asanuma 
et al. (1983a, b), Schell and Strick (1984) and Nakano et al. 
(1992). In primates, there is some overlap of cerebellar and 
pallidal projections to thalamic nuclei (Rouiller et al. 1994, 
1999; Sakai et al. 1996, 1999, 2000). For a discussion of 
the cerebellar territory of the motor thalamus, see Percheron 
et al. (1996), Macchi and Jones (1997), Percheron (2004) 
and Hamani et al. (2006). The cerebellothalamocortical 
projections are summarized in Fig. 10.21. Schell and Strick 
(1984) proposed the existence of at least two separate cer-
ebellothalamic systems, which originate from the deep cer-
ebellar nuclei. The rostral portion of the deep nuclei projects 
largely to VPLo, and therefore most directly influences the 
motor cortex. The caudal portions of the deep nuclei proj-
ect largely to area X and therefore most directly influences 
the arcuate premotor area, corresponding to the ventral part 
of area 6. More recent studies showed that the medial thala-
mus, innervated by the caudal dentate and interposed nuclei, 
projects to more extensive regions of the frontal lobe, 
including certain premotor areas as well as the inferior 

parietal lobule (Fig. 10.21; see also Lu et al. 2007; Evrard 
and Craig 2008).

How the cerebellum influences the motor system is sum-
marized in Figs. 10.22 and 10.23. The dentate and interposed 
nuclei mainly innervate the thalamus and the red nucleus, and 
control corticospinal and rubrospinal projections (Fig. 10.22). 
The fastigial nucleus and the nucleus of Deiters control the 
reticulospinal and vestibulospinal projections (Fig. 10.23). 
The subdivision of descending supraspinal pathways into lat-
eral and medial systems (see Chap. 9) is therefore also found 
in the cerebellar control system. The dentate nucleus has fur-
ther important feedback loops to the cerebellum through the 
nucleus reticularis tegmenti pontis and the dentato-rubro- olivary 
loop. Projections from the small-celled part of the red nucleus 
to the inferior olive pass via the central tegmental tract. It 
should be emphasized that the output of the cerebellum to the 
cerebral cortex is not restricted to the motor cortex. It is now 
apparent that cerebellar output goes to multiple other cortical 
areas, including the premotor and prefrontal cortices (Middleton 
and Strick 1997, 1998). Moreover, there is growing evidence 
that each of the areas of the cerebral cortex that project to the 
cerebellum is also the target of cerebellar output. The cerebel-
lar output to individual cortical areas originates from distinct 
clusters of neurons in the deep cerebellar nuclei, the so-called 
“output channels”.

ventrolateral thalamic nucleus. Fibres of the descending 
branch of the brachium conjunctivum could be traced to a 
triangular area in the ventromedial part of the pontine teg-
mentum between the central tegmental tract and the medial 
lemniscus (Fig. 10.19d–f). More caudally, the descending 
branch intermingled with the medial fibres of the medial 
lemniscus. All of its fibres were found to terminate around 
cells of the nucleus reticularis tegmenti pontis of Bechterew, 
which lie scattered over the ventromedial pontine tegmen-
tum. Caudal to the pons no degenerating fibres were found 

anymore. Part of the right principal olive contained hyper-
trophic cells.
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Fig. 10.20 The cerebellothalamocortical projections in the rhesus 
monkey for (a) the fasigial nucleus, (b) the anterior interpositus nucleus, 
(c) the posterior interpositus nucleus and (d) the lateral (dentate) 
nucleus. Upper row: diagrams of the left cerebral hemisphere; middle 
and lower rows: dorsal and ventral horizontal sections through the thal-
amus. CM centre median nucleus, LP lateral posterior nucleus, MD 

mediodorsal nucleus, Pull, Pulm lateral and medial parts of pulvinar, 
SA, SC, SP arcuate, central and principal sulci, VAmc, VApc magnocel-
lular and parvocellular parts of ventral anterior nucleus, VIM ventral 
intermedius nucleus, VLo, VLc oral and caudal parts of ventrolateral 
nucleus, VPL, VPM ventroposterior lateral and medial nuclei, 1-8 corti-
cal strips with origin of thalamic projections (from Kievit 1979)
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10.7.3  The Uncinate Tract

The crossed efferents of the fastigial nucleus form the unci-
nate tract (Russell’s hook bundle), which hooks around the 
brachium conjunctivum and gives off an ascending and a 
descending branch (Fig. 10.23). These projections were 
extensively studied not only in cats (Thomas et al. 1956; 
Cohen et al. 1958; Angaut and Bowsher 1970) but also in 
monkeys (Batton et al. 1977). The ascending branch courses 
dorsal to the brachium conjunctivum on its way to the thala-
mus. In the midbrain, it does not innervate the red nucleus, 
but some of its fibres terminate in the mesencephalic reticular 
formation and in the deep layers of the superior colliculus 
(Angaut and Bowsher 1970; Kievit and Kuypers 1972; Batton 

et al. 1977). The descending branch of the uncinate tract 
terminates in the vestibular nuclear complex and in the medial 
pontine and medullary reticular formation (Thomas et al. 
1956; Cohen et al. 1958; Walberg et al. 1962a, b; Batton et al. 
1977), and proceeds to the spinal cord (Fukushima et al. 1977; 
Matsushita and Hosoya 1978). The fastigiospinal fibres in 
part represent axon collaterals of ascending cerebellothalamic 
fibres (see Bentivoglio 1982). Descending uncrossed fastigial 
efferents innervate the ipsilateral vestibular nuclei.

10.7.4  Open Versus Closed Loops

Cerebellar interconnections with the cerebral cortex were 
long viewed as a massive open-loop system. At the input 
stage of this system, information from diverse cortical areas 
including motor, premotor, posterior parietal, cingulate and 
prefrontal cortices is transmitted to the cerebellar cortex via 
the corticopontocerebellar system. At the output stage of 
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Fig. 10.24 Transneuronal labelling of neurons in the contralateral cer-
ebellar nuclei of the cebus monkey resulting from injections of herpes 
simplex virus (HSV1) into area 46 and the leg (L), arm (A) and face (F) 
areas of the motor cortex. Other abbreviations: De dentate nucleus, IA 
anterior interpositus nucleus (after Hoover and Strick 1999; Middleton 
and Strick 2000; Clower et al. 2001)
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Fig. 10.23 Connections of the fastigial and vestibular nuclei. A, B lon-
gitudinal zones, F fastigial nucleus, Fl flocculus, flm fasciculus longitu-
dinalis medialis, fsp fastigiospinal tract, LV lateral (Deiters) vestibular 
nucleus, MV medial vestibular nucleus, Nod nodulus, SV superior ves-
tibular nucleus, thal thalamus, ut uncinate tract, vesp, vespm lateral and 
vestibulospinal tracts, III, IV, VI cranial nerve nuclei (after Voogd 1995; 
from ten Donkelaar et al. 2006)

processing, the cerebellothalamocortical system was thought 
to project exclusively to the primary motor cortex. There is 
now compelling evidence that cerebellar efferents terminate 
in thalamic nuclei that innervate cortical areas other than M1 
(see Fig. 10.21). Therefore, the influence of the cerebellum 
on the cerebral cortex is more widespread than previously 
thought. The first transneuronal tracing studies with the lec-
tin wheat germ agglutinin conjugated to horseradish peroxi-
dase (HRP) confirmed the projection from the contralateral 
rostrodorsal dentate nucleus and the anterior interposed 
nucleus, through the VPLo, to M1 (Wiesendanger and 
Wiesendanger 1985a, b; Oriolo and Strick 1989). In a series 
of studies with herpes simplex virus type 1 (HSV1) as a 
transneuronal tracer, Peter Strick and co-workers showed 
that output from the dentate nucleus targets premotor, oculo-
motor, prefrontal and anterior and posterior parietal areas of 
the cortex in addition to M1 (Lynch et al. 1994; Middleton 

and Strick 1994, 2001; Hoover and Strick 1999; Clower et al. 
2001, 2005; Kelly and Strick 2003). Transneuronally labelled 
neurons from the leg area of M1 were found in the rostral 
dentate, from the face area dorsally in the middle third of the 
nucleus and from the arm area in between (Fig. 10.24). Kelly 
and Strick (2003) used the CVS-11 (challenge virus strain 
11) strain of the rabies virus to study the cerebellothalamo-
cortical pathways to the arm area of M1 and to area 46 
(Fig. 10.24). The arm area of M1 receives input from Purkinje 
cells located primarily in lobules IV–VI of the cerebellar 
cortex. Retrograde transneuronal transport of rabies from 
area 46 revealed that this prefrontal, cognitive area receives 
input from Purkinje cells located primarily in Crus II of the 
ansiform lobule. Their findings from rabies (Fig. 10.24) and 
HSV1 experiments (Fig. 10.17) indicate that the regions of 
the cerebellar cortex that receive input from M1 are the same 
as those that project to M1. Similarly, the regions of the cer-
ebellar cortex that receive input from area 46 are the same as 
those that project to area 46. These data suggest that the cer-
ebellum is composed of multiple, independent anatomical 
modules, each forming a component in a closed anatomical 
loop that sends and receives projections from a specific area 
of the cerebral cortex (Fig. 10.25). In macaque monkeys, the 
motor loop is much more prominent than the prefrontal loop 
(Brodal 1978; Glickstein et al. 1985; Brodal and Bjaalie 
1992). In human post-mortem material, Matano (2001) 
showed that compared to the dorsal and ventral parts of the 
dentate nucleus in the great apes, the ventral dentate nucleus, 
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which is interconnected with the prefrontal cortex, is dis-
proportionately larger than the dorsal dentate that is intercon-
nected with the motor cortex. The cerebellum also com municates 
with the basal ganglia (Hoshi et al. 2005). Using transneuronal 
transport of rabies virus in macaque monkeys, Hoshi et al. 
(2005) showed that a disynaptic pathway links the dentate 
nucleus with the striatum.

10.8  Cerebellar Dysfunction

When the cerebellum is damaged, muscles, acting on joints 
that normally move together, lose their synergies. Intended 
movements are decomposed into sequential constituents and 
are made with errors of direction, force, velocity and ampli-
tude, all associated with delayed movement onsets and ter-
minations (Brooks and Thach 1981; Brooks 1986). These 
errors were deduced by Gordon Holmes from his examina-
tion of patients with cerebellar lesions inflicted by gunshot 
wounds (Holmes 1917, 1939). The errors are most pro-
nounced with lesions of the lateral cerebellum, particularly if 

its output nucleus, the dentate, is also involved. Cerebellar 
lesions in cats and dogs, unlike those in primates, produce 
increased muscle tone (Luciani 1891; Rademaker 1931; 
Bremer 1935; Sprague and Chambers 1959). This is due pri-
marily to increased excitability of a-motoneurons. The earli-
est studies were made in decerebrate animals. In these 
preparations, removal of the cerebellum increased extensor 
tone still further in all four limbs and the neck (opisthoto-
nus). The effect could be produced by ablation of the ante-
rior lobe of the cerebellum alone, indicating that this is the 
principal structure responsible for inducing the increased 
muscle tone. The rigidity did not depend upon stretch reflex 
activity since it was not abolished (as in decerebrate rigidity) 
by sectioning the spinal dorsal roots. This alpha rigidity is 
produced by direct activation of spinal a-motoneurons from 
the lateral vestibulospinal tract projecting mainly to the 
extensor muscles. Removal of the anterior lobe of the cere-
bellum abolished the inhibitory input of the lateral vestibular 
nucleus of Deiters, so that vestibulospinal activity increased. 
This could be reduced by ablation of the fastigial nucleus, 
which excites vestibulospinal neurons, or by sectioning the 
vestibular nerve.

In primates, classic studies on cerebellar ablation are 
those by Luciani (1891), Rademaker (1931) and Bremer 
(1935). The lack of direct, a-effects is probably due to the 
smaller cerebellar output to Deiters’ nucleus and the 
increasing dominance of the cerebellar hemispheres. 
Gilman (1969) showed that cerebellectomy in monkeys 
produced hypotonia of all muscles, which recovered only 
very slowly, if at all (Fig. 10.26). More pronounced deficits 
were found in the rate and force of voluntary muscle con-
tractions together with tremor (especially if the cerebellar 
nuclei were damaged). Limbs tended to be held in flexion. 
All deficits were seen especially well if movements were 
made, which required postural support. In monkeys, 
transection of the superior cerebellar peduncle has been 
used to study the effects of interrupting the output projec-
tions of the interposed and dentate nuclei (Walker and 
Botterell 1937; Carrera and Mettler 1947, 1955). Complete 
section of the superior cerebellar peduncle resulted in 
hypotonia, ataxia and tremor, as in complete cerebellec-
tomy. These deficits persisted longer after bilateral than 
after unilateral pedunculotomy. Carrera and Mettler (1947) 
studied the effects of sectioning selectively the ascending 
and descending limbs of the brachium conjunctivum. They 
concluded that ataxia results from interrupting fibres in the 
descending limb and that tremor results from interrupting 
the crossed ascending limb. The most precise descriptions 
of the deficits resulting from ablation of the primate dentate 
or interposed nuclei are those from studies of the kinematic 
variables of various movements by Vernon Brooks and co-
workers. The cerebellar nuclei can be temporarily inacti-
vated by selective cooling or by the injection of muscimol. 
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Selective cooling of the monkey dentate nucleus caused 
marked errors in the rate and the change of self-paced con-
trolled movements (Brooks et al. 1973). With the onset of 
cooling, the movements became dysmetric, showing under-
shooting and overshooting of the target. As cooling contin-
ued, the errors of range decreased considerably. Selective 
cooling of the dentate nucleus also caused abnormalities of 
rapidly alternating limb movements (dysdiadochokinesis). 
In contrast, selective cooling of the interposed nuclei led 
only to slowing of alternating movements and to decreasing 
movement velocity (Uno et al. 1973). Interrupting certain 
afferent projections to the cerebellum led to motor abnor-
malities comparable to those observed following ablation 
of the cerebellum. Lesions of the olivocerebellar pathway 
yielded deficits similar to those following ablation of the 
dentate nucleus (Soechting et al. 1976). Local injections of 
muscimol into the cerebellar nuclei resulted in temporary 
inactivation (Thach et al. 1992). Fastigial inactivation pre-
vented sitting, standing or walking with frequent falls to the 
side of the lesion. Inactivation of the interposed nucleus 
produced a severe 3–5 Hz action tremor, which affected 
reaching movements of the arm, but not standing, sitting or 
walking. Dentate inactivation resulted in hypometria on 
reaching a target and a tendency to use only one finger to 
retrieve food from a well in a board in front of the monkey 
instead of a precision grip.

In humans, the effect of cerebellar lesions depends on 
which part of the cerebellum is involved (Gilman et al. 1981; 
Dichgans and Diener 1986; Timmann and Diener 2001). 
Damage to the medial zone (the anterior and posterior ver-
mis with the fastigial nucleus) produces disorders of stance 
and gait in which the arms are relatively spared (Dichgans 

and Diener 1986; Horak and Macpherson 1996). Lesions of 
the flocculonodular lobe (the flocculonodular syndrome) 
cause postural ataxia of the head and trunk during sitting, 
standing and walking. Patients frequently fall, even during 
sitting. Fine coordinated movements of the limbs are rela-
tively spared. Damage to the anterior lobe leads to ataxia of 
stance and gait. Patients with the anterior lobe syndrome 
develop a severe disturbance of standing and walking with 
relatively preserved fine coordinated movements of the upper 
limb. There are no descriptions of patients with lesions lim-
ited to the intermediate zone. Damage of the lateral zone (the 
main part of the hemisphere with the dentate nucleus) is 
common and leads mainly to ataxia of the arms, with some 
difficulties of gait (Dichgans and Diener 1986). In patients 
with lateral lesions of the cerebellum, Bastian and Thach 
(1995) compared the performance on both reaching and 
pinching movements with those of patients with discrete 
lesions to the ventrolateral thalamus. The patients with thal-
amic lesions had minimal or no sensory loss and no corti-
cospinal signs, suggesting that the abnormal movements 
were due to disruption of the cerebellar projections to the 
thalamus. They found that lesions of the ventrolateral thala-
mus led to impaired pinching movements, but reaching 
movements were remarkably normal with the exception of a 
slight tremor. The patients with lateral cerebellar lesions 
involving the dentate nucleus showed profound pinching and 
reaching impairments.

Although hypotonia is usually considered to be a feature 
of cerebellar disease, this only occurs in more acute and dif-
fuse cerebellar lesions, such as in acute cerebellitis in chil-
dren or after surgery for cerebellar tumours, and not so much 
in more chronic neurodegenerative diseases.

Fig. 10.26 Posture of the 
extended upper (left panel) (a) 
and lower (right panel) (b) limbs 
of a monkey 2 days after a right 
hemicerebellectomy, showing 
flexion of the right wrist and 
plantar flexion with pronation of 
the right ankle under the 
influence of gravity (from 
Gilman 1969) with permission 
from Oxford University Press
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10.9  Ataxia: Pathophysiology and Clinical 
Aspects

10.9.1  Signs of Cerebellar Disease

The principal sign of cerebellar disease in humans is ataxia 
of voluntary movement. Ataxia, literally “lack of order”, is a 
general term, which is used to describe decomposition of 
movement (Klockgether 2000, 2010). It relates to motor dys-
functions of the limbs, trunk, eyes and bulbar muscles. Ataxia 
of gait refers to incoordination of walking. Patients are 
unsteady and stabilize themselves by walking broad based. 
Gait ataxia may be so severe that the patient cannot walk 
(abasia). Postural ataxia refers to ataxia of stance and sitting 
and includes truncal ataxia. The patient may be unable to sit 
or stand without support (astasia). Limb ataxia refers to 
incoordination of limb movements and ataxia of speech to 
cerebellar dysarthria. Holmes (1939) recorded arm move-
ments in a patient with a unilateral cerebellar injury 
(Fig. 10.27). The ataxic arm started late and moved slowly 
and jerky towards the target. Towards the midpoint of the 
movement, a tremor appears, which increases upon reaching 
the target (kinetic tremor or terminal tremor). The target is 
overshot (dysmetria).

Cerebellar lesions can manifest themselves by various 
types of tremor (Deuschl et al. 1998, 2001). In addition to the 
kinetic or terminal tremor mentioned above, which are usu-
ally between 4 and 7 Hz, a postural (“anti-gravity”) tremor is 
often present. This postural tremor can involve the arms, the 
trunk and the legs. The pathophysiology of the cerebellar 
kinetic and postural tremors is incompletely understood. The 
issue is whether such tremors are the result of central oscilla-
tors that are disinhibited due to cerebellar damage or are 
related to a defect in the predictive, corrective muscle activity 
during movement or posture. This activity is a function of the 
normal cerebellum that then becomes totally dependent on 
non-predictive long-loop stretch reflexes; tremor results from 

a sequence of delayed and/or enhanced transcortical long-
loop reflexes (Diener and Dichgans 1992). There is evidence 
for a role of the cerebellum in the very common essential 
tremor and in the more rare palatal tremor (see Sect. 10.6). 
Damage to the midbrain tegmentum may lead to a Holmes or 
rubral tremor (Holmes 1904; Poirier et al. 1980; Defer et al. 
1994; Remy et al. 1995; Clinical case 10.6).

Fig. 10.27 Records of the attempts of a patient with a lesion of the left 
side of the cerebellum to outline the square end of a room with the right 
unaffected and the left affected forefingers in succession. Each flash of 
light represents the distance covered by the moving finger in 0.04 s. In 
attempting to outline a square as slowly and accurately as possible, the 
patient cannot maintain a uniform rate with the affected limb. The 
movement consists of a series of jerks separated by considerable peri-
ods of time. The more slowly the patient attempts to perform the move-
ment, the more irregular it becomes. There is marked dysmetria with 
both hypometria and hypermetria. A marked abnormality in the rate of 
movement can be detected in this record (from Holmes 1939)
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a b

Fig. 10.28 (a) Axial MRI and (b) FP-CIT-SPECT of a patient with a right-sided Holmes or rubral tremor due to hypertensive lacunar stroke. 
The SPECT shows a marked left dopaminergic denervation of the striatum (courtesy Peter van Domburg, Sittard)

Clinical Case 10.6  Holmes or Rubral Tremor

Holmes or midbrain tremor has been attributed to disrup-
tion of the dopaminergic and cerebellar outflow systems 
(Deuschl and Bergmann 2002; Seidel et al. 2009). An 
example is shown as Case report (Schreuder et al. 2010).

Case report: A 69-year-old male presented with an 
invalidating right-sided tremor. He suffered from a hyper-
tensive lacunar stroke 4 months earlier that caused a right 
hemiparesis and a left oculomotor palsy (Fig. 10.28a). 
Afterwards, he gradually developed a coarse resting tremor 
of about 3 Hz (for a video of the tremor see Schreuder et al. 
2010). The tremor was drug resistant and gradually evolved 
into a more particular action and initiation tremor in the 
coarse of one year. Such a midbrain or Holmes tremor has 
been attributed to disruption of the dopaminergic and cer-
ebellar outflow systems. An FP-CIT-SPECT revealed a 

marked left dopaminergic denervation of the striatum 
(Fig. 10.28b). The interval of weeks to years between the 
initial lesion and the onset is typical.

This case was kindly provided by Peter van Domburg 
(Department of Neurology, Orbis Medical Centre, Sittard, 
The Netherlands).
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10.9.2  Hereditary Spinocerebellar Ataxias

A cerebellar “picture” can be seen in many other conditions, 
which affect the afferent and efferent connections of the cere-
bellum. The ataxias can be subdivided into three groups: (1) 
hereditary ataxias; (2) non-hereditary degenerative ataxias and 
(3) acquired ataxias which are due to exogenous or endoge-
nous non-genetic causes (Klockgether 2000, 2010). The 
hereditary spinocerebellar ataxias have a number of clinical 
features in common, although there is a large clinical and 
genetic heterogeneity (Robitaille et al. 1997; Koeppen 1998; 
Iwabuchi et al. 1999; van de Berg et al. 2007; Kremer 2007). 
The most common is Friedreich ataxia, a hereditary recessive 
form (Koeppen 1998). The disease produces degeneration of 

the spinocerebellar tracts and dorsal columns, with some 
involvement of the pyramidal tract and the dorsal roots (see 
Clinical case 10.7). Another group of ataxias is clinically 
characterized by early-onset cerebellar ataxia, muscle wast-
ing, extrapyramidal features with oculomotor apraxia (Kremer 
2007). A still increasing number of autosomal dominant cer-
ebellar ataxias (ADCAs) have been identified (Kremer 2007; 
Rüb et al. 2008; see Clinical case 10.8). The non-hereditary 
degenerative cerebellar ataxias are characterized by a slowly 
progressive course over many years to decades (Harding 1984; 
Klockgether 2000; Kremer 2007). Even in the cerebellar sub-
type of multiple system atrophy (MSA-C), one of the fastest 
progressing adult-onset degenerative ataxias, the progression 
takes years (see Clinical case 10.9).

Clinical Case 10.7  Friedreich Ataxia

Friedreich ataxia (Friedreich 1863) is due to expansion of 
a guanine-adenine-adenine (GAA)-trinucleotide repeat. It 
typically affects the spinal cord (Koeppen 1998). Late-
onset mainly occurs in patients with small GAA repeat 
expansions resulting in frataxin concentrations that are suf-
ficient to delay disease onset until adulthood. Approximately 
15% of all patients with Friedreich ataxia have a disease 
onset beyond the age of 25 years and the disease can even 
start much later (Klockgether 2010). Post-mortem data are 
presented as Case report.

Case report: Gross anatomy and microscopical sec-
tions of the spinal cord of autopsy findings in Friedreich 
ataxia are shown in Fig. 10.29. The diameter of the tho-
racic spinal cord is reduced, the dorsal roots are greatly 
thinned (Fig. 10.29a). Myelin-staining reveals pallor of 
the dorsal columns, the DSCTs and the lateral corticospi-
nal tracts (Fig. 10.29b). There is neuronal loss in Clarke’s 
column and depletion of afferent connections to this 
nucleus (Fig. 10.29c, d). Cell loss is also evident in the 
dorsal root ganglia. In the dentate nucleus, severe neuronal 
loss (Fig. 10.29e, f) accounts for atrophy of the superior 
cerebellar peduncle. The cerebellar cortex is generally 
normal.

This case was kindly provided by Arnulf Koeppen 
(Neurology, Pathology and Laboratory Services, VA 
Medical Center, Albany, NY)
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a

Fig. 10.29 Post-mortem findings in Friedreich ataxia: (a) gross 
specimen of the spinal cord; note the thinning of the dorsal roots; (b) 
myelin-basic protein-stained transverse section of the thoracic cord 
showing pallor of the dorsal columns, the dorsal spinocerebellar 
tracts and the lateral corticospinal tracts; (c–f) cresylviolet-stained 
sections of Clarke’s column and the dentate nucleus in Friedreich 
ataxia (c and e) and control cases (d and f): (c) neuronal loss in 
Clarke’s column versus (d) a control; (e) neuronal loss in the dentate 
nucleus versus (f) a control (courtesy Arnulf Koeppen, Albany, NY)
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b

Fig. 10.29 (continued)
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Fig. 10.30 Sagittal MRI of a SCA3 patient showing cerebellar atro-
phy (courtesy Bart van de Warrenburg, Nijmegen)

Clinical Case 10.8  Spinocerebellar Ataxia Type 3 (SCA3)

Spinocerebellar ataxia type 3 (SCA3), also known as 
Machado–Joseph disease, is one of the many genetically 
defined spinocerebellar ataxias. It represents a progressive 
and autosomal dominant inherited cerebellar ataxia 
(ADCA) and is the most frequent genetically defined SCA 
(Robitaille et al. 1997; Iwabuchi et al. 1999; van de 
Warrenburg et al. 2005; Kremer 2007; Rüb et al. 2008). 
Clinical presentations of SCA3 include progressive gait, 
stance and limb ataxia, dysarthria, dysphagia, oculomotor 
disorders as well as a spectrum of non-cerebellar features 
including extrapyramidal signs (dystonia, parkinsonism), 

pyramidal involvement, polyneuropathy, lower motoneu-
ron involvement and autonomic dysfunctions, sleep distur-
bances and depressive symptoms (see Case report).

Case report: A 58-year-old man presented with fall 
incidents four years earlier. He then gradually developed a 
staggered gait, more prominent balance difficulties and 
loss of dexterity. His speech became slightly slurred. He 
also reported occasional horizontal diplopia and his wife 
mentioned the presence of limb movements during his 
sleep. His mother and a brother showed similar symptoms. 
Neurological examination revealed: normal cognitive func-
tions, gaze-evoked nystagmus and jerky ocular pursuit, 
mild cerebellar dysarthria, gait and limb ataxia, subtle dys-
tonic posturing of the right arm, disturbed vibration sense 
distally in the lower limbs, absent lower limb tendon 
reflexes and equivocal plantar reflexes. A clinical diagnosis 
of ADCA was made. Brain MRI demonstrated cerebellar 
atrophy (Fig. 10.30). Genetic testing revealed an expanded 
CAG repeat (65) in the SCA3 gene.
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Clinical Case 10.9  Multiple System Atrophy, Cerebellar 

Variant (MSA-C)

Multiple system atrophy (MSA) is a sporadic adult-onset 
progressive neurodegenerative disorder that presents with 
severe autonomic failure (see Chap. 12) and parkinsonism 
that is poorly responsive to levodopa (MSA-P or parkinso-
nian variant; see Chap. 11) or with cerebellar ataxia defined 
by gait ataxia with cerebellar dysarthria, limb ataxia or 
oculomotor dysfunction (MSA-C or cerebellar variant). 
The unifying neuropathological feature of all MSA vari-
ants is the presence of glial cytoplasmic inclusions in oli-
godendroglial cells at autopsy which stain positive for 
a-synuclein (Wenning et al. 2008). Patients with MSA 

have widespread CNS degeneration that encompasses the 
basal ganglia, the brain stem, the cerebellum and the inter-
mediolateral cell columns of the spinal cord (see Case 
report). The preferential involvement of the inferior olives, 
the pontine nuclei and the cerebellar cortex in MSA-C 
explains the historical term olivopontocerebellar atrophy 
(Dejerine and Thomas 1900).

Case report: A 60-year-old female, known with MSA, 
died of cardiovascular insufficiency. At autopsy, an extreme 
olivopontocerebellar atrophy was found. The cerebellar 
atrophy was most evident in the vermis (Fig. 10.31a). The 
dentate nucleus was rather small. The size of the pons and 
inferior olives was much reduced (Fig. 10.31b). Some 
depigmentation of the substantia nigra was present.
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Fig. 10.31 Comparison of cerebellar, pontine and olivary atrophy in 
a case of sporadic late-onset degeneration in MSA-C (a and c) versus 
a control (b and d). Note the severe atrophy of the vermis (a) and the 

extreme atrophy of the pons and the inferior olives (c; courtesy Pieter 
Wesseling, Nijmegen)



482 10 The Cerebellum

10.9.3  Acquired Ataxias

Acquired ataxias can be due to intoxications (alcohol), 
strokes, tumours or infections. Multiple sclerosis may also 
produce a cerebellar picture by interfering with cerebellar 
connections. Alcoholic cerebellar degeneration (ACD) is a 
chronic cerebellar disease that occurs mainly in middle-aged 
men with a history of chronic alcohol abuse. Degeneration 
affects the cerebellar cortex of the anterior vermis and adja-
cent parts of the cerebellar hemispheres, i.e. those parts of 
the cerebellum that mainly receive spinal afferents (Victor 

et al. 1959; Torvik and Torp 1986; Yokota et al. 2007). The 
corresponding clinical syndrome includes severe ataxia of 
gait and legs with relatively little effect on the arms, speed or 
ocular motility. Ataxia can evolve rapidly within weeks to 
months but some patients have slow and steady progression. 
Paraneoplastic cerebellar degeneration (PCD) is an 
immune-mediated degenerative disorder of the cerebellar 
cortex that can occur in association with almost every tumour, 
most commonly small-cell lung cancer, cancer of the breast 
and ovary and Hodgkin lymphoma (see Clinical case 10.10) 
(Fig. 10.32).

Fig. 10.32 (a, b) Serial sagittal MRIs showing cerebellar atrophy in a case of paraneoplastic cerebellar degeneration (courtesy Bart van de 
Warrenburg, Nijmegen)

Clinical Case 10.10 Paraneoplastic Cerebellar Degeneration

Paraneoplastic cerebellar degeneration (PCD) is an 
immune-mediated degenerative disorder that can occur in 
association with almost every tumour, most often small-
cell lung cancer, cancer of the breast and ovary and Hodgkin 
disease (Klockgether 2010). In many cases, ataxia precedes 
the detection of the underlying tumour (see Case report).

Case report: A 37-year-old male presented with quite 
progressive gait and speech abnormalities, diplopia and 
action tremor of both hands. Examination one year later 
revealed: disinhibited behaviour, gaze-evoked nystagmus, 
marked cerebellar dysarthria, severe truncal and gait ataxia 
leading to loss of unaccompanied walking, absent ankle 
jerks, distal sensory disturbances and the presence of primi-
tive reflexes. Serial brain MRI scanning indicated progres-
sive cerebellar atrophy (Fig. 10.32). Because of additional 
weight loss, vomiting and fatigue, an underlying malignancy 
was suspected. Screening for the more common antineuronal 
antibodies (anti-Hu, anti-Yo, anti-Ri, anti-amphiphysin, 

 anti-CV2 and anti-Ma2) was negative. Further diagnostic 
evaluation, including a retroperitoneal lymph node biopsy, 
led to the diagnosis Hodgkin disease. A diagnosis of PCD 
was made. Despite complete remission of the Hodgkin dis-
ease upon chemotherapy, the severe cerebellar syndrome 
remained unchanged. Paraneoplastic neurological diseases 
arise during, or even before, the development of malignancy 
elsewhere. They are caused by cross-reactive antibodies, ini-
tially aimed at tumour antigens but later targeting epitopes 
on CNS and PNS structures. Neuropathological examination 
in PCD shows severe loss of Purkinje cells and reactive 
inflammatory changes (Scaravilli et al. 1999).
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Clinical Case 10.11 Caudal Paramedian Midbrain Syndrome

Caudal midbrain lesions involving the entire decussation 
of the brachium conjunctivum have a distinctive clinical 
picture: bilateral cerebellar ataxia, oculomotor disorders 
and palatal myoclonus. Mossuto-Agatiello (2006) reviewed 
the literature of this unusual syndrome that is also known 
as the syndrome of the commissure of Wernekinck 
(Lhermitte et al. 1941; Garcin et al. 1971) and added five 
new cases. One of his cases is shown as Case report.

Case report: A 52-year-old man with a history of hyper-
tension noted the sudden onset of dizziness, unsteadiness 
of gait and dysarthric speech. Mild bilateral limb incoordi-
nation was also present. Brain CT demonstrated only small 
old multiple periventricular ischaemic lesions. The patient’s 
condition improved rapidly and after 2 months there was 
only a slight intention tremor and dysmetria of the right 

arm. Gait difficulty was minimal. Brain MRI revealed a left 
paramedian lower midbrain infarct (Fig. 10.33).

This case was kindly provided by Luigi Mossuto-
Agatiello (Division of Neurological Rehabilitation, IRCCS 
Clinica San Raffaele Pisana-TOSINVEST, Rome, Italy)
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Fig. 10.33 Axial T2-weighted (a) and T1 sagittal (b) MRIs, showing a left caudal paramedian midbrain syndrome (from Mossuto-Agatiello 
2006; courtesy Luigi Mossuto-Agatiello, Rome, Italy; with permission from Wolters Kluwer Health)

10.9.4  Vascular Lesions

Vascular lesions of the cerebellum and of the corticoponto-
cerebellar and the dentatothalamocerebral circuitries may 
result in ataxia (Timmann and Diener 2001). Because of the 
close vicinity of the cerebellar pathways and the corticospi-
nal tract in the base of the pons, the cerebral peduncle and 
the internal capsule, hemiataxia is frequently associated with 
ipsilateral pyramidal signs. Caudal midbrain lesions involv-

ing the decussation of the superior cerebellar peduncles have 
a distinctive clinical picture, including bilateral cerebellar 
ataxia, eye-movement disorders and palatal myoclonus 
(Mossuto-Agatiello 2006; see Clinical case 10.11). Limb 
ataxia and ataxia of gait are common in superior cerebellar 
artery (SCA), posterior inferior cerebellar artery (PICA) and 
anterior inferior cerebellar artery (AICA) territory (see 
Chapter 2) infarctions. Dysarthria is a characteristic symp-
tom of stroke in the SCA distribution.
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10.9.5  Ataxic Hemiparesis

Hemiataxia is frequent in thalamic infarction involving the 
ventrolateral thalamus, usually from involvement of the thal-
amogeniculate territory (see Chap. 2), but rarely occurs in 
isolation (Bogousslavsky et al. 1984, 1988; Melo et al. 1992; 
Moulin et al. 1995; see Clinical case 10.12). It may be asso-
ciated with ipsilateral hemiparesis (ataxic hemiparesis), 
pain and hemiparesis (painful ataxic hemiparesis), ipsilat-
eral sensory disturbance (hemiataxia-hypaesthesia) and 
ipsilateral sensory disturbance and hemiparesis (hypaes-
thetic ataxic hemiparesis). These four forms may be 
explained by variations in blood supply to the capsulotha-
lamic region (Moulin et al. 1995). Infarction or haemorrhage 
in the thalamus can lead to striking problems in balance to 
such an extreme that patients cannot stand without support 
(thalamic astasia). A similar picture occurs after lesions of 
the midbrain or the putamen (Masdeu and Gorelick 1988).

Ataxic hemiparesis is mostly due to lacunar lesions of the 
internal capsule and the basis of the pons (Fisher 1978; 
Gorman et al. 1998). Accompanying sensory signs or pain 
suggest a lesion site in the thalamus, whereas dysarthria 
points to the pons (Fisher 1978; Saitoh et al. 1987; Boiten 
and Lodder 1990; De Smet 1991; Kim et al. 1995; Bassetti 
et al. 1996; Gorman et al. 1998; Schmahmann et al. 2004a). 
The origin of limb ataxia in ataxic hemiparesis remains 
debated (Timmann and Diener 2001). Although the syn-
drome of ataxic hemiparesis may be due to simultaneous 
involvement of the corticospinal and dentatorubrothalamo-
cortico-pontocerebellar pathways, blood flow studies sug-
gested an ipsilateral cerebellar diaschisis (Giroud et al. 1994; 
Bassetti et al. 1996). Interruption of the cerebropontocere-
bellar (anterograde) and dentatothalamocortical (retrograde) 
pathways was thought to be the most likely mechanism of 
this remote transneuronal metabolic depression. In the major-
ity of PET and SPECT studies, however, no association of 
cerebellar hypoperfusion to clinical symptoms was found (di 
Piero et al. 1990; Tien and Ashdown 1992; Kim et al. 1997; 
Ishihara et al. 1999). Therefore, ataxic hemiparesis appears 
to be directly related to the local consequences of the lesion 
(Kim et al. 1997).

The posterior limb of the contralateral internal capsule is 
a common lesion site in ataxic hemiparesis, sometimes 
extending to the corona radiata and the lateral thalamus 
(Helgason and Wilbur 1990; Moulin et al. 1995). In these 
cases, the frontopontine and temporoparieto-occipitopontine 
bundles are not involved, since they pass in the anterior limb 
and the retro- and sublenticular portions of the internal cap-

sule, respectively. Therefore, the cerebellar dysfunction may 
be due to disruption of the corticopontine fibres from the pre-
central cortex or of the thalamocortical projections from the 
VL to the precentral region (Bogousslavsky et al. 1992). 
Saitoh et al. (1987) studied ataxia and the readiness potential 
in four cases of ataxic hemiparesis resulting from a small 
infarct in the posterior limb of the internal capsule. On the 
basis of normal readiness potentials, the dentatothalamocor-
tical system, secondary to interruption of the thalamic radia-
tion in the internal capsule, did not appear to be significantly 
involved. They concluded that the ataxia appeared to be the 
result of involvement of the corticopontine tract, originating 
from the precentral motor areas 4 and 6.

Bassetti et al. (1996) delineated three main syndromes of 
isolated infarcts of the pons (ventral, tegmental and bilat-
eral). Ventral lesions interrupt the corticospinal, corticobul-
bar and corticopontine fibres to various extents. In ventral 
pontine infarcts, pontine hemiparesis is often accompanied 
by ipsilateral facial palsy, brachiocrural ataxia and dysar-
thria. Smaller infarcts in the anterolateral territory of the 
pons are associated with mild motor dysfunction, corre-
sponding to the lacunar syndromes ataxic hemiparesis and 
dysarthria-clumsy hand syndrome (Glass et al. 1990; Kim 
et al. 1995), which may be variants of one syndrome (Kim 
et al. 1995; Bassetti et al. 1996). Schmahmann et al. (2004a) 
performed clinical-anatomical correlations in 25 patients 
with focal infarcts in the basilar pons. Clinical findings 
ranged from major devastation following extensive lesions 
(pure motor hemiplegia) to incomplete basilar pontine syn-
drome and restricted deficits after small focal lesions (ataxic 
hemiparesis, dysarthria-clumsy hand syndrome, dysarthria-
dysmetria and dysarthria-facial paresis). The dysmetria 
resulted from lesions involving pontine nuclei that link the 
ipsilateral cerebral cortex with the contralateral cerebellar 
hemisphere. Dysmetria ipsilateral to the lesion constitutes a 
disconnection syndrome, since it occurred when the hemi-
pontine lesion was extensive and interrupted pontocerebellar 
fibres from the opposite, intact side of the pons. The hetero-
geneity of motor manifestations that were found reflects the 
well-organized topography of motor function in the human 
basis pontis. This is in agreement with the anatomical orga-
nization of the motor pontine projections in monkeys. 
Higher-order impairments, which resulted from rostral and 
medial pontine lesions, included motor neglect, paraphasic 
errors and pathological laughter. This may be due to disrup-
tion of the pontine component of associative corticoponto-
cerebellar circuits. The cerebellum may also play a role in 
dystonia (Jinnah and Hess 2006; Le Ber et al. 2006).
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Fig. 10.34 Axial Flair (a) and coronal T2-weighted (b) MRIs, showing a left-sided thalamic infarction leading to thalamic ataxia (courtesy 
Peter van Domburg, Sittard)

10.10  The Cerebellar Cognitive 
Affective Syndrome

Cerebellar lesions do not always exhibit ataxic motor syn-
dromes. The cerebellar cognitive affective syndrome 
(CCAS) includes impairments in executive, visual-spatial 
and linguistic abilities, with affective disturbances ranging 
from emotional blunting and depression to disinhibition 

and psychotic features (Schmahmann and Sherman 1998; 
Mariën et al. 2001; Schmahmann 2004). The cognitive and 
psychiatric components of CCAS, together with the ataxic 
motor disability, were conceptualized within the dysmetria 
of thought hypothesis. This concept holds that a universal 
cerebellar transform facilitates automatic modulation of 
behaviour around a homeostatic baseline for which the 
cerebrocerebellar circuitry is essential. Damage to the 

Clinical Case 10.12  A Case of Thalamic Ataxia

Case report: A 74-year-old healthy man presented with 
an unsteady gait, which caused him to feel as if he was 
drunk. A few days earlier, he suddenly experienced a 
feeling of numbness and paraesthesias spreading over the 
right side of the body. Subsequently, the coordination of 
his right arm and leg was disturbed. There was no change 
in speech or comprehension. On clinical examination, he 
had a normal blood pressure and was very alive consider-
ing his age. His gait was slightly ataxic. His right arm 

and leg showed dysmetria on finger-nose and heel-shin 
tests, particularly when performed with his eyes closed. 
There was also hemihypaesthesia for sharp stimuli at the 
right side of the body but no muscle weakness and a nor-
mal reflex pattern. On MR imaging, a small left-sided 
thalamic infarct was found (Fig. 10.34). Further exami-
nation revealed no particular risk factors apart from 
hypertriglyceridaemia.

This case was kindly provided by Peter van Domburg 
(Department of Neurology, Orbis Medical Centre, Sittard, 
The Netherlands)
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 cerebellar component of the distributed neural circuits for 
sensorimotor, cognitive and emotional processing disrupts 
the universal cerebellar transform, leading to the universal 
cerebellar impairment affecting the lesioned domain. The 
universal cerebellar impairment manifests itself as ataxia 
when the sensorimotor cerebellum is involved and as CCAS 
when there is pathology in the lateral hemisphere of the 

posterior cerebellum (involved in cognitive processing) or 
in the vermis (limbic cerebellum). Cognitive and emotional 
disorders may accompany cerebellar diseases or may repre-
sent their principal clinical presentation (Schmahmann 
2004). A relatively common example is cerebellar mutism 
following surgery of the posterior cranial fossa (see Clinical 
case 10.13).

Clinical Case 10.13 Cerebellar Mutism

The posterior fossa syndrome may occur in children after 
resection of cerebellar tumours (Catsman-Berrevoets and 
Aarsen 2010). The most common feature is not only mutism 
(see Case report), but also oropharyngeal dyspraxia, emo-
tional lability and neuropsychiatric symptoms occur. 
Impairments of higher cognitive functions vary in severity 
and composition between children with symptoms fitting into 
the spectrum of the cerebellar cognitive affective syndrome.

Case report: A 4-year-old girl vomited after awakening 
in the morning since 4 weeks. One week before admission, 
she complained of headache, diplopia and an unsteady gait. 
Neurological examination revealed optic disc oedema, nys-
tagmus and diplopia as well as cerebellar ataxia with dys-
arthria, imbalance of the trunk and abnormal coordination 
of movements of the upper and lower extremities. Cerebral 
imaging revealed a large cerebellar tumour (Fig. 10.35a), 
hydrocephalus and spinal lesions suspect for metastasis. 
Large part of the tumour was removed, which proved to be 

Fig. 10.35 (a) T1-weighted axial MRI with contrast enhancement, 
showing a large central cerebellar tumour; and (b) axial CT without 
contrast of the posterior fossa shortly after partial tumour resection. 

There is a hypodense, slightly haemorrhagic lesion in the right cere-
bellar hemisphere and some tissue loss (courtesy Michèl Willemsen, 
Nijmegen)
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a medulloblastoma (WHO Grade 4). After resection of the 
cerebellar tumour (Fig. 10.35b), the girl did not speak, 
whereas understanding of spoken language was preserved. 
The so-called cerebellar mutism recovered slowly in the 
course of 2 months.
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11.1  Introduction

The basal ganglia are a group of closely connected cell 
masses, forming a continuum, extending from the telenceph-
alon to the midbrain tegmentum. This complex comprises 
the striatum (the nucleus caudatus and the putamen, largely 
separated by the internal capsule), the globus pallidus (GP), 
the subthalamic nucleus (STN) and the substantia nigra (SN) 
(Figs. 11.1–11.3). The output of the basal ganglia is aimed 
at the ventral anterior (VA) and ventrolateral (VL) thalamic 
nuclei or VA–VL complex (parts of the motor thalamus), the 
centromedian thalamic nucleus, the habenula, the peduncu-
lopontine tegmental nucleus (PPN) and the superior collicu-
lus. In most non-primate mammals, the caudate and putamen 
are not clearly separated by an internal capsule and are 
known as the caudate–putamen complex or striatum. In pri-
mates, the GP consists of external or lateral and internal or 
medial segments. In other mammals, the entopeduncular 
nucleus is the homologue of the internal segment. The cau-
date nucleus, the putamen and the GP form the dorsal part 
of the striatal complex. Heimer and co-workers (Heimer 
1976; Heimer et al. 1982, 1991; Alheid et al. 1990) intro-
duced the terms ventral striatum and ventral pallidum to 
include the limbic system into the basal ganglia. The nucleus 
accumbens, both cytoarchitectonically and histochemically 

Hans J. ten Donkelaar, Bart van de Warrenburg, Michèl Willemsen,  
Benno Küsters, Yoshio Hashizume, and Akira Hori 

Basal Ganglia 11

H.J. ten Donkelaar (*) 
935 Department of Neurology, Radboud University Nijmegen Medical 
Centre, P.O. Box 9101, 6500 HB Nijmegen, The Netherlands 
e-mail: h.tendonkelaar@neuro.umcn.nl

Contents

11.1  Introduction .......................................................................  495

11.2  Subdivision, Cytoarchitecture and Basic Circuitry .......  499
11.2.2  The Pallidal Complex ..........................................................  501
11.2.3  The Subthalamic Nucleus ...................................................  502
11.2.4  The Motor Thalamus ...........................................................  502
11.2.5  The Substantia Nigra and the Ventral Tegmental Area .......  504
11.2.6  The Direct and Indirect Basal Ganglia Pathways ................  505

11.3  Functional Basal Ganglia Connections ...........................  507
11.3.2  The Striatofugal System ......................................................  510
11.3.3 The Output Structures of the Basal Ganglia .......................  511
 Clinical Case 11.1 Anterograde Fibre  

Degeneration Following Pallidal Lesions ...........................  514
11.3.4  The Nigrostriatal System .....................................................  516
11.3.5  Lesions of the Basal Ganglia ...............................................  518
 Clinical Case 11.2 Selective Vulnerability of the  

Basal Ganglia I: Overview ..................................................  519
 Clinical Case 11.3 Selective Vulnerability of the  

Basal Ganglia II: Familial Striatal Degeneration ................  521
 Clinical Case 11.4 Selective Vulnerability of the  

Basal Ganglia III: Leigh Syndrome ....................................  522
 Clinical Case 11.5 Motor Function in a Patient  

with Bilateral Lesions of the Globus pallidus .....................  524
 Clinical Case 11.6 Hemiballism ..........................................  524
 Clinical Case 11.7 Dentatorubropallidoluysian Atrophy ....  525

11.4  Pathophysiology of Basal Ganglia Disorders ..................  528
11.4.1  Parkinson Disease ...............................................................  528
11.4.2  Hemiballismus .....................................................................  533
 Clinical Case 11.8 Posttraumatic Tremor Without  

Parkinsonism in a Patient with Complete  
Contralateral Loss of the Nigrostriatal Pathway .................  533

 Clinical Case 11.9 The Clinical Spectrum of PD  
and Related Disorders: I Juvenile PD and  
Vascular Parkinsonism ........................................................  534

 Clinical Case 11.10 The Clinical Spectrum of PD and  
Related Disorders II: Parkinson-Plus Disorders..................  535

11.4.3  Chorea .................................................................................  538
11.4.4  Dystonia ..............................................................................  539
11.4.5  Obsessive–Compulsive Disorders .......................................  539

11.5  Neuropathology of Basal Ganglia Disorders ..................  539
11.5.1  Parkinson Disease ...............................................................  540
 Clinical Case 11.11 Neuropathological  

Assessment of Hypokinetic Movement Disorders ..............  544
11.5.2  Parkinson-Plus Disorders ....................................................  547
 Clinical Case 11.12 Progressive Supranuclear Palsy ..........  548
 Clinical Case 11.13 Corticobasal Degeneration ..................  550
11.5.3  Huntington Disease .............................................................  552

References ......................................................................................  553



496 11 Basal Ganglia

Fig. 11.1 (a, b) Two Weigert-stained sagittal sections of the human 
basal ganglia (modified after sections from the Jelgersma Collection, 
Anatomical Museum Leiden; with permission from the Board of the 
Anatomical Museum, Leiden University Medical Centre). Note the 
continuation of the caudate nucleus (adjacent to the lateral ventricle) 

into the ventral striatum. The dark-stained anterior commissure sepa-
rates the dorsal pallidum (with external and internal parts) from the 
ventral pallidum. Below the thalamus the oval-shaped subthalamic 
nucleus can be observed above the cerebral peduncle
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Fig. 11.2 Two frontal Weigert-stained 
sections of the human basal ganglia. In 
(a), a section through the corpus of the 
caudate nucleus, separated from the 
putamen by the internal capsule; medial 
to the putamen, the globus pallidus is 
found and below the horizontally 
coursing anterior commissure the 
ventral pallidum; lateral to the putamen, 
the external capsule, the claustrum  
and the extreme capsule are found. In 
(b), the anterior thalamic nucleus is 
found on the left and on the right, from 
dorsal to ventral the caudate nucleus, 
the internal capsule and the lentiform 
nucleus, composed of the putamen and 
the darker-stained external and internal 
parts of the globus pallidus. Note the 
ansa lenticularis below the globus 
pallidus (adapted from Jelgersma 1931)
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Fig. 11.3 Two frontal Weigert-stained 
sections of the human basal ganglia. In 
(a), the subthalamic nucleus, sur-
rounded by its capsule, is fully 
developed above the pes pedunculi. The 
globus pallidus begins to diminish. In 
(b), the red nucleus is fully developed. 
Below the red nucleus, the substantia 
nigra is present above the cerebral 
peduncle. Note the caudal part of the 
subthalamic nucleus above the lateral 
part of the substantia nigra (adapted 
from Jelgersma 1931)
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closely resembling the caudate nucleus and the putamen, and 
the greater part of the olfactory tubercle form the ventral 
striatum. The rostral part of the substantia innominata forms 
a ventral extension of the GP and is known as the ventral 
pallidum.

The cerebral cortex has extensive connections with the stria-
tum that, via the GP and ventral thalamic nuclei, projects back to 
the motor, premotor and prefrontal areas of the cortex. 
Sensorimotor association and limbic cortical areas project in a 
segregated tripartite manner onto the striatum, and give rise to 
cortico-striato-pallido-thalamocortical circuits or re-entrant 
loops. The putamen processes motor information in particular, 
the caudate nucleus cognitive information, and the nucleus 
accumbens emotional and motivational information. The current 
model of basal ganglia circuitry, introduced by Albin et al. 
(1989) and elaborated by DeLong and collaborators (Alexander 
and Crutcher 1990; DeLong 1990), involves two major striatal 
efferent pathways to the main output  stations, known as the 
direct and indirect pathways, the first to facilitate or induce 
movements and the second to “brake” movements. Although 
challenged by the increasing complexity brought about by ana-
tomical, physiological and clinical observations (Parent and 
Hazrati 1995a, b; Graybiel et al. 2000; Obeso et al. 2000a, b; 
Parent et al. 2000a; Wichmann et al. 2000), this model still serves 
as a basis to explain pathophysiological mechanisms underlying 
motor disorders. Many diseases of the basal ganglia have some 
disorder of movement as their primary symptom, ranging from 
an excess of (abnormal) involuntary movements such as in cho-
rea to a poverty and slowness of movement as in Parkinson dis-
ease (PD). There may also be changes in muscle tone and posture 
(DeLong and Georgopoulos 1981; Marsden 1982). Bhatia and 
Marsden (1994) reviewed the behavioural and motor conse-
quences of focal lesions of the caudate nucleus, the putamen and 
the GP in humans. Psychic disorders such as obsessive–compul-
sive behaviour are observed in patients with lesions affecting vari-
ous parts of the basal ganglia circuitry (Laplane et al. 1989; 
Graybiel and Rauch 2000; Heimer 2000; Alegret et al. 2001). The 
ventral parts of the basal ganglia are intimately related to two 
other basal forebrain structures, i.e. the basal nucleus of Meynert 
and the extended amygdala. These interdigitating and partly over-
lapping anatomical systems are involved in some of the most dev-
astating neuropsychiatric disorders such as schizophrenia and 
Alzheimer disease (AD) (Alheid and Heimer 1988; Heimer et al. 
1991, 1997; Heimer 2000; see Chap. 14).

11.2  Subdivision, Cytoarchitecture 
and Basic Circuitry

11.2.1  The Striatum

The striatum, the main input station of the basal ganglia, 
comprises the nucleus caudatus, the putamen and the ventral 
striatum. The large globular head of the caudate nucleus 

rests on the anterior perforated substance and is rostrally con-
tinuous with the putamen. The nucleus accumbens (or fun-
dus striati) lies closely apposed to the most rostroventromedial 
part of the caudate–putamen complex (Fig. 11.1). With the 
olfactory tubercle, it forms the ventral striatum. The caudate 
nucleus is closely related to the lateral ventricle, whereas the 
putamen is situated medial to the insula (Figs. 11.2 and 11.3). 
The putamen forms with the GP the lentiform nucleus. The 
anterior limb of the internal capsule largely separates the cau-
date nucleus from the putamen. In primates and humans, dor-
sal and ventral striatal regions have been isolated on the basis 
of their neurochemical architecture (Alheid et al. 1990; 
Parent et al. 1995a; Holt et al. 1997; Karachi et al. 2002; 
Morel et al. 2002; Haber and Gdowski 2004). The dorsal part 
of the striatum is characterized by a typical striosome-matrix 
subdivision, whereas the ventral striatum also displays a het-
erogeneous pattern but with a more complex organization and 
a delineation of core and shell regions. Three zones of corti-
costriatal input are present: sensorimotor, associative and 
limbic, which correspond to poor, intermediate and strong 
calbindin labelling, respectively (François et al. 1994a; Holt 
et al. 1997; Karachi et al. 2002; Morel et al. 2002). Feekes 
and Cassell (2006) studied the vascular supply of the func-
tional compartments in the human striatum (see also Feekes 
et al. 2005). Calbindin-staining of the arterial-injected stria-
tum matched the functional compartments. They found a cor-
respondence between: (1) the lateral lenticulostriate  arteries 
and the sensorimotor zone; (2) the medial lenticulostriate 
arteries and the associative zone and (3) the recurrent artery 
of Heubner and the limbic zone (Fig. 11.4).

Compartmental organization of the mammalian striatum 
has been demonstrated with histochemistry (acetylcholinest-
erase (AChE) staining) and immunohistochemistry (staining 
for tyrosine hydroxylase (TH), an enzyme necessary for dop-
amine biosynthesis, dopamine, enkephalins and other neuro-
peptides, calcium-binding proteins). Clustering of striatal 
neurons is obvious particularly in the developing mammalian 
striatum (Goldman-Rakic 1981, 1982; Graybiel 1984). The 
dopaminergic innervation of the striatum of young animals is 
organized in patches (“dopamine islands”), spatially corre-
sponding with AChE-rich patches (Graybiel et al. 1981). In 
adult animals, the distribution of TH or dopamine immunore-
activity does not show such prominent local inhomogeneities 
except in the ventral striatum-accumbens region (Graybiel 
et al. 1981; Graybiel 1984). With AChE staining, Graybiel and 
Ragsdale (1978) showed that within the otherwise AChE-rich 
striatal tissue (the striatal matrix) a mosaic of small zones of 
low AChE activity is present and called them “striosomes”. A 
similar patchy arrangement of the striatum was shown in the 
developing human brain (Kostović 1986; Holt et al. 1997). 
Letinić and Kostović (1996) showed that patches rich in 
calbindin-immunoreactive neuropil correspond to AChE-rich 
patches of prenatal brains. Ulfig et al. (2001) showed that the 
expression of AKAP79, a  kinase-anchoring protein enriched 
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in postsynaptic densities, correlates in the striatal compart-
ments of the foetal human brain with the dopaminergic inner-
vation of the striatum. Within the matrix, the matrisomes have 
been identified, consisting of distinct clusters similar in size 
and shape to striosomes.

In the adult human striatum, the striosome compartment 
is also clearly identifiable in calbindin-stained sections (Holt 
et al. 1997; Prensa et al. 1999; Karachi et al. 2002; Morel et al. 
2002; Fig. 11.5). It is also identifiable by low TH-immunostaining 
and high levels of enkephalin and  substance P (Beach and 

Fig. 11.4 Vascular territories in the striatum of lenticulostriate arteries 
and the recurrent artery of Heubner: (a) radiograph/fluorescent dye over-
lap of injected medial and lateral lenticulostriate arteries (arrowheads) and 
recurrent artery of Heubner (arrow) in the human basal ganglia; (b) calbin-
din (CB)-stained section showing striosomes (arrows) and matrix and the 
sensorimotor, association and limbic corticostriatal zones as defined by the 
dorsoventral gradient of weak, intermediate and strong CB-labelling; 
 borders between corticostriatal zones are indicated by dashed lines; 

c CB-stained section with overlap of barium sulphate-injected (inverted) 
medial (white arrowhead) and lateral (arrowhead) lenticulostriate arteries 
and the recurrent artery of Heubner (arrow). Cd caudate nucleus, ic inter-
nal capsule, NA nucleus accumbens, Pu putamen (a from Feekes et al. 
2005; (b, c) from Feekes and Cassell 2006; kindly provided by Martin 
Cassell, Iowa City; with permission from the American Neurological 
Association and Oxford University Press, respectively)
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McGeer 1984; Mai et al. 1986). The striosomes display a strik-
ingly complex and heterogeneous architecture and are com-
posed of two chemically distinct regions, a core and a periphery, 
which are likely to play a different role in the functional orga-
nization of the striatum (Prensa et al. 1999). This arrangement 
is characteristic for the rostral and dorsal parts of the striatum. 
In the ventral striatum, two main regions can be identified: the 
calbindin-low, crescent-shaped shell and the calbindin-rich 
core of the nucleus accumbens (Meredith et al. 1996; Holt 
et al. 1997; Karachi et al. 2002; Morel et al. 2002), as defined 
in rats (Záborsky et al. 1985) and non-human primates (Haber 
et al. 1990).

The territorial organization level is determined by the 
topography of the corticostriatal projections. In monkeys, 
tract-tracing studies showed three functional territories 
(see Sect. 11.3.1): a sensorimotor territory mainly located 
in the putamen (Künzle 1975), an associative territory 
mainly located in the caudate nucleus (Selemon and 
Goldman-Rakic 1985) and a limbic territory located in the 
ventral striatum (Kunishio and Haber 1994). The distribu-
tion of calbindin-immunoreactivity also revealed three dif-
ferent regions (Karachi et al. 2002), which parallel the 
topography of corticostriatal and amygdalostriatal projec-
tions. The region of weak labelling includes the dorsal part 
of the caudate nucleus and putamen at rostral levels and the 
largest part of the central putamen, a distribution which 
closely matches those of the projections from the motor and 
premotor cortices (Künzle 1975). The region of intermedi-
ate labelling includes the rostral pole of the caudate nucleus, 
the central part of the caudate nucleus and the putamen at 
rostral levels, and the medial portion of the posterior puta-

men. These regions receive projections from the prefrontal 
cortex (Yeterian and Pandya 1991), in particular the dorso-
lateral prefrontal cortex (Selemon and Goldman-Rakic 
1985), and from the associative regions of the temporal, 
parietal and occipital cortices (Selemon and Goldman-Rakic 
1985; Saint-Cyr et al. 1990; Yeterian and Pandya 1993, 
1995, 1998). The region of strong labelling includes the 
nucleus accumbens, the ventral part of the caudate nucleus 
and putamen at rostral levels and the ventral part of the cau-
dal putamen. This compartment receives projections from 
the orbital and medial prefrontal cortex (Kunishio and Haber 
1994; Haber et al. 1995), the insula (Chikama et al. 1997), 
the anterior cingulate cortex (Eblen and Graybiel 1995) and 
the amygdala (Russchen et al. 1985).

11.2.2  The Pallidal Complex

The globus pallidus (GP) (also known as the pallidum) can 
be easily distinguished by its pale colour in unstained sections, 
which reflects the presence of a large number of myelinated 
fibres, and its relative darkness in Weigert-stained sections 
(Figs. 11.1–11.3). For Golgi studies of the primate GP, see 
François et al. (1984a) and Yelnik et al. (1984). Percheron 
et al. (1984) studied its 3-D geometry. The medial medullary 
lamina divides the GP into a lateral or external segment 
(GPe) and a medial or internal segment (GPi), each with 
quite different connections. The ventral pallidum has been 
characterized by the use of pallidal markers as the rostral part 
of the substantia innominata (Heimer et al. 1982, 1991; Alheid 
et al. 1990), situated between the anterior perforated substance 

Fig. 11.5 Compartmental organization of the human striatum as found in (a) ChAT, (b) Calb and (c) SP staining. The arrowheads in a indicate 
striosomes (from Holt et al. 1997; with permission from Wiley, New York)
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ventrally and the anterior commissure dorsally (Figs. 11.1 and 
11.2). Pallidal compartmentalization follows the same ori-
entation as in the striatum (Parent et al. 1995a; Morel et al. 
2002). Enkephalin is homogeneously distributed mainly in the 
external part of the GP, whereas substance-P labelling is found 
mainly in the internal pallidum (Beach and McGeer 1984; 
Graybiel 1990). Sensorimotor and associative territories are 
characterized by differences in parvalbumin- and calbindin-
immunoreactivity and largely correspond to those defined on 
the basis of striatopallidal territories (Haber et al. 1990; 
François et al. 1994a, b). Percheron et al. (1984) suggested 
that the associative (caudate) and sensorimotor (putaminal) 
territories in the pallidum are of roughly the same size.

11.2.3  The Subthalamic Nucleus

The subthalamic nucleus (STN) is a lens-shaped, large-
celled nucleus with a rostrocaudal length of about 10 mm and 
contains about 560,000 cells (Hardman et al. 2002). It is situ-
ated in the most caudal part of the diencephalon, dorsomedial 
to the posterior limb of the internal capsule (Figs. 11.1b and 
11.3a). Its medial part overlies the rostral portion of the SN. 
Since Jules Bernard Luys’ description, the STN is known as 
the corpus Luysi (Luys 1865). The nucleus is a key structure 
in the basal ganglia circuitry (Parent and Hazrati 1995b; 
Hamani et al. 2004). It projects to both the external and  internal 
parts of the GP, to the reticular part of the SN, the striatum, the 
cerebral cortex, the substantia innominata, the pedunculopon-
tine nucleus and the mesencephalic and pontine reticular for-
mation (Nauta and Cole 1978; Carpenter et al. 1981; Smith 
et al. 1990; Parent and Hazrati 1995b). In primates, the STN 
appears to influence its various targets through separate sub-
systems: (1) neurons in the dorsolateral two-thirds of the STN 
project to the putamen and the external part of the GP; (2) 
those projecting to the caudate nucleus and GPi/SNr are 
mostly confined to the ventromedial third of the nucleus and 
(3) those projecting to the ventral pallidum are principally 
found in the medial tip of the STN. This suggests that a subdi-
vision into sensorimotor, associative and limbic territories is 
also present in the STN (Parent and Hazrati 1995b).

11.2.4  The Motor Thalamus

The motor thalamus of primates is usually considered to 
comprise the VL and VA groups of nuclei (Walker 1938; 
Olszewski 1952; Hirai and Jones 1989a; Macchi and Jones 
1997; Morel et al. 1997). It may be subdivided according to 
the territory of its main afferents (Percheron et al. 1993, 
1996). In primates, nigral, pallidal and cerebellar afferents 
innervate the motor thalamus from rostral to caudal. The 
motor thalamus can be defined as the region between the 

internal and external medullary laminae, limited posteriorly 
by the somatosensory thalamic nuclei (Hamani et al. 2006). 
Various  classifications have been proposed to subdivide the 
motor thalamus in primates and humans, relying mainly on 
cytoarchitectonic descriptions and fibre connections (Walker 
1938; Olszewski 1952; Hassler 1959; Hirai and Jones 1989a; 
Percheron et al. 1993, 1996; Macchi and Jones 1997; Morel 
et al. 1997; Percheron 2004). Despite its excessive subdivi-
sion of nuclei, Hassler’s system remains the most commonly 
used classification for the motor thalamus in neurosurgery 
(Schaltenbrand and Wahren 1977). Hassler (1959) divided 
the lateral thalamic nuclear region into oral, caudal, interme-
diate and lateropolar segments, each of which was further 
subdivided into ventral, intermediate and dorsal nuclei, again 
with anterior–posterior and medial–lateral parts (Fig. 11.6a). 
The ventral tier of the lateral thalamus comprises the nucleus 
ventralis oralis anterior (Voa), the nucleus ventralis ora-
lis posterior (Vop), the nucleus ventralis intermedius 
(Vim) and the nucleus ventralis caudalis (Vc). These nuclei 
were suggested to receive pallidal, cerebellar and muscle 
spindle afferents and sensory modalities passing via the 
medial lemniscus, respectively. Nigral afferents were hardly 
known then. Walker’s (1938) nomenclature for macaque 
monkeys is much more straightforward and without the 
many finer subdivisions suggested by Hassler. Walker intro-
duced the terms nucleus ventralis anterior (VA), nucleus 
ventralis  lateralis (VL), nucleus ventralis intermedius 
(VIM) and nucleus ventralis medialis (VM), which were 
later modified by Olszewski (1952) for Macaca mulatta, and 
by Hirai and Jones (1989a) and Morel et al. (1997) for the 
human thalamus. Hirai and Jones (1989a) subdivided the VA 
nucleus into magnocellular (VAmc) and parvocellular 
(VApc) parts, the ventral lateral nucleus into anterior (VLa) 
and posterior (VLp) subnuclei, and the ventral posterior lat-
eral nucleus (VPL) into anterior (VPLa) and posterior 
(VLPp) subnuclei. Nigral afferents innervate mainly the 
VAmc, VM and parts of the VA nuclei, whereas pallidal 
afferents innervate the major part of the VA and the VLa 
nuclei (see Sect. 11.3.3). The VLp receives afferents from 
deep cerebellar nuclei (see Chap. 10), the VPLa receives 
deep lemniscal afferents and the VPLp receives superficial 
sensory lemniscal fibres (see Chap. 4). Morel et al. (1997) 
subdivided the lateral group of thalamic nuclei into: (1) the 
ventroposterior complex, the principal relay for somatosen-
sory information (see Chap. 4), including the ventral poste-
rior lateral (VPL), ventral posterior medial (VPM) and 
ventral posterior inferior (VPI) nuclei, and (2) the VA, VL 
and ventral medial (VM) nuclei (Fig. 11.6b). The VA and the 
anterior part of the VL (VLa) nuclei receive pallidal and 
nigral afferents, whereas the posterior part of the VL nucleus 
(VLp) forms the cerebellar territory of the motor thalamus. 
The compartmentalization of calcium-binding proteins in 
the motor thalamus suggests two major subgroups, one  
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comprising VLp (the cerebellar territory) characterized by 
the presence of parvalbumin, the other, VLa, VA and VM 
(the pallidal and nigral territories) with prevailing calbindin 
D-28K-immunoreactivity (Hirai and Jones 1989a, b; Morel 
et al. 1997). Percheron and colleagues (Percheron et al. 1993, 
1996; Percheron 2004) adopted a completely new nomencla-
ture, referring to the whole lateral mass of the thalamus as a 
“formatio lateralis”, composed of a nucleus lateralis oralis 
(LO), receiving pallidal afferents, a nucleus lateralis rostralis 
(LR) receiving nigral afferents, a nucleus lateralis interme-
dius (LI), receiving cerebellar afferents, and a nucleus latera-
lis caudalis (LC), corresponding to the VPL and VPM.

Physiological studies have shown that cells associated 
with motion are found throughout the primate motor thalamus 
(Vitek et al. 1994, 1998; Pessiglione et al. 2005). Cells related 
to voluntary movements are more commonly found in the pal-
lidal territory than in the cerebellar territory. On the contrary, 
cells responsive to passive movements are prevalent in the cer-
ebellar territory but also present in the pallidal territory. 
Surgical procedures in the human motor thalamus have been 
performed most often for movement disorders, but also during 
treatment for pain and cerebellar disorders. The frequency of 
discharges in the motor thalamus of patients with PD does not 
vary significantly between nuclei and is on average 12–14 Hz 
(Raeva et al. 1999a, b; Magnin et al. 2001). In patients with 
dystonia, the firing rate of motor thalamus cells ranges from 
14 to 30 Hz (Lenz et al. 1999). MacMillan et al. (2004) exam-
ined the response of human thalamic neurons to a sequential 
button task, and found that 60% of the cells recorded were 
task related. Neurons responsive to internally generated tasks 
were located in Voa, whereas neurons responsive to externally 
generated tasks were found in the Vim, Vop and Voa.

Several units in the motor thalamus respond to passive or 
active movement. Cells responsive to joint movements or 
pressure to deep structures are called kinaesthetic or deep 
sensory cells, whereas cells responsive to cutaneous sen-
sory stimuli are called cutaneous sensory cells. These are 
mostly found in the Vc/VPL. Cells that change their firing 
rate in advance to or during active movements are called 
voluntary cells, and units that possess properties of sensory 
and voluntary cells are known as combined cells (Lenz 
et al. 1988a, b, 1990, 1994). Voluntary cells are highly con-
centrated in the Vop (70% of movement-related units) and 
Vim (49% of movement-related units), but only in 22% in 
the anterior border of Vc (Lenz et al. 1990; Raeva et al. 
1999a, b). Combined cells comprise 13% of the movement-
related units in the Vop, 7% in Vim and 12% in Vc (Lenz 
et al. 1990). Molnar et al. (2005) showed that voluntary cells 
have lower firing rates in PD, compared with essential 
tremor or pain. Cells firing in bursts are found in the motor 
thalamus. Tremor-locked bursting cells and bursting cells 
unrelated to tremor were found in the Voa, Vop and Vim 
(Magnin et al. 2000).

Tremor cells present a synchronous coherent activity 
with EMG-recorded tremor. Voluntary cells, combined cells 
and deep sensory cells may also respond tremor-related 
activity (Lenz et al. 1994; Raeva et al. 1999a, b). In patients 
with movement disorders, tremor cells are found mostly in 
the Vim, the caudal part of the Vop and at the anterior bor-
der of the Vc (Hutchison and Lozano 2000; Magnin et al. 
2000; Brodkey et al. 2004). The most often used thalamic 
target for tremor differs from that for rigidity. Hassler’s 
Vim, more specifically the rostroventral portion of the lat-
eral part of this nucleus adjacent to Vop, comprises the most 
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often used target for tremor control in PD, essential tremor 
and other forms of tremor (Benabid et al. 1991, 1996; Ohye 
1998; Tasker 1998). For the treatment of parkinsonian rigid-
ity, Hassler’s Voa and Vop were considered suitable targets, 
before the benefits provided by GPi and STN procedures for 
the various parkinsonian symptoms were found (see Ohye 
1998; Tasker 1998). Anatomopathological studies attempt-
ing to correlate clinical results with pathological findings 
have often depicted lesions that occupy significant portions 
of the motor thalamus, making it difficult to differentiate 
individual nuclei such as Vim, Vop and Voa (Cooper et al. 
1963; Smith 1966; Hanich and Maloney 1969). Moreover, 
the lesions shown in some of these studies extended beyond 
the boundaries of the thalamus and included also the fields of 
Forel and the zona incerta. Therefore, the clear distinction of 
the Voa and Vop as best targets for rigidity and Vim for tremor 
that was supported by clinical and electrophysiological stud-
ies still needs additional anatomopathological corroboration 
(Hamani et al. 2006; see also Macchi and Jones 1997).

11.2.5  The Substantia Nigra and the Ventral 
Tegmental Area

The substantia nigra (SN) is a flattened, more or less oval 
structure that lies on the dorsal side of the cerebral peduncle 
(Figs. 11.1b, 11.3b, and 11.7), extending throughout the mes-
encephalon from the subthalamic area to the rostral  border of 
the pons, and easily recognized macroscopically as its dop-
aminergic neurons contain neuromelanin (Foix and Nicolesco 
1925; Bogerts 1981; Saper and Petito 1982; Poirier et al. 
1983; Braak and Braak 1986; van Domburg and ten Donkelaar 
1991). Using an unbiased stereological technique, Pakkenberg 
et al. (1991) estimated the total number of pigmented and 
non-pigmented neurons in the SN as 550,000 and 260,000, 
respectively. Hardman et al. (2002) estimated its total number 
of cells to be around 680,000. The SN is generally subdivided 
into a cell-dense dorsal region, the dopaminergic pars com-
pacta (SNc) or A9 group, a cell-sparse ventral region, the 
pars reticulata (SNr) and a pars lateralis. For Golgi studies 
in primates, see François et al. (1987) and Yelnik et al. (1987). 
The pars reticulata is often regarded as homologous to the 
internal part of the GP. The pars lateralis has larger neurons 
than the reticular part (François et al. 1985) and plays a spe-
cial role in visual and oculomotor mechanisms (Hikosaka  
and Wurtz 1983; Schultz 1986; Saint-Cyr et al. 1990). 
Dopaminergic neurons closer to the midline form the ventral 
tegmental area of Tsai (VTA; Tsai 1925) or A10 group 
(Halliday and Törk 1986; Oades and Halliday 1987). Above 
the SN lies the nucleus parabrachialis pigmentosus, which 
forms the lateral part of the VTA. Various subdivisions of the 
human SN and the ventral tegmental area have been made; 
criteria that have been used variably stressed cytological (Foix 
and Nicolesco 1925; Hassler 1937; Olszewski and Baxter 

1954; Poirier et al. 1983; Braak and Braak 1986; Halliday and 
Törk 1986; van Domburg and ten Donkelaar 1991), hodologi-
cal (François et al. 1985) and immunohistochemical (Waters 
et al. 1988; Damier et al. 1999a) data, leading to a sometimes 
rather confusing nomenclature. The terminology for subnu-
clei in the human SN and nuclei in the VTA used here basi-
cally follows Braak and Braak’s (1986) and Halliday and 
Törk’s (1986) studies, respectively. In thick sections stained 
for intraneural lipofuscin pigment, the subdivision of the SN 
can be more easily recognized than in sections of the usual 
thickness. A pigmentoarchitectonic study of the human SN 
(Braak and Braak 1986) revealed three main territories: a pars 
compacta with seven subnuclei, a pars diffusa in between the 
posterior subnuclei of the pars compacta, and a pars reticu-
lata. Two examples of the pigmentoarchitecture of the SN are 
shown in Fig. 11.7a (van Domburg and ten Donkelaar 1991). 
Some general principles of the human SN and VTA are:
 1. A dichotomy of the pars compacta, the borderline between 

these two parts running more or less diagonally from ros-
troventromedial to caudodorsolateral (Hassler 1937); the 
anterior or rostral ventromedial pars compacta is com-
posed of anteromedial (Am) and anterolateral or antero-
intermediolateral (Al, Ail) subnuclei, the posterior or 
caudal dorsolateral pars compacta roughly tends to be 
organized as dorsal (the posterosuperior subnucleus, Ps) 
and ventral subnuclei (the posteromedial and posterolat-
eral subnuclei, Pm, Pl).

2. The cell-sparse pars reticulata is not only found VL to 
the pars compacta subnuclei but extends in between these 
subnuclei (Braak and Braak’s pars diffusa).

3. The pars lateralis contains neurons with a dendritic pat-
tern like the pars reticulata (Braak and Braak 1986; Fran-
çois et al. 1987).

 4. The VTA consists of several midline nuclei (the nucleus 
linearis rostralis, the nucleus linearis caudalis and the 
nucleus interfascicularis), the more medially situated 
nucleus paranigralis, and the nucleus parabrachialis 
pigmentosus in between the SN and the red nucleus.
With antibodies to TH basically two subcomponents or 

tiers of the human SN can be distinguished (Pearson et al. 
1983; Haber and Groenewegen 1989; van Domburg and ten 
Donkelaar 1991; McRitchie et al. 1996; Fig. 11.7b): a dorsal 
tier of loosely arranged neurons, which is continuous medially 
with the VTA and laterally with the retrorubral area, and a ven-
tral tier of more closely packed neurons (the pars compacta 
proper), of which clusters frequently form finger-like protru-
sions deep into the pars reticulata. The dorsal tier is most 
prominent in the caudal aspects of the SN. This group of 
TH-positive cells occupies a medial region and extends dorso-
laterally along the ventral and lateral aspects of the decussation 
of the brachium conjunctivum and the red nucleus. This cap-
sule-like arrangement (Gaspar et al. 1983) of TH-immunoreactive 
neurons around these prominent mesencephalic structures 
includes the nucleus parabrachialis pigmentosus. Neurons in 
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the lateral sector of the dorsal tier belong to the A8 or retroru-
bral cell group. The cell group A10 (midline and medial nuclei 
of VTA) together with the dorsal tier of the SN (A9), including 
the nucleus parabrachialis pigmentosus (the lateral nucleus of 
the VTA) form a more or less continuous band dorsal to the 
more densely clustered cells of the various subnuclei of the 
pars compacta proper. Specific peptidergic pathways differen-
tially innervate the SN (Haber and Groenewegen 1989). The 
distribution of enkephalin is restricted to the medial half of the 
ventral aspect of the SN, whereas substance P occupies its 
entire rostrocaudal and mediolateral extents. The distribution 
of calcium-binding proteins was found to be rather similar in 
rats and humans (McRitchie et al. 1996). Calbindin-D28K and 
calretinin were localized in neurons within the A8 and A10 
groups and within the caudomedial part of A9, but neurons 
containing parvalbumin are concentrated in the pars reticulata. 
Damier et al. (1999a) used calbindin-D28K immunohis-
tochemistry for a compartmental subdivision of the human SN 
into nigrosomes, largely corresponding to the cell clusters as 
defined above, and nigral matrix. Calbindin-28K is present in 

striatonigral fibres, resulting in intense immunostaining of the 
neuropil in the ventral midbrain. Within the calbindin-positive 
region, they found conspicuous calbindin-poor zones, which 
form elements of larger, branched 3-D structures. They were 
called nigrosomes and contain 40% of the DAergic neurons of 
the SN. Sixty per cent of all DAergic neurons in the SN pars 
compacta (SNc) were found within the calbindin-rich zone, 
their nigral matrix. The five nigrosomes correspond to previ-
ous delineations of the nigral subgroups: N1 to the posterolat-
eral subnucleus, N2 to the posteromedial subnucleus, N3 to the 
pars lateralis, N4 to the posterosuperior subnucleus and N5 to 
the anterolateral subnucleus.

11.2.6  The Direct and Indirect  
Basal Ganglia Pathways

The basal ganglia receive their major input from a large part 
of the cerebral cortex and send most of their output back, via 
the internal segment of the GP and the reticular part of the 
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of the substantia nigra are clearly visible as is the midline zone of TH 

immunoreactivity belonging to the VTA. A
m
 anteromedial subnucleus, 

CS colliculus superior, Mg magnocellular subnucleus, pc pedunculus 
cerebri, P

l
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m
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s
 posterolateral, posteromedial and posterosuperior sub-

nuclei, PN paranigral nucleus, Rub nucleus ruber (from van Domburg 
and ten Donkelaar 1991; with permission from Springer Verlag)
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SN to the thalamus, and then to the frontal cortex, forming 
corticostriato-pallido-thalamocortical loops or circuits. 
Inputs from different cortical areas are kept quite separate as 
they flow through these loops. At present, the idea is that 
there are multiple parallel loops from the cerebral cortex 
through the basal ganglia, which are known as the motor, 
oculomotor, limbic and prefrontal loops. Each of the loops 
has separate targets in the output structures of the basal gan-
glia and in the thalamus and the cerebral cortex (Alexander 
et al. 1986; Alexander and Crutcher 1990). From positron 
emission tomography (PET) and functional magnetic reso-
nance imaging (fMRI) studies, Postuma and Dagher (2006) 
concluded that the patterns of functional connectivity 
between the cortex and the different striatal nuclei are broadly 
consistent with the predictions of the parallel loop model.

Each of the major loops through the basal ganglia has the 
same basic organization (Fig. 11.8). Cortical neurons send 
glutamatergic projections to part of the striatum (caudate, 
putamen or accumbens). These synapse on the tips of the 
 dendritic spines of the inhibitory, GABAergic medium-sized 
spiny neurons, which form 98% of the striatum (Carpenter 
1981; Smith et al. 1998). Several types of interneurons such 
as large cholinergic neurons augment the intrinsic striatal 
circuitry. The medium-sized spiny neurons (Fig. 11.9; 
Braak and Braak 1982; Graveland et al. 1985) are the striatal 
output neurons and send GABAergic axons to the internal 
and external segments of the GP and the SN pars reticulata. 
Pallidal neurons are generally larger than the typical striatal 
cells and are characterized by long, thick dendrites. There 
are two, quite different projection systems: striatal neurons, 
which innervate the external pallidal segment co-localize 
enkephalin and preferentially express the D2 subtype of dop-
amine receptors, those projecting to the internal pallidal seg-
ment and the reticular part of the SN contain substance P, 
dynorphin and preferentially express the D1 subtype of dop-
amine receptors. The GABAergic/substance P-positive pro-
jection from the striatum to the internal pallidal segment and 
the pars reticulata of the SN forms the “direct” pathway 
through the basal ganglia to the thalamus. The GABAergic/
enkephalinergic striatal projection to the external pallidum is 
known as the “indirect” pathway. Most of its GABAergic 
output is to the STN, which also receives excitatory glu-
taminergic input from the cerebral cortex. The corticosub-
thalamic projection has recently been described as the 
“hyperdirect” pathway (Nambu 2008). The STN projects 
via an excitatory glutamatergic pathway to the internal pal-
lidum and the pars reticulata of the SN. An additional projec-
tion of the motor loop goes to the pedunculopontine nucleus 
of the midbrain, and via the oculomotor loop to the superior 
colliculus. In the corticostriato-pallido-thalamocortical loop, 
as suggested by Alexander and co-workers, excitatory corti-

cal input to the striatum produces, via two inhibitory syn-
apses, disinhibition of the thalamus, leading to excitation in 
the cortex. The indirect pathway has the opposite effect. 
Excitatory cortical input disinhibits the STN. Increased 
activity of this nucleus then excites the inhibitory projection 
to the thalamus from the internal pallidum and the pars retic-
ulata of the SN. Therefore, activity in this pathway has an 
inhibitory effect back on the cortex. It might work to brake 
activity in the direct route.

Disinhibition has been proposed as the basic mechanism 
in the expression of striatal functions (Chevalier and Deniau 
1990). Medium-sized spiny striatal neurons are GABAergic 
and inhibit the nigro- and pallidofugal neurons. The pallidal 
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Fig. 11.8 Basic organization of basal ganglia loops. Normal cell activ-
ity is indicated in medium red, GABAergic inhibitory pathways 
are shown as black arrows and excitatory pathways as open arrows. 
D direct pathway, D1, D2 dopaminergic receptors, GPe, GPi external 
and internal parts of globus pallidus, I indirect pathway, SNc substantia 
nigra pars compacta, SNr substantia nigra pars reticulata, Sh subtha-
lamic nucleus, VL ventral lateral nucleus of thalamus (after Alexander 
and Crutcher 1990)
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output neurons are also inhibitory and, unusual in that they 
have a high level of resting activity, they thus keep their 
target neurons under tonic inhibition (Fig. 11.10). In a 
function- specific way, subpopulations of pallidal neurons 
project to different brain stem motor centres. During rest-
ing-level activity, they appear to keep the different motor 
centres under tonic inhibition, thereby preventing them 
from being activated unless the pallidal inhibitory control is 
blocked through striatal action (see Grillner et al. 2005). An 
important clue to the understanding of this system is the 
striking contrast in activity between the two constituents of 
this double inhibitory chain. When animals are at rest, more 
than 90% of striatal neurons are mute, whereas SNr and GPi 
neurons emit a regular and sustained flow of impulses up to 

100 spikes per second. Increased firing of striatal cells 
inhibits GPi and SNr neurons and produces disinhibition in 
thalamic, collicular and tegmental neurons. In the experi-
ment shown in Fig. 11.10, pharmacologically induced stri-
atal activity readily produces a phasic silencing of the 
tonically active nigral neurons, accompanied by a robust fir-
ing in the superior colliculus and the VA–VL complex. This 
disinhibitory process, therefore, releases a tonic hyperpo-
larization and allows convergent excitatory inputs to control 
cell firing.

11.3  Functional Basal Ganglia Connections

11.3.1  The Corticostriatal Projection System

Nearly all cortical areas in primates participate in a strip-
like patterned corticostriatal projection (Kemp and Powell 
1970). Input from the somatosensory and motor cortices is 
extensive, whereas that from the visual cortex is minimal 
(Fig. 11.11). In rhesus monkeys, Künzle (1975, 1977, 1978) 
showed that the motor cortex as well as the somatosensory 
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Fig. 11.9 A Golgi-stained medium-sized spiny neuron. Arrow indi-
cates the axon (ax). Inset same neuron as seen in transparent Golgi 
impregnation counterstained for lipofuscin pigment (from Braak and 
Braak 1982; with permission from Springer Verlag)
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Fig. 11.10 Disinhibition as a basic process in the expression of striatal 
functions. Frequency histograms illustrate the sequence of electrophys-
iological events underlying the disinhibitory influence of the striatum. 
A striatal (Str) spike discharge, evoked by local application of gluta-
mate, readily induces a clearcut silencing of the tonically active nigral 
neurons (SNr). Released from the potent nigral inhibition, superior col-
licular (SC) and ventromedial thalamic (Th) neurons are vigorously 
discharged. Calibration of spike frequency is given in spikes per sec-
ond. The arrow in each histogram indicates the onset of the glutamate 
injection into the striatum (after Chevalier and Deniau 1990)
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cortex project almost exclusively, organized in patches and 
in a somatotopical pattern, to the putamen (see also Jones 
et al. 1977; Flaherty and Graybiel 1991). In contrast, asso-
ciative areas of the prefrontal, temporal, parietal and ante-
rior cingulate cortices appear to project almost exclusively 
to the monkey caudate nucleus (Fig. 11.12; Kemp and 
Powell 1970; Goldman and Nauta 1977; Künzle 1978; 
Ragsdale and Graybiel 1981; Van Hoesen et al. 1981; Saint-
Cyr et al. 1990; Yeterian and Pandya 1991, 1993, 1998). 
Two parts of the frontal cortex were found to project densely 
to the striosome compartment of the striatum: the posterior 
orbitofrontal/anterior insular cortex and the mediofrontal 
prelimbic/anterior cingulate cortex (Eblen and Graybiel 
1995). Nearly all of the remaining parts of the prefrontal 
cortex that were  studied projected preferentially to the 
matrix compartment. Most of these prefrontal inputs were 
also patchy with many of the patches (matrisomes) selec-
tively paired with nearby striosomes. The various areas of 
the association cortex in monkeys project to longitudinal 
territories that occupy restricted mediolateral domains of 
the striatum (Selemon and Goldman-Rakic 1985). Limbic 
regions, particularly the basolateral part of the amygdala, 
and allocortical (entorhinal, piriform and hippocampal) 

structures, project to the striosomes of the ventromedial 
part of the caudate nucleus and to the ventral striatum 
(Russchen et al. 1985; Graybiel 1986; Haber et al. 1995). 
The orbital prefrontal cortex and the insular cortex project 
primarily to the medial edge of the ventral striatum and to 
the core of the nucleus accumbens (Haber et al. 1995; 
Chikama et al. 1997). The cytoarchitectonically less differ-
entiated (agranular) insular regions project to the ventrome-
dial, limbic part of the ventral striatum, whereas the more 
differentiated (granular) insular regions project to the dor-
solateral, sensorimotor part of the striatum (Chikama et al. 
1997). These findings suggest that the caudate nucleus in 
primates is more closely related to complex and associative 
types of behaviour, whereas the putamen appears more 
directly involved in sensorimotor control. The segregation 
of influences from the association and sensorimotor corti-
ces that exists in the caudate nucleus and the putamen, 
respectively, is not only preserved at pallidal levels, but is 
also maintained at nigral and thalamic levels (DeLong and 
Georgopoulos 1981; Alexander et al. 1986; Alexander and 
Crutcher 1990; Gerfen and Wilson 1996). Alexander et al. 
(1986) first proposed a model composed of a “motor” and a 
“complex” loop that were further subdivided into multiple 
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Fig. 11.12 Cortical projections to the tail of the caudate nucleus (a) 
and its caudatofugal projections (b) in primates. AC anterior cingulate 
cortex, Cd caudate nucleus, GPe, GPi external and internal parts of glo-
bus pallidus, IP inferior parietal cortex, IT inferior temporal cortex, MP 
medial parietal cortex, PF prefrontal cortex, pl, pr lateral and reticulate 
parts of substantia nigra, PS prestriate cortex, SN substantia nigra (after 
Saint-Cyr et al. 1990)
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Fig. 11.11 Overview of the fibre connections of the basal ganglia. The 
primary motor cortex (M1) and the primary somatosensory cortex (S1) 
innervate the putamen (Put), whereas the prefrontal cortex innervates the 
caudate nucleus (Cd), and the basolateral amygdala (BL) and the subicu-
lum (Sub) innervate the ventral striatum (VS). These input stations of 
the basal ganglia innervate the external (GPe) and internal (GPi) parts 
of the globus pallidus (the dorsal pallidum), the ventral pallidum (VP) and 
the pars reticulata (SNr) and pars compacta (SNc) of the substantia nigra. 
Other abbreviations: ac anterior commissure, CM corpus mammillare, 
pt pyramidal tract, Sth subthalamic nucleus (after Alheid et al. 1990)
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parallel subchannels for either sensorimotor (motor and 
oculomotor loops), associative (dorsolateral prefrontal and 
lateral orbitofrontal loops) or limbic (anterior cingulate 
loop) information (Alexander and Crutcher 1990).

A large part of the total input to the basal ganglia comes 
from the somatomotor areas of the cerebral cortex. These 
include the primary motor, premotor, supplementary motor 
and somatosensory cortices, each with its own output chan-
nels (Fig. 11.13). In primates, their fibres terminate almost 
exclusively in the putamen (Künzle 1975, 1977, 1978; Jones 
et al. 1977; Flaherty and Graybiel 1991), i.e. the striatal 
component of the motor circuit. These projections result in 
a somatotopic organization that consists of a dorsolateral 
zone in which the leg is represented, a ventromedial orofa-
cial region, and a territory in between in which there is rep-
resentation of the arm (for comparable physiological data 
see DeLong and Georgopoulos 1981). Each of these repre-
sentations extends along almost the entire rostrocaudal axis 
of the putamen. More recently, Lehéricy et al. (2004b) 
showed distinct SMA and pre-SMA projections to the 
human striatum with 3-D diffusion tensor axonal tracking. 
The putamen projects topographically to specific portions 
of the external and internal pallidum and the SNr. In turn, 
the “motor” parts of the GPi and SNr project to specific parts 
of thalamic nuclei, including the VLo, lateral VApc, lateral 
VAmc and the centromedian nucleus (Kuo and Carpenter 
1973; Kim et al. 1976; DeVito and Anderson 1982; Ilinsky 

et al. 1985, 1997; Stepniewska et al. 1994a, b; Sakai et al. 
2000; François et al. 2002). The motor circuit is closed by 
means of the thalamocortical projections from VLo and lat-
eral VAmc to the SMA, from lateral VApc and VLo to the 
premotor cortex, and from VLo and CM to the motor cortex 
(Kievit and Kuypers 1977, Schell and Strick 1984; Matelli 
et al. 1989; Rouiller et al. 1994, 1999; Hoover and Strick 
1999; Kelly and Strick 2004). Wiesendanger et al. (2004) 
studied the topography of corticostriatal connections in 
humans and found anatomical evidence for a parallel 
organization.

With diffusion tensor imaging (DTI), Lehéricy et al. 
(2004a, b) studied corticostriatal circuits in humans. DTI-
based fibre tracking showed that the posterior (sensorimotor), 
anterior (associative) and ventral (limbic) compartments of 
the human striatum have specific connections with the cere-
bral cortex, in particular the frontal lobes, similar to the orga-
nization described with tract-tracing studies in monkeys: (1) 
the sensorimotor compartment of the putamen was connected 
to the motor and adjacent premotor cortex, the primary soma-
tosensory cortex, the posterior part of the SMA and the mes-
encephalon; (2) fibre tracts from the rostral part of the putamen 
were traced towards the pre-SMA, the lateral premotor cor-
tex, the VL and dorsolateral prefrontal cortex and the mesen-
cephalon; (3) fibre tracts associated with the head of the 
caudate nucleus were directed towards the medial prefrontal 
cortex, the dorsal and ventral prefrontal cortex, the frontal 
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Fig. 11.13 The original (Alexander et al. 1986) and revised (Middleton 
and Strick 2000) skeletomotor circuits. CMAd, CMAr, CMAv dorsal, 
rostral and ventral cingulate motor areas, GPi internal part of globus 
pallidus, M1 primary motor cortex, PMd, PMv dorsal and ventral 
 premotor cortices, PUT putamen, SMA supplementary motor area, 

SNr substantia nigra pars reticulata with caudolateral (cl), middle (mid) 
and ventrolateral (vl) parts, VApc parvocellular part of ventral anterior 
nucleus, VLcc, VLcr caudal and rostral divisions of caudal ventral lat-
eral nucleus, VLm, VLo medial and oral parts of ventral lateral nucleus 
(after Middleton and Strick 2000)
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pole and the mesencephalon; (4) for the ventral striatum, fibre 
tracts were directed towards the medial orbitofrontal cortex, 
the ventromedial frontal pole, the uncus of the temporal lobe 
and the temporal pole and (5) fibres to the uncus were located 
ventral to the putamen–pallidum complex, in the substantia 
innominata. With fMRI, Lehéricy et al. (2006) examined how 
the motor, premotor and associative basal ganglia territories 
process movement parameters such as complexity and fre-
quency of movements. They found three main patterns of 
activation: (1) in the posterior putamen and the sensorimotor 
cortex signal increased with movement frequency but not 
with movement complexity; (2) in premotor areas, the ante-
rior putamen and the ventral posterolateral thalamus, signal 
increased regularly with increasing movement frequency and 
complexity and (3) in rostral frontal areas, the caudate nucleus, 
the STN and the VA/VL complex signal increased mainly 
during complex and high frequency tasks.

11.3.2  The Striatofugal System

The caudate nucleus and the putamen project exclusively 
to the GP and the SN pars reticulata as was shown with 
the Marchi technique (Wilson 1914), in neuropathological 
 studies (Vogt and Vogt 1919, 1920) and with the classic 
anterograde degeneration techniques (Voneida 1960; Szabo 
1962, 1967, 1970, 1972; Cowan and Powell 1966; Nauta 
and Mehler 1966; Gebbink 1967), and studied in detail with 
anterograde and retrograde tracers. The striatofugal fibres 
stand out in myelin-stained sections of the primate striatum 
and are known as “pencil bundles” since Kinnier Wilson’s 
studies (Wilson 1914; see Figs. 11.1 and 11.2). They con-
verge radially towards the pallidum. The fine myelinated 
striatonigral fibres pierce the cerebral peduncle and form 
part of Ludwig Edinger’s “Kammsystem” or “comb system” 
(Edinger 1911). Percheron et al. (1984) subdivided the 
 striato-pallido-nigral bundle into four parts: prepallidal or 
 striatopallidal (caudatopallidal and putaminopallidal), trans-
pallidal, pallidonigral and nigral. Their data suggested a 
convergence or funnelling on pallidal neurons of striatal 
axons from different striatal somatotopic strips and from the 
sensorimotor and associative territories (see also Parent and 
Hazrati 1995a). In squirrel monkeys, Parent et al. (1984) 
suggested that striatal neurons projecting to the GP are 
mainly confined to the putamen, whereas those projecting to 
the SN occur mostly in the caudate nucleus. Giménez-
Amaya and Graybiel (1990, 1991), however, found that in 
squirrel monkeys both the external and internal segments of 
the pallidum receive input from the caudate nucleus and the 
putamen with different sets of striatal cells within these 
nuclei projecting to the two segments. The primate striato-
pallidal projections originate mainly in the extrastriosomal 

matrix. In macaque monkeys, Hedreen and DeLong (1991) 
also demonstrated that both the caudate nucleus and the 
putamen give rise to projections to the external and internal 
pallidum and to the SN, and that the ratio of pallidal and 
nigral projections is generally similar. Striatopallidal fibres 
terminate in several band-like terminal fields that are dis-
tributed according to a highly specific rostrocaudal sequence 
in the GP (Hedreen and DeLong 1991; Hazrati and Parent 
1992b). The band-like terminal fields of adjacent striatal 
neuronal populations do not overlap but remain well-segre-
gated at pallidal levels. François et al. (1994b) injected 
anterograde tracers into either the associative or the senso-
rimotor striatum of macaques. Injections into various parts 
of the associative striatum (caudate nucleus and ventrome-
dial putamen) produced a labelling of axons in the dorsome-
dial and ventral pallidal regions. These associative regions 
occupied two-thirds of the lateral pallidum and one-third of 
the medial pallidum. Bands of labelled axons from the sen-
sorimotor striatum (dorsolateral putamen) were found in the 
remaining, central part of the two pallidal segments. In the 
SN, the rostral associative striatum projected medially to 
the pars reticulata, whereas the caudal parts projected later-
ally. Therefore, the whole pars reticulata and the whole pars 
lateralis appeared to receive associative striatal inputs. The 
sensorimotor striatal territory projected to the central part of 
the pars reticulata/lateralis. In conclusion, the two func-
tional territories remain separate in the two pallidal seg-
ments but overlap in the middle third of the SN.

Striatonigral projections in primates also form a longitu-
dinal band with scattered, dense terminal fields occupying por-
tions of both the pars compacta and the pars reticulata of the 
SN (Selemon and Goldman-Rakic 1990; Hedreen and DeLong 
1991; Lynd-Balta and Haber 1994; Haber et al. 1995). The ros-
tral part of the striatum projects to the medial part of the SN, 
the caudal striatum to the lateral part of the SN, whereas termi-
nal fields from the ventral striatum are located somewhat more 
dorsally in the SN than those from the dorsal striatum. Lynd-
Balta and Haber (1994) compared primate striatonigral projec-
tions from the sensorimotor-related striatum and the ventral 
striatum. The sensorimotor-related striatum innervates a part 
of the ventrolateral SN, but avoids the dopaminergic neurons 
in the pars compacta (Fig. 11.14). The ventral striatum inner-
vates a large area of the SN, including the medial pars reticu-
lata and much of the pars compacta. Striatal projections from 
different striatal territories are  non-overlapping, thus support-
ing the concept of segregated striatonigral circuits.

Single-cell labelling studies in rats (Kawaguchi et al. 1990) 
and monkeys (Parent et al. 1995b; Lévesque and Parent 2005) 
revealed an abundance of striatal projection neurons with 
highly collateralized axons that provide branches to two to 
three of the striatal recipient structures. Such a high degree of 
axonal collateralization allows striatal neurons to send  efferent 
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copies of the same information to virtually all striatal targets. 
These findings indicate that the striatofugal system can no 
longer be considered as a projection system functioning in a 
simple dual mode reflected as direct and indirect pathways 
(Parent et al. 2000a, b; Lévesque and Parent 2005). Although 
the vast majority of neurons in either the caudate nucleus or 
the putamen project to the GPe, GPi and SNr, those lying  
in the associative territory of the striatum target more heavily 
the SN than the GPi, whereas neurons in the sensorimotor ter-
ritory arborize more profusely in GPi than in SNr.

11.3.3  The Output Structures  
of the Basal Ganglia

11.3.3.1  Overview
The influence of the basal ganglia on other neuronal systems 
is exerted through their two major output structures 
(Fig. 11.15): the internal part of the GP and the reticular part 
of the SN. Both structures project massively to motor thal-
amic relay nuclei, the VA and VL nuclei or VA–VL complex, 
which in turn project back to the cerebral cortex. The ventral 
pallidum projects primarily to the mediodorsal (MD) thal-
amic nucleus (Ilinsky et al. 1985). The SNr projects primar-
ily to the medial, magnocellular part of the VA nucleus and 
to the anterior, lateral and posterior parts of the VA nucleus 
(Ilinsky et al. 1985; François et al. 2002). Nigral terminal 
fields were also found in the medial part of the VL nucleus, 
in the MD nucleus and in the parafascicular nucleus. The 
GPi and the SNr each have preferential cortical targets: the 
 premotor cortex for the  pallidal output (Schell and Strick 
1984) and the prefrontal cortex for the output of the SNr 
(Ilinsky et al. 1985). Other efferent pathways of the GPi 
include projections to the centromedian thalamic nucleus 
(“centre médian”), the habenula and the PPN (Nauta and 

Str

GPe

VP

GPi

SNr
PPN

CS

LHb

MD

CM

VA/VL

Fig. 11.15 Pallidofugal projections. CM centre médian nucleus, CS col-
liculus superior, GPe, GPi external and internal parts of globus pallidus, 
LHb lateral habenula, MD mediodorsal nucleus, PPN pedunculopontine 
nucleus, SNr substantia nigra pars reticulata, Str striatum, VA/VL ventral 
anterior and ventral lateral nuclei, VP ventral pallidum (after Alheid et al. 
1990)

Fig. 11.14 Striatonigral projections from (a) the sensorimotor and (b) 
the ventral parts of the monkey striatum to (c) the rostral and (d) the 
caudal parts of the substantia nigra. The overlap of these projections is 
restricted to the black area. Acc nucleus accumbens, Cd caudate nucleus, 
Put putamen, SN substantia nigra (after  Lynd-Balta and Haber 1994)
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Mehler 1966; Gebbink 1967; Shink et al. 1997; Parent et al. 
2001). The SNr also gives rise to descending projections to 
the PPN and to the superior colliculus (Hopkins and Niessen 
1976; Jayaraman et al. 1977). The projection to the PPN is 
likely to involve motor circuits such as the mesencephalic 
locomotor region (MLR), whereas the projection to the supe-
rior colliculus influences oculomotor functions. In juvenile 
cebus monkeys (Cebus apella), Hoover and Strick (1999) 
used retrograde transneuronal transport of herpes simplex 
virus type 1 to reveal the organization of basal ganglia output 
to the primary motor cortex. After 2–3 days, the first-order 
projection neurons in the motor thalamus were demonstrated, 
after 4–5 days the second-order projection neurons in the 
basal ganglia output nuclei, in particular the GPi, and after 1 
week the third-order projection neurons in the putamen and 
the external segment of the GP. Within GPi, neurons labelled 
from leg M1 were located in dorsal and medial regions, those 
from face M1 in ventral and lateral regions and those from 

arm M1 in intermediate regions. Since M1 receives pallidal 
input from only less than 15% of GPi neurons, the majority 
of the output from the basal ganglia is directed to cortical 
areas other than M1. Kelly and Strick (2004) further studied 
these connections (Fig. 11.16). Within the striatum, neurons 
that project via GPi and the thalamus to M1 were found most 
densely in the sensorimotor part of the striatum, which is 
innervated by M1. In contrast, striatal neurons innervating 
area 46 were found most densely in the rostromedial part of 
the caudate nucleus that receives the major projection from 
the dorsolateral prefrontal cortex.

11.3.3.2  Pallidofugal Fibres
Pallidofugal fibres form three distinct bundles arranged in 
a rostrocaudal sequence (Gebbink 1967; Carpenter 1981; 
see Fig. 11.17): (1) the ansa lenticularis; (2) the lenticular 
fasciculus and (3) the pallidosubthalamic projection. The 
lateral pallidal segment of monkeys projects mainly to the 
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Fig. 11.16 Third-order neurons 
in the striatum, the globus 
pallidus and the subthalamic 
nucleus after injection of the 
HSV-1 tracer into M1 and area 46. 
The left diagram summarizes the 
transport of the tracer from the 
cortex (Ctx) to the thalamus 
(Thal), from here to the internal 
part of the globus pallidus (GPi), 
and as third step to the external 
part of the globus pallidus (GPe), 
the putamen (Put) and the 
subthalamic nucleus (Sth), all 
three third-order neurons (after 
Kelly and Strick 2004)
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STN (Nauta and Mehler 1966; Carpenter et al. 1968). The 
medial pallidal segment gives rise to both the ansa lenticu-
laris and the lenticular fasciculus. The ansa lenticularis 
arises mainly from ventrally located cells in the pallidum, 
sweeps around the posterior limb of the internal capsule and 
these fibres course posteriorly to enter the H field of Auguste 
Forel in the prerubral area (Forel 1877; the “H” coming from 
the German “Haubenfeld” or tegmental field). Fibres from 
the dorsal part of the medial pallidum traverse the internal 
capsule as the fasciculus lenticularis (see Foix and 
Nicolesco 1925) and form field H2 of Forel, ventral to the 
zona incerta. In the H field of Forel, the lenticular fasciculus 
joins the ansa lenticularis and fibres from the superior cere-
bellar peduncle to form the thalamic fasciculus (field H1 of 
Forel), dorsal to the zona incerta. Gebbink (1967) studied 
with the Nauta–Gygax technique the brain of a woman who 
developed a coma after morphine administration to cope 
with gallstone colics and who died within 3 weeks. 
Bilaterally, both parts of the GP were softened. He traced 
pallidofugal projections via the ansa and fasciculus lenticu-
laris, the H field of Forel and the fasciculus thalamicus to the 
thalamus and via the stria medullaris to the epithalamus (see 
Clinical case 11.1).

The majority of the pallidothalamic fibres in the thal-
amic fascicle terminate in the VA–VL complex (Nauta and 

Mehler 1966; Kuo and Carpenter 1973; Parent and De 
Bellefeuille 1983; Sidibé et al. 1997; Sakai et al. 1999, 
2000; Parent et al. 2001). Some pallidothalamic fibres sepa-
rate from the thalamic fascicle to terminate in the centrome-
dian nucleus. The GPe also appears to innervate proximal 
parts of GPi/SNr neurons, the reticular thalamic nucleus 
(Hazrati and Parent 1991; Parent and Hazrati 1995b) and 
the PPN (Kim et al. 1976; DeVito and Anderson 1982). In a 
single axon-tracing study, Sato et al. (2000a) showed that 
the primate GPe contains several subtypes of projection 
neurons with a highly patterned set of collaterals. This orga-
nization allows single GPe neurons to exert a multifarious 
effect not only on the STN but also on the two major output 
structures of the basal ganglia, the GPi and the SNr. Parent 
et al. (2001) demonstrated two types of projection neurons 
in the primate GPi. The abundant and centrally located type 
I neurons give rise to a long axonal branch that descends 
directly to the PPN. Other branches descend to the thala-
mus. The less numerous and peripherally located type II 
neurons have an axon that climbs the rostral thalamic pole, 
courses along the stria medullaris and arborizes profusely 
within the lateral habenular nucleus. Distinct pallidonigral 
projections exist in primates, arising exclusively from the 
dorsal half of the GPe (Parent and De Bellefeuille 1983; 
Sato et al. 2000a).
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Fig. 11.17 Pallidofugal 
projection systems as shown in 
(a) coronal and (b) horizontal 
sections (see text for further 
explanation). AL ansa lenticu-
laris, GPe, GPi external and 
internal parts of globus pallidus, 
IC internal capsule, LF lenticular 
fascicle (H2 field of Forel),  
MD mediodorsal nucleus,  
Put putamen, SF subthalamic 
fascicle, SN substantia nigra,  
Sth subthalamic nucleus,  
TF thalamic fascicle (H1 field of 
Forel), VA-VL ventral anterior 
and ventral lateral nuclei, ZI zona 
incerta (after Parent 1996 and 
Parent et al. 2000a)
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Fig. 11.18 Anterograde fibre labelling with the Nauta–Gygax tech-
nique following pallidotomy in two patients with Parkinson disease: (a) 
an extensive lesion (in black) of the external and internal parts of the 
globus pallidus; (b) a lesion of the posterior limb of the internal capsule 
and the medial part of the globus pallidus. Degenerating anterograde 
fibres are indicated by broken lines and sites of terminal degeneration 

by small dots. ac anterior commissure, al ansa lenticularis, bc brachium 
conjunctivum, Cd caudate nucleus, CM centre médian nucleus, cp cere-
bral peduncle, GPe external part of globus pallidus, Hb habenula, ic 
internal capsule, lf lenticular fascicle, MB mammillary body, Put puta-
men, Rub nucleus ruber, sm stria medullaris, SN substantia nigra, Sth 
subthalamic nucleus, tf thalamic fascicle (after Gebbink 1967)

Clinical Case 11.1 Anterograde Fibre Degeneration 

Following Pallidal Lesions

The thalamic or pallidal lesions which abolish tremor and 
rigidity in PD have been repeatedly verified anatomically 
(e.g., Cooper et al. 1968; Vitek et al. 1998). The resulting 
fibre degeneration has hardly been studied. Gebbink (1967) 
published two cases of left-sided pallidotomy in patients 
suffering from PD in which the Nauta–Gygax technique 
for tracing anterogradely degenerating fibres was used.

Case report: The first patient died 11 days after the 
intervention from widespread embolism and the second 5 
weeks after the operation from complications. In the first 
case (H5393), the lesion included the external and internal 
pallidum as well as the genu and the posterior limb of the 
internal capsule, but did not involve the thalamus and 

 subthalamus. In the second case (H5394), the coagulation 
was located within the genu and the crus posterius of the 
internal capsule, and included the medial part of the exter-
nal and internal pallidum. The distribution of the resulting 
degeneration is shown in Fig. 11.18.
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11.3.3.3  The Subthalamic Nucleus
The subthalamic nucleus (STN) receives massive efferent 
projections from the external pallidum via the subthalamic fas-
cicle. Its medial part receives projections from the ventral pal-
lidum (Nauta and Mehler 1966). Moreover, the lateral part of 
the STN receives rather extensive, somatotopically organized 
projections from the motor cortex and its medial part from the 
prefrontal cortex (Hartmann-von Monakow et al. 1978; Künzle 
1978). More recent studies showed that in primates most of the 
cortical afferents to the STN arise from the primary motor cor-
tex, the supplementary motor area (SMA), the pre-SMA and 
the dorsal and ventral premotor cortices (Nambu et al. 1996, 
1997, 2002; Temel et al. 2005). Somatotopically arranged, 
these projections innervate predominantly the dorsal part of 
the STN. Primary motor cortex fibres related to the leg, arm 
and face are represented from medial to lateral in the lateral 
portion of the STN, whereas its medial portion receives fibres 
from the SMA and the premotor cortex. The ventromedial part 
of the STN receives cortical input from the frontal eye fields in 
areas 8 and 9 and is involved in circuits related to eye move-
ments (Stanton et al. 1988; Matsumura et al. 1992). The STN 
projects to both pallidal segments, the ventral pallidum, the SN 
and, sparsely, to the PPN and the periaqueductal grey (Nauta 
and Cole 1978; Carpenter et al. 1981; Parent and Smith 1987; 
Smith et al. 1990; Parent and Hazrati 1995b). On the basis of 
its efferent connections, the STN may be divided into motor 
and associative territories and a smaller limbic territory, each 
projecting to corresponding areas in the pallidum and the stria-
tum (Fig. 11.19). Sato et al. (2000b) studied the axonal branch-
ing pattern of neurons of the STN in Macaca fascicularis. The 
primate STN was found to contain several subtypes of projec-
tion neurons, each with a highly patterned set of collaterals. 
This organization allows STN neurons to exert a multifarious 
effect not only on the GPe, with which the STN is reciprocally 
connected, but also on the two major output structures of the 
basal ganglia, the GPi and the SNr. For electrophysiological 
studies, see Wichmann et al. (1994a, b), Bergman et al. (1994) 
and Hamani et al. (2004). A DTI study suggests that the topog-
raphy of motor and associative brain areas in the human STN 
is strikingly similar to that shown in mammals (Aravamuthan 
et al. 2007).

11.3.3.4  The Zona Incerta
The zona incerta, first described in 1877 by Auguste Forel 
as a region of which nothing can be said (Forel 1877), is a 
distinct heterogeneous nucleus in the subthalamic region 
between the thalamic fasciculus (field H1 of Forel) and the 
lenticular fasciculus (field H2; see Fig. 11.17). It may be 
divided into four highly interconnected regions, rostral, dor-
sal, ventral and caudal. The widespread connections of the 
zona incerta were studied mainly in rats. Reciprocal connec-
tions were described with all levels of the neuraxis, including 
the cerebral cortex, the diencephalon, the basal ganglia (GPi, 

SNr, SNc and PPN), the basal forebrain, the cerebellum, the 
brain stem and the spinal cord (Kolmac et al. 1998; Mitrofanis 
and Mikuletic 1999; Heise and Mitrofanis 2004; Barthó et al. 
2007; Pong et al. 2008). The zona incerta is a major source 
of GABAergic input to the thalamus (Barthó et al. 2002) and 
may form a synaptic interface of the diencephalon, linking 
diverse sensory inputs (somatic and visceral) to appropriate 
visceral, arousal, attention and posture locomotor responses 
(Mitrofanis 2005). Although at present the overall signifi-
cance of these projections is not clear, the zona incerta may 
play some role in the pathogenesis of Parkinson disease 
(Mitrofanis 2005; Plaha et al. 2006; Pong et al. 2008).

11.3.3.5  The Pedunculopontine Tegmental Nucleus
The nucleus tegmenti pedunculopontinus (NTPP) or 
pedunculopontine tegmental nucleus (PPN) was identified 
as the most caudal projection site of the pallidum (Nauta and 
Mehler 1966). It is one of the two populations of medium-
sized to large darkly stained neurons found in Nissl studies 
of the mesopontine tegmentum, the other is the laterodorsal 
tegmental nucleus (LDT; see Chap. 5). Olszewski and Baxter 
(1954) characterized the PPN as a group of large and medium-
sized neurons located in the VL portion of the caudal mesen-
cephalic tegmentum, in close association with the ascending 
limb of the superior cerebellar peduncle. They subdivided 
this nucleus into a pars compacta (PPNc) and a pars 
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Fig. 11.19 Afferent and efferent connections of the subthalamic 
nucleus. GPe, GPi external and internal parts of globus pallidus, Pf para-
fascicular nucleus of thalamus, PPN pedunculopontine nucleus, SNr sub-
stantia nigra pars reticulata, Sth subthalamic nucleus, VP ventral pallidum, 
4, 6 Brodmann areas (after Alheid et al. 1990)
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 dissipata (PPNd). Histochemical and immunohistochemical 
studies demonstrated the presence of numerous cholinergic 
neurons in the PPN and the LDT in mammals, including pri-
mates (Mesulam et al. 1984; Lavoie and Parent 1994a) and 
humans (Mizukawa et al 1986; Mesulam et al. 1989; Saper 
1990; see Chap. 5). In the human brain, the cholinergic cell 
population Ch5 reaches its peak density within the PPNc but 
also extends into the PPNd. Cholinergic neurons form more 
than 90% of the total population of the PPNc and 25–75% in 
PPNd. The PPN is located in a functional sector defined as 
the MLR. Stimulation of the MLR can elicit motor activities, 
at least in cats (see Chap. 9). Ascending projections of the 
PPN provide a rather massive innervation to the reticular part 
of the SN, the STN and the pallidum (Lavoie and Parent 
1994b, c; Mena-Segovia et al. 2004; Fig. 11.20). In squirrel 
monkeys, Hazrati and Parent (1992a) found a projection from 
the deep cerebellar nuclei to the PPN, suggesting that this 
nucleus may act, at least in part, as a functional interface 
between the basal ganglia and the cerebellum. For electro-
physiological data, see review Pahapill and Lozano (2000). 
DTI studies suggest that in humans the pedunculopontine 
nucleus is connected with the primary motor cortex, basal 
ganglia, thalamus, cerebellum and spinal cord (Aravamuthan 
et al. 2007; Muthusamy et al. 2007). For the stereotactic 
localization of the PPN, see Zrinzo et al. (2008).

11.3.3.6  Updated Model of Basal Ganglia Circuitry
The many new anatomical data found after the introduction 
of the Albin/DeLong model led to an updated model of 
basal ganglia circuitry (see Parent and Hazrati 1995b; 

Smith et al. 1998; Obeso et al. 2000a, b; Wichmann et al. 
2000; Nambu 2008; Fig. 11.21). There appear to be several 
routes for the flow of cortical information along functionally 
defined “indirect” pathways, i.e. those pathways that may 
result in increasing firing of the output neurons of the basal 
ganglia. The external part of the GP can influence the output 
structures of the basal ganglia not only via the STN but also 
via massive inhibitory projections to GPi and SNr neurons. 
Moreover, the GPe also innervates the reticular thalamic 
nucleus. Since reticular thalamic neurons are GABAergic 
and innervate thalamic neurons, activation of this projection 
may produce the same effect on thalamocortical neurons as 
activation of other indirect pathways. Information flowing 
through the direct pathway and the indirect pathways inter-
acts at several levels within the basal ganglia, including the 
output neurons in the GPi and SNr. Therefore, striatal neu-
rons giving rise to the direct pathway are synaptically inter-
connected to neurons giving rise to the indirect pathways 
(see also Obeso et al. 2000a, b).

11.3.4  The Nigrostriatal System

Evidence on nigrostriatal fibres was for a long time based 
almost entirely on the presence of retrograde cell changes in 
the SN following large striatal lesions (von Monakow 1895; 
Ferraro 1925, 1928; Mettler 1943). Falck and Hillarp’s histo-
fluorescence technique for the demonstration of monoamines 
(Falck et al. 1962) revealed that cells in the pars compacta of 
the SN send dopaminergic axons to the striatum (e.g., Andén 
et al. 1964, 1966; Dahlström and Fuxe 1964, 1965; Ungerstedt 
1971). Dopamine is synthesized in the pars compacta of the 
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Fig. 11.20 Connectivity of the pedunculopontine nucleus. GPe, GPi 
external and internal parts of globus pallidus, PPN pedunculopontine 
nucleus, SNr substantia nigra pars reticulata, Sth subthalamic nucleus 
(after Mena-Segovia et al. 2004)
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Fig. 11.21 Diagram of a revised model of the basic circuitry of the 
basal ganglia with hyperdirect (HD), direct (D) and indirect (I) pathways. 
Open and black arrows represent excitatory glutamatergic and inhibitory 
GABAergic projections, respectively; the excitatory and inhibitory 
effects of the substantia nigra are also shown with open and black arrows, 
respectively. cosp corticospinal tract, GPe, GPi external and internal 
parts of globus pallidus, SNc substantia nigra pars compacta, SNr sub-
stantia nigra pars reticulata, Sth subthalamic nucleus, Str striatum, VL 
ventral lateral nucleus of thalamus (after Nambu 2008)
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SN (group A9 of Dahlström and Fuxe 1964). Other dopamin-
ergic neurons in the VTA (group A10) and in the retrorubral 
area (group A8) also contribute to the nigrostriatal or mesos-
triatal system. Neurons in the VTA give rise to the mesolim-
bocortical system, projecting mainly to the ventral striatum 
and the frontal cortex. The nigrostriatal system appears to 
be topographically organized. In monkeys, the rostral two-
thirds of the SN project to the head of the caudate nucleus, 
whereas nigral neurons innervating the putamen are more 
caudally located (Szabo 1980). Retrograde double-labelling 
studies in primates showed that nigral neurons projecting to 
the caudate nucleus and the putamen, respectively, are orga-
nized in the form of closely intermingled clusters of various 
sizes and are distributed throughout the entire SN in a com-
plex and precise mosaic-like pattern (Parent et al. 1983). 
Nigrostriatal fibres terminate in patches, which are closely 
intermingled with the patches of the thalamostriatal projec-
tion. The striosomes appear to be rather poorly innervated by 
dopaminergic fibres (Lavoie et al. 1989). Distinct nigros-
triatal projection systems innervate striosomes and matrix in 
the primate striatum (Langer and Graybiel 1989; Jimenez-
Castellanos and Graybiel 1989). Haber and Fudge (1997) 
reinvestigated the nigrostriatal projections in relation to the 
functional domains of the monkey striatum. The sensorimo-
tor domain receives its main dopaminergic input from the cell 
columns in the ventral tier of the SNc, the limbic domain is 
preferentially innervated by the VTA and dorsal SNc neu-
rons, whereas the associative territory receives inputs from a 
wide range of DAergic neurons largely localized in the ven-
tral SNc (Fig. 11.22; see also Björklund and Dunnett 2007). 
Dopaminergic SN neurons do not only innervate the striatum 
but also the STN and both pallidal segments (Parent et al. 
2000a, b, Smith and Kieval 2000). In the human brain, dop-
aminergic fibres sweep dorsally and medially to the SNc and 
form a massive bundle that courses through the prerubral field 
of Forel and ascends within the lateral hypothalamic area, 
along with the medial forebrain bundle (Fig. 11.23). At more 
rostral levels, fibres detach from the main bundle and sweep 
laterally towards the lenticular nucleus.

François et al. (1984b) studied the localization of nigrostri-
atal, nigrothalamic (see also François et al. 2002) and nigro-
tectal neurons in macaques. Nigrostriatal projection neurons 
were located in the ipsilateral pars compacta and scattered in 
the pars mixta (“dorsal tier”). Moreover, the existence of a 
crossed nigrostriatal pathway was demonstrated. Nigrothalamic 
neurons were found in the whole pars reticulata at rostral lev-
els and only in the medial part at caudal levels. Nigrotectal 
neurons were also found in the whole pars reticulata at rostral 
levels, but caudally they were restricted to the lateral part of 
the pars reticulata and to the pars lateralis.

The two best-characterized of the five dopaminergic 
receptors in the striatum are the D1 and D2 subtypes, which 
appear to function synergistically to modulate neuronal 

activities. D1 and D2 receptors are present in medium-sized 
spiny projection neurons throughout the dorsal and ventral 
striatum, whereas D3 receptors are confined to the ventral stri-
atum. Intrinsic cholinergic interneurons contain high levels of 
D2 and D5 receptors. The pattern of binding for both D1 and 
D2 receptors in the striatum does not match the patchy hetero-
geneity observed with AChE staining. Areas of greatest recep-
tor density are found in the matrix. D3 receptors are partly 
co-localized with D1 and D2 receptors on striatal projection 
neurons. Low levels of D4 and D5 receptors have been reported 
in striatofugal neurons also, but the targets of these neurons 
have to be established (Smith and Kieval 2000). In primates, 
the presence of intrastriatal DAergic neurons was demon-
strated (Betarbet et al. 1997; Smith and Kieval 2000). The den-
sity of these neurons increases in response to dopamine 
denervation as shown in 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP)-treated monkeys, apparently to compen-
sate for the loss of extrinsic DAergic innervation (Betarbet 
et al. 1997; Smith and Kieval 2000; Hodaie et al. 2007).
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Fig. 11.22 Nigrostriatal projections: the dorsal tier of DAergic neurons 
(large dots) projects to the ventral striatum, whereas the densocellular 
part of the ventral tier (asterisks) projects throughout the striatum and 
the SNc cells indicated by small dots project to the putamen and caudate 
only. ac anterior commissure, Acb nucleus accumbens, Cd caudate 
nucleus, Put putamen, SNc substantia nigra pars reticulata, VTA ventral 
tegmental area (after a drawing by Suzanne Haber in Heimer 2000)
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11.3.5  Lesions of the Basal Ganglia

DeLong and Georgopoulos (1981) summarized the motor 
effects of lesions of the basal ganglia in laboratory animals and 
humans (see also Crossman 1987; Sambrook et al. 1989). 
Bhatia and Marsden (1994) reviewed the behavioural and motor 
consequences of focal lesions of the basal ganglia in humans. In 
monkeys, large unilateral or small bilateral caudate lesions are 
without gross motor effect. Large bilateral lesions of the cau-
date nucleus may produce a variety of disturbances, character-
ized by hyperactivity, hyperreactivity and the appearance of 
behaviours that occur inappropriately and with increased fre-
quency. Even large bilateral caudate lesions do not result in a 
major reduction or clear deficit in movement. Denny-Brown 
and Yanagisawa (1976) studied the effects of large bilateral 
putamen lesions in infant and juvenile monkeys. Unfortunately, 
these large lesions also involved parts of the GP and internal 
capsule. Rostral lesions resulted in postural abnormalities and a 
marked reduction in activity, whereas caudal lesions produced 
a less severe reduction in activity than rostral lesions. A loss of 
motor response to visual stimulation in caudal lesions appeared 

to affect predominantly reaching movements of the upper limb, 
whereas head and eye movements remained relatively intact. 
Conflicting results have been described for lesions of the glo-
bus pallidus. Unilateral lesions are without obvious effect in 
untrained monkeys, but abnormalities in motor performance 
are evident when lesioning is done acutely in animals trained 
and performing a motor task. In Cebus monkeys, Hore and Vilis 
(1980) examined arm motor performance during reversible 
cooling of the GPe. During cooling, the monkeys had difficul-
ties in achieving and holding the desired limb position. This 
was associated with increased tonic activity of both agonist and 
antagonist muscles. Bilateral lesions confined to the pallidum 
are also without obvious effect other than mild and transient 
hypokinesia. Restricted lesions of the STN in monkeys result in 
choreoid dyskinesia (Whittier and Mettler 1949; Carpenter 
et al. 1950) that closely resembles hemiballismus in humans 
after vascular lesions of the STN (Whittier 1947). Unilateral 
lesions of the substantia nigra in monkeys are  generally with-
out gross effect, whereas bilateral lesions result in slowness of 
movement, hypokinesia and fixed postures (Carpenter and 
McMasters 1964; Stern 1966). Involuntary movements, tremor 
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Fig. 11.23 Drawings of coronal sections through the human basal gan-
glia showing the DAergic projections at pallidal levels. aml accessory 
medullary layer, AL ansa lenticularis, AP ansa peduncularis, Cd caudate 
nucleus, eml external medullary layer, GPe, GPi external and internal 

parts of globus pallidus, H1, H2 fields of Forel, iml internal medullary 
layer, LH lateral hypothalamus, OT optic tract, Put putamen, R reticular 
nucleus, SNc substantia nigra pars compacta, Sth subthalamic nucleus, 
Thal thalamus, ZI zona incerta (after Parent et al. 2000a)
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or changes in muscle tone were not observed. Lesions which 
involved nigral efferent fibres, the rubrospinal/rubrotegmental 
system and the ventral component of the brachium conjuncti-
vum resulted in tremor of the limbs (Poirier 1960).

Lesions of the human caudate nucleus rarely cause motor 
disorders but more likely give rise to behavioural problems 
(Bhatia and Marsden 1994; Kumral et al. 1999). The most fre-
quent behavioural disturbance described was the syndrome of 
abulia (apathy with loss of initiative and of spontaneous 
thought and emotional responses; see Levy and Dubois 2006). 
Lesions of the lentiform nucleus rarely cause abulia but they 
commonly cause dystonia (Bhatia and Marsden 1994). 
Infrequently, bilateral lesions of the lentiform nuclei cause par-
kinsonism or dystonia–parkinsonism. Developmental malfor-
mations of the basal ganglia are rare, and are usually associated 
with malformations of other areas of the brain (Lemire et al. 
1975; ten Donkelaar et al. 2006). Acquired disorders of the 
basal ganglia are much more common, especially in the peri-
natal period. Disorders with a hypokinetic-rigid syndrome in 
childhood include early-onset PD, juvenile Huntington disease 
(HD), Wilson disease, juvenile GM2 gangliosidosis, multiple-
system atrophies, Hallervorden–Spatz disease and many other 
rare disorders (Fernández-Alvarez and Aicardi 2001; see 
Clinical case 11.2). Many patients with Hallervorden–Spatz 
disease have mutations in the gene encoding pantothenate 
kinase 2 (PANK2), resulting in pantothenate kinase associated 
neurodegeneration (Hayflick et al. 2003). The “eye-of-the-tiger 
sign” is typical on MRI examination. The medial part of the 
GP appears to be especially sensitive to deficiency of PANK2. 
Dystonia is a frequent symptom in the course of many inborn 
errors of metabolism such as familial striatal degeneration 
(glutaric aciduria type 1; see Clinical case 11.3) in which 
especially the putamen is involved. Involvement of the puta-
men is also a consistent feature in Leigh syndrome, a 
 heterogeneous neurological disease that results from a disor-
der in the respiratory chain production of ATP within the mito-
chondria of affected cells (see Clinical case 11.4). In the 
juvenile form, predominant extrapyramidal features are slowly 

 progressing dystonia and rigidity (Valanne et al. 1998; 
Fernández-Alvarez and Aicardi 2001; Huntsman et al. 2005).

Discrete lesions of the human globus pallidus are uncom-
mon. Laplane et al. (1989) published eight cases with bilateral 
GP lesions, detected by MRI or CT, due to anoxia of various 
causes. They emphasized the marked behavioural and cogni-
tive changes of the frontal lobe type, including abulia, obses-
sions, compulsions and motor stereotypies. Five of their cases 
had no abnormal motor functions, whereas the other three 
showed mild motor slowness and rigidity. Trepanier et al. 
(1998) analyzed the effects of ventral pallidotomy for the treat-
ment of PD. They concluded that even such a refined surgical 
procedure can cause cognitive impairments that are similar to 
the effects of prefrontal damage. Haaxma et al. (1995) studied 
a female patient who after a toxic encephalopathy sustained 
extensive bilateral damage to both segments of the GP and the 
right SN (see Clinical case 11.5). Lesions of the substantia 
nigra pars reticulata may produce prominent alterations in 
non-motor behaviour. In a patient with a bilateral stroke involv-
ing this region, McKee et al. (1990) found profound deficits in 
working memory, visual hallucinations and mild neurological 
symptoms, including oculomotor abnormalities.

In experimental studies in primates, Whittier and Mettler 
(1949) as well as Carpenter et al. (1950) showed that lesions of 
the STN produced hemiballism. When the lesions were con-
fined to the STN, choreic movements were found, but when 
the lesions extended beyond the STN, more in particular when 
the GPi or the pallidofugal pathways were involved, no choreic 
movements were seen (Hamani et al. 2004). Since Pette and 
Martin’s first descriptions of severe hemiballism in patients 
with a focal lesion of the STN (Pette 1923; Martin 1927), vari-
ous other causes of hemiballism were noted (Postuma and 
Lang 2003; see Clinical case 11.6). The STN is involved in a 
number of neurodegenerative disorders, including progressive 
supranuclear palsy (PSP) (see Sect. 11.5.2), corticobasal 
degeneration (CBD) (see Sect. 11.5.2) and pallidonigroluysian 
atrophy (see Mori et al. 2001). The STN is also involved in 
dentatorubropallidoluysian atrophy (see Clinical case 11.7).

Clinical Case 11.2 Selective Vulnerability of the Basal 

Ganglia I: Overview

A selective vulnerability of the basal ganglia is found in 
many acquired lesions such as subependymal haemor-
rhages affecting the ganglionic eminence, status marmora-
tus, subacute necrotizing encephalopathy (Leigh syndrome; 
see Clinical case 11.4) and kernicterus (ten Donkelaar 
et al. 2006). The basal ganglia are susceptible to injury 
because they are metabolically very active in the immature 
brain and possess a high concentration of excitatory recep-
tors (Mitchell et al. 1999). Moreover, many disorders of 

movement due to abnormal functioning of the basal gan-
glia occur (Fernández-Alvarez and Aicardi 2001). Some 
examples are shown as Case reports.

Case report 1: In methyl-malonic acidemia (MMA), a 
severe, classic organic aciduria, the globus pallidus is selec-
tively involved. In a 7-year-old girl with MMA, an MRI 
showed bilateral destruction of the GP (Fig. 11.24a, b). She 
presented in the first week of life with an acute encephal-
opathy with coma and seizures. Laboratory investigation 
revealed a severe metabolic acidosis and hypoglycaemia. 
Despite appropriate treatment in the acute phase and inter-
ventions during follow-up, such as a special diet and 
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Fig. 11.24 MRIs of cases of methylmalonic acidemia (a, b), infantile bilateral striatal necrosis (c) and kernicterus (d–g; see text for further 
explanation; courtesy Michèl Willemsen, Nijmegen)

d e f g

 prevention of a catabolic state during intercurrent illnesses, 
she became severely disabled with profound mental retar-
dation, spasticity and dystonia.

Case report 2: In infantile bilateral striatal necrosis, 
patients present with progressive motor disturbances. 
A previously healthy boy with a so far normal development 
presented with such symptoms at the age of 5 years. Neuro-
logical examination showed generalized, symmetrical dys-
tonia and chorea. An MRI was compatible with infantile 
bilateral striatal necrosis (Fig. 11.24c). Laboratory investi-
gations did not show any arguments in favour of an 
 underlying mitochondrial or other metabolic disorder, 
poststrep tococcal chorea or other causative disease pro-
cesses. Molecular analysis of the only gene known to be 
responsible for this disorder (nup62) is pending.

Case report 3: In kernicterus, hyperbilirubinaemia leads 
to bilateral damage of the GP (Fig. 11.24d–g). In a female 
neonate, postnatal development was complicated by hyper-
bilirubinaemia, despite phototherapy and transfusions. At the 
age of 1 week, MR images showed bilateral signal abnor-
malities in the GP, prominent on T1-weighted images but 
hardly visible on T2. At the age of 3 months, the T1-weighted 

images have become almost fully normal, including the GP. 
On these T1-weighted images, the stripes with increased sig-
nal intensity reflect the normal pattern of myelination of the 
posterior limb of the internal capsule at this age; these areas 
show normal low signals on T2-weighted images. Three 
months later, however, on T2-weighted images, strong signal 
intensities of the GP are now clearly visible. These images 
illustrate the transition of signal changes depending on the 
stage (acute versus chronic) of the disorder and the selective 
vulnerability of the GP in bilirubin encephalopathy.

Selected References

Fernández-Alvarez E, Aicardi J (2001) Movement disorders in chil-
dren. MacKeith, London

Mitchell IJ, Cooper AJ, Griffiths MR (1999) The selective vulnerabil-
ity of striatopallidal neurons. Prog Neurobiol 59:691–719

ten Donkelaar HJ, Lammens M, Cruysberg JRM, Hori A, Shiota K, 
Verbist B (2006) Development and developmental disorders of 
the forebrain. In: ten Donkelaar HJ, Lammens M, Hori A (eds) 
Clinical neuroembryology: development and developmental 
 disorders of the human central nervous system. Springer, Berlin, 
pp 345–428



52111.3 Functional Basal Ganglia Connections

Clinical Case 11.3 Selective Vulnerability of the Basal 

Ganglia II: Familial Striatal Degeneration

Dystonia is a frequent symptom in the course of many inborn 
errors of metabolism. Glutaric aciduria type 1 (GA-1) is an 
autosomal recessive metabolic disorder, which is character-
ized by severe reduction or total absence of glutarylcoen-
zyme A dehydrogenase (GCDH) activity (Goodman et al. 
1977; Kimura et al. 1994; Hoffmann et al. 1996). The neu-
ropathological findings in a 15-year-old Turkish male ado-
lescent were discussed by ten Donkelaar et al. (2006; see 
Case report). These findings were remarkably similar to 
those in “familial holotopistic striatal necrosis” (Miyoshi 
et al. 1969) and “familial striatal degeneration” (Roessmann 
and Schwartz 1973), possibly unrecognized forms of GA-1. 
With MRI, Harting et al. (2009) studied 38 patients with 
GA-1 diagnosed before or after the manifestation of neuro-
logical symptoms.

Case report: Rapidly progressive neurological symp-
toms were evident from birth in this 15-year-old male ado-
lescent whose parents were consanguineous to the third 
degree. Hypertonia began at the left side, became general-
ized later and ended with episodes of generalized epilepsy. 
His monozygous twin brother and two sisters were neuro-
logically and developmentally normal, but a younger 
brother also had GA-1. They both displayed the so-far 
unreported mutation M801 in exon 3 of the GCDH gene.

His first episode occurred at 7 months of age when, 2 
weeks after gastroenteric dehydration, he had paroxysmal 
hypertonia of the left arm which progressed to status epilep-
ticus with subcoma. The idiopathic relapsing fever was 
labelled as acute encephalopathy without any obvious meta-
bolic cause. The second episode occurred 11 months later, 
again in the form of gastroenteric dehydration and encephal-
opathy. A peak of urinary glutaric acid (GA) and the pres-
ence of 3-OH-GA suggested the diagnosis of glutaric 
aciduria type 1. Blood tests were normal, but the patient’s 
cerebrospinal fluid (CSF) revealed a raised acetic acid level. 
The finding of normal GCDH activity in hepatocytes and 
fibroblasts, however, led to the erroneous dismissal of the 
GA-1 diagnosis. Constant episodes of laryngeal dyspnoea 
when he was 4 years old led to retesting of organic acid lev-
els, which were found to be normal. The patient had now 
severe psychomotor retardation and he suffered from dyski-
netic dystonia with compulsive nuchal torsion dystonia to 

the right side. Additional manifestations included hip adduc-
tion hypertonia, hyperextension and torsion of the spine. 
Although no fixed contractures were found, there was total 
loss of voluntary movements, except for visual expression 
and eye motility. The patient had hypotonia alternating with 
periods of opisthotonus and an overall dystrophic expression 
of the body until he died at the age of 15 years from broncho-
pneumonia. The diagnosis of GA-1 could only be confirmed 
after postmortem gene analysis.

At autopsy, the spleen and liver were found to be nor-
mal, making the diagnosis of a storage disease unlikely. 
The brain weighed 1,275 g. Macroscopically, there were 
widened lateral ventricles and loss of gyral convolutions. 
Frontal atrophy and a small caudate nucleus and putamen 
were also evident (Fig. 11.25a). Microscopically, the stria-
tum showed obvious neuron loss, with small neurons being 
more affected than large cells (Fig. 11.25b). This was marked 
in the putamen, moderate in the caudate nucleus and only 
mild in the GP. This neuronal loss was associated with 
marked astrocytic gliosis. The neuronal loss and astroglio-
sis in the striatum were confined to areas which greatly 
resemble the patch-matrix compartment of the striatum.
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Fig. 11.25 Familial striatal degeneration: (a) frontal section through 
the brain demonstrating very atrophic caudate nuclei; (b) histological 
section through the caudate nucleus with severe gliosis (lower and right 

parts of the picture); centrally, two round structures (striosomes) are 
somewhat spared from the gliosis (courtesy Martin Lammens, 
Nijmegen; from ten Donkelaar et al. 2006)

Clinical Case 11.4 Selective Vulnerability of the Basal 

Ganglia III: Leigh Syndrome

Leigh syndrome or subacute necrotizing encephalomyopa-
thy (Leigh 1951) is a progressive subcortical disorder, char-
acterized by multifocal, bilateral areas of subtotal necrosis in 
the basal ganglia, the brain stem tegmentum, the cerebellum 
and to some extent the spinal cord (ten Donkelaar et al. 2006; 
see Case report). Movement disorders of any type, including 
hypokinetic-rigid syndrome, chorea, myoclonus or dystonia, 
may be the most obvious clinical features (Fernández-Alvarez 
and Aicardi 2001). It is the prototype of a large group of 
mitochondrial encephalomyopathies (Darin et al. 2003).

Case report: A boy, born after an uncomplicated preg-
nancy as the second child of non-consanguineous parents, 
showed marked developmental delay. At the age of 8 months, 
progressive loss of motor and social skills became evident. 
Cerebral MRI showed marked cerebral atrophy and zones of 
hyperintensity in the caudate nucleus and the putamen bilat-
erally (Fig. 11.26a, b), suggesting Leigh syndrome. Blood 
and CSF lactate levels were elevated, and mutation analysis 
showed the 8993T>G mutation in mitochondrial DNA, char-
acteristic for Leigh syndrome. Although he initially recov-
ered, the boy died at the age of 14 months owing to aspiration 
and subsequent respiratory failure.

At autopsy, brain weight was 830 g. Macroscopical inspec-
tion revealed bilaterally slightly asymmetric, dark grey to 

light brown lesions in the thalamus, the hypothalamus, the 
mesencephalic tegmentum, the periaqueductal grey and the 
hindbrain (Fig. 11.26c–e). The putamen and the pulvinar 
were bilaterally pseudocystically degenerated. All these 
lesions were characterized by spongiosis of the neuropil, 
reactive astrocytes and important capillary proliferation and 
endothelial swelling (Fig. 11.26f). In the less severe lesions 
such as in the periaqueductal grey, neurons were still recog-
nizable but in the more severely affected regions such as the 
putamen, almost all neurons had disappeared, leading to 
pseudocystic lesions. These are the classic signs found in 
Leigh syndrome. Large parts of the cerebral cortex, including 
frontal, insular and temporobasal cortices, were atrophic.
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Fig. 11.26 Leigh syndrome. Coronal (a) and axial (b) MRIs; note the 
zones of hyperextintensity in the caudate nucleus and the putamen 
bilaterally; (c–e) frontal sections at the level of the mammillary body 
(c), the substantia nigra (d) and the pulvinar (e). Note atrophy of the 
basal ganglia and thalamus, brown discolouration in the right thala-

mus, the left substantia nigra and both subthalamic nuclei, enlargement 
of the ventricular system and a cyst in the left pulvinar (a, b courtesy 
Michèl Willemsen, Nijmegen; c–e courtesy Martin Lammens, 
Nijmegen; from ten Donkelaar et al. 2006)
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Fig. 11.27 MRI of a patient with toxic encephalopathy leading to 
bilateral lesions of the globus pallidus (courtesy Rob Haaxma, 
Paterswolde; from Haaxma et al. 1995; with permission from the 
Movement Disorder Society)

Clinical Case 11.5 Motor Function in a Patient  

with Bilateral Lesions of the Globus pallidus

Discrete lesions of the globus pallidus are uncommon 
(Laplane et al. 1989). Haaxma et al. (1995) studied a female 
patient who after a toxic encephalopathy sustained exten-
sive bilateral damage to the GP and the right SN (see Case 
report).

Case report: Initially, after recovery from the acute toxic 
insult, she moved slowly with postural dysequilibrium, caus-
ing backward falls, and a severe abnormality of locomotion. 
A year later, she was left with a curious dystonic gait charac-
terized by forced extension of the knees and hips. Equilibrium 
had recovered. She was somewhat slow in making rapid arm 
movements, but could tie shoelaces, catch a ball and strike a 
match without difficulty. Muscle tone was normal but reflex 
studies showed signs of abnormal facilitation and inhibition 
at various levels of the neuraxis. The GP and SN lesions 
(Fig. 11.27) most likely caused defective input to premotor 
cortical and brain stem targets. Dysfunctioning of these tar-
gets leads to improper control of the descending medial 
pathways responsible for locomotion, postural control and 
reflex status (see Chap. 9). The deficits in upper extremity 
motor performance included delayed and slow movements, 
inaccurate amplitudes of ballistic responses, a lack of predic-
tive control and deficits in bimanual coordination. Sensory 
feedback, proprioceptive in particular, played a major com-
pensating role in rapid aiming movements. Regional blood 
flow was reduced in multiple frontal cortical regions such as 
the hand areas of the supplementary and premotor cortices. 
Impaired functioning of these areas, caused by defective 
bilateral output of the GP and SN, may have resulted in the 
motor deficits of the arm and hand.

This case was kindly provided by Rob Haaxma 
(Paterswolde).
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Clinical Case 11.6 Hemiballism

Pette (1923) and Martin (1927) were among the first to link 
hemiballism with a contralateral lesion of the STN but 
examples of hemiballism due to a lesion restricted to the 
STN are rare. Vidaković et al. (1994) collected 25 cases of 
hemiballism of which only one had a lesion restricted to the 
STN. Damage to this nucleus may be due to a metastasis of 
a tumour (Kelman 1945; Salama et al. 1986; Glass et al. 
1984), focal haemorrhage (Trillet et al. 1995), circulatory 
disturbances (see Case report) and infarction (Kelman 

1945; Segal et al. 1977). A subthalamic lesion may lead to 
the disappearance of PD symptoms (Sellal et al. 1992) or 
prevent their appearance (see Clinical case 11.8).

Case report: A 73-year-old male patient was adminis-
tered with sudden onset of right hemiballism. A computed 
tomography (CT) scan revealed multiple ischaemic foci but 
no haemorrhagic lesions. Sonographic examination 
revealed a stenosis of the left internal carotid artery. The 
hemiballism persisted but the patient developed cardiac, 
respiratory and renal insufficiencies. Although the renal 
insufficiency improved, the patient had to be intubated and 
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died of sudden respiratory failure on the 12th day after 
admission. General autopsy revealed embolism of the pul-
monary artery as the cause of death. The brain was swollen, 
weighed 1,550 g and showed tonsillar herniation. A focal 
solitary haemorrhage was found in the left STN (Fig. 11.28). 
Additional small haemorrhages were found in the occipital 

white matter, whereas the basal ganglia showed multiple 
microcystic infarctions (état criblé).
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Fig. 11.28 Frontal section of a patient with a lesion of the subtha-
lamic nucleus, visible as a black oval area on the left above the cere-
bral peduncle (courtesy Akira Hori, Toyohashi, Japan)

Clinical Case 11.7 Dentatorubropallidoluysian Atrophy

Dentatorubropallidoluysian atrophy (DRLPA) is an auto-
somal dominant neurodegenerative disorder characterized 
by myoclonus, epileptic seizures, cerebellar ataxia, choreo-
athetotic movements, personality changes and dementia. 
Although the first case of DRPLA was reported in Belgium 
(Titica and Van Bogaert 1946), most cases are found in 
Japan (see Case report). DRPLA is known as one of the 
CAG repeat expansion diseases, in which the responsible 
gene is located on chromosome 12p and its product is 
called atrophin 1 (Kanazawa 1999).

Case report: A 31-year-old male patient with a familial 
history of DRPLA came to autopsy. His father suffered from 
ataxia and choreatic movements since he was 60 years old, 
his MRI showed cerebellar atrophy and a CAG repeat of 55 

was found. Although the physical development of the patient 
was normal in childhood, he was mentally retarded and at 10 
years of age his problems began with tonic–clonic convul-
sions. When he was 14 years old, his IQ was 59 and ataxia 
and myoclonus developed. Seven years later, he could no 
 longer walk because of severe ataxia of his legs. Choreatic 
movements of his upper extremities became evident when he 
was 22 years old. At that time, his score on the Hasegawa-
Dementia-Scale was 6 out of 30 points, his electroencepha-
lography (EEG) showed sharp waves in both occipital areas 
and a CAG repeat of 79 was found. Two years later, verbal 
communication was no longer possible and he was unable to 
stand up. He became bed-ridden and suffered repeatedly from 
respiratory infections and finally died of pneumonia. At 
autopsy, the brain weighed 920 g. Frontal atrophy and dif-
fuse enlargement of the ventricles was noted (Fig. 11.29a).  
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Fig. 11.29 a, b Frontal sections of the brain in a patient with dentato-
rubropallidoluysian atrophy (a) and a normal age control (b); c–i LFB-
stained sections of the DRPLA patient versus a control of the putamen 

and globus pallidus (c, d), the subthalamic nucleus (e, f), the red 
nucleus (g; only the red nucleus in DRPLA is shown) and the dentate 
nucleus (h, i; courtesy Maya Mimuro and colleagues, Aichi, Japan)

In brain slices, brown colouring of the GP and the dentate 
nucleus and an atrophic STN were found. Histologically, 
marked neuronal loss with fibrillar gliosis was found in the 
external part of the GP (Fig. 11.29b). In the STN and the red 
nucleus, neuronal loss and gliosis were slight (Fig. 11.29c, d). 
The dentate nucleus also showed cell loss with the existence 
of spheroid bodies and grumose degeneration (Fig. 11.29e). 
The cerebellar cortex was atrophic with thin molecular, 
Purkinje-cell and granular layers. The brain stem tegmentum 
was atrophic and the superior cerebellar peduncle was degen-
erated. In the spinal cord, atrophy of the anterior and lateral 
fasciculi, demyelination of the pyramidal and spinocerebellar 
tracts and cell loss in Clarke’s column were noted. 

Immunohistochemical staining for 1C2, an antibody against 
elongated polyglutamine chains, showed inclusion bodies in 
the dentate and pontine nuclei as well as in the GP.

This case was kindly provided to Maya Mimuro, Mari 
Yoshida and Yoshio Hashizume (Aichi Medical University, 
Japan).

Selected References

Kanazawa I (1999) Molecular pathology of dentatorubral-pallidoluy-
sian atrophy. Phil Trans R Soc Lond B 354:1069–1074

Titica J, Van Bogaert L (1946) Heredo-degenerative hemiballismus. 
Brain 69:251–263



52711.3 Functional Basal Ganglia Connections



528 11 Basal Ganglia

11.4  Pathophysiology of Basal Ganglia 
Disorders

The circuitry of the basal ganglia can be used as a first 
approximation to understand the symptoms of hyperkinesia 
and hypo kinesia, which are common to several basal gan-
glia diseases in humans (DeLong 1990). Moreover, it has 
even been used to predict a new possible treatment for PD 
(Albin et al. 1989; Bergman et al. 1990; Graham et al. 1990; 
Wichmann and DeLong 1996; see Fig. 11.30). Inactivation 
of the STN or of its projections to GPi reverses the parkin-
sonian symptoms of 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP)-treated monkeys (Burns et al. 1983; 
Chiueh et al. 1985; Sect. 11.4.1). The effects were contral-
ateral. Ballard et al. (1985) presented seven cases of per-
manent human parkinsonism due to MPTP intoxication. 
Bilateral STN stimulation has become a standard intervention 
for PD patients who have run into side effects of the dop-
aminergic medication. Ballism, chorea and dystonia are three 
common hyperkinetic movement disorders associated with 
lesions of the basal ganglia. Ballism occurs after lesions of 
the STN and is characterized by uncontrollable, rapid move-
ments of the contralateral arm and less frequently the leg 
(Sect. 11.4.2). Removal of the STN results in loss of excit-
atory input to the internal pallidum and the SN pars reticulata 
(see Bergman et al. 1990). This will reduce the inhibitory out-
put of the basal ganglia and release extra, unwanted move-
ment. The term chorea refers to involuntary arrhythmic, jerky 
and more fluent movements as observed for instance in HD 
(Sect. 11.4.3). Dystonia is used for slower, more sustained 
movements and abnormal postures with co-contraction of 
agonist–antagonist muscle groups (Sect. 11.4.4).

11.4.1  Parkinson Disease

DeLong (1990) summarized the changes in neuronal activ-
ity in the motor circuit in animal models of hypo- and 
hyperkinetic disorders. The data available indicate that 
shifts in the balance between activity in the direct and indi-
rect pathways and the resulting alterations in GPi/SNr out-
put may account for the hypo- and hyperkinetic features of 
basal ganglia disorders. In general, enhanced conduction 
through the indirect pathway leads to hypokinesia by 
increasing pallidothalamic inhibition, whereas reduced 
conduction through the direct pathway results in hyperki-
nesia by reduction of pallidothalamic inhibition 
(Fig. 11.30). There have been numerous approaches to the 
production of a suitable model of PD (see DeLong and 
Georgopoulos 1981; Crossman 1987; Sambrook et al. 
1989). Parkinsonism induced by MPTP represents the 

first model with features that closely resemble the clinical, 
pathological and biochemical characteristics of the human 
disorder (Burns et al. 1983; Chiueh et al. 1985). MPTP is 
converted in the brain to the toxin MPP+ by the enzyme 
monoamine oxidase. MPP+ is then selectively taken up by 
nigrostriatal neurons, where it interferes with mitochon-
drial metabolism. Animals treated with MPTP develop 
signs comparable to those in humans with PD, including 
akinesia, bradykinesia, flexed posture, muscular rigidity 
and postural tremor (Langston 1987). Not all primate spe-
cies develop the tremor typical of idiopathic PD, but one 
species, the African green monkey, does show typical rest-
ing tremor in a high percentage of cases. Loss of neuromel-
anin-containing neurons of the pars compacta of the SN 
and resulting loss of dopamine in the striatum are the most 
apparent neuropathological features with some degree of 
neuronal cell loss in the locus coeruleus (LC) and raphe 
nuclei (Kitt et al. 1986; Schneider et al. 1987; German 
et al. 1988). Studies of neuronal activity in MPTP-treated 
monkeys showed increased tonic neuronal discharge in 
GPi and subthalamic neurons and a decrease of the mean 
tonic discharge rate in the GPe (Bergman et al. 1994; 
Pessiglione et al. 2005). The MPTP-induced changes in 
neuronal activity observed in GPe, GPi and the STN are 
consistent with the evidence indicating that a loss of stri-
atal dopamine results in an increase in transmission through 
the indirect pathway and a reduction in transmission 
through the direct pathway. The overall effect of such 
imbalances would be to increase the output from GPi/SNr, 
leading to excessive tonic and phasic  inhibition of thal-
amocortical neurons (Fig. 11.30). Nadjar et al. (2006) 
studied the phenotype of striatofugal medium-sized spiny 
neurons in parkinsonian and dyskinetic non-human pri-
mates. Their data suggest that the striatofugal pathways 
are not as segregated in primates as previously considered. 
For human single-unit data of GP and STN, see Hutchison 
et al. (1998) and Magnin et al. (2000).

The functional model of the motor circuit suggests that a 
lesion or inactivation of the STN in parkinsonian subjects 
will ameliorate some of their motor impairments. This has 
been tested by selective lesioning of the STN with the neu-
rotoxin ibotenate in MPTP-treated monkeys (Bergman et al. 
1990; Aziz et al. 1991; Guridi et al. 1994; Wichmann et al. 
1994b; Wichmann and DeLong 1996). Such lesions pro-
duced an immediate and dramatic reduction of akinesia and 
bradykinesia as well as of tremor and rigidity in the contral-
ateral limbs. The demonstration that lesions of the STN 
reversed all of the cardinal signs of parkinsonism by reduc-
ing GPi activity, led to the reintroduction of stereotactic 
lesions of the motor portion of the GPi in human patients 
(Baron et al. 1996). Pallidotomy had marked effects on 
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 akinesia, rigidity and tremor. PET studies have shown that 
frontal motor areas of which the metabolic activity was 
reduced in the parkinsonian state were again active follow-
ing pallidotomy (Ceballos-Baumann et al. 1994; Dogali 
et al. 1995).

Only 5% of PD cases can be attributed to specific genetic 
causes (Farrer 2006; Olanow and McNaught 2008). Most of 
the remaining cases are classified as idiopathic PD. The 
clinical manifestations of PD are the result of a neurodegen-
erative process that causes damage to multiple neuronal cir-
cuits (Braak et al. 2003; see Sect. 11.5.1). James Parkinson 
characterized PD as shaking palsy or akinesia in modern 
terminology (Parkinson 1817). PD shaking is now charac-
terized as a low frequency (4–7 Hz) tremor at rest. Other 
non-harmonically related forms such as a postural/kinetic 
7–12 Hz tremor are very common in PD (Deuschl et al. 
2000; Wichmann et al. 2000; Deuschl and Raethjen 2007; 

Elias et al. 2008). The possible mechanism of the PD tremor 
has been studied by Péchadre et al. (1976; Fig. 11.31). 
Neuropathological data suggest that in patients with pre-
dominant tremor the retrorubral A8 part of the SN is specifi-
cally degenerating (Paulus and Jellinger 1991). A comparable 
tremor may arise without parkinsonism as shown in Clinical 
case 11.8.

Akinesia is a hypokinetic disorder characterized by a pov-
erty of goal-directed movements. Automatic or involuntary 
movements such as facial expression are more severely reduced 
than instructed or voluntary movements. Bradykinesia (slow-
ness of voluntary movements) and related hypokinetic clinical 
features are also part of the akinetic syndrome. The other car-
dinal motor symptoms of PD include rigidity (increased mus-
cle tone) and postural abnormalities such as loss of postural 
reflexes. Cognitive and emotional deficits frequently accom-
pany the motor symptoms (Ravina et al. 2007).
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Fig. 11.30 The motor circuit under normal (a), parkinsonian (b) con-
ditions and (c) hyperkinetic disorders. Normal cell activity is indicated 
by medium red, increased activity by red and decreased activity by light 
grey. Parkinsonism leads to differential changes in two striatopallidal 
projections, which are indicated by the thickness of the connecting 

arrows. Basal ganglia output to the thalamus is increased. In Huntington 
chorea (c), degeneration of the striato-GPe pathway results in increased 
inhibition of STN and GPi, leading to reduced basal ganglia output to 
the thalamus (after Wichmann et al. 2000)
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Single photon emission tomography (SPECT) and 
PET can be used to study neurotransmitter systems and 
brain metabolic activity. In patients with movement disor-
ders imaging of nigrostriatal DAergic terminals, D1 recep-
tors and glucose metabolism is used (Leenders et al. 1986; 
Brooks et al. 1990; Brooks 2000; Berendse et al. 2007). 
Dopamine transporter (DAT) is a protein positioned exclu-
sively in the membrane of presynaptic DAergic terminals 
where it is involved in the reuptake of dopamine from the 
synaptic cleft. DAT imaging with radioactive cocaine ana-
logue ligands is used as an in vivo marker of the density of 
DAergic nerve terminals in the striatum and, consequently, 
of the number of nigrostriatal neurons (Fig. 11.32). The 
signal in PD shows an asymmetrical reduction in trans-
porter binding, particularly in the putamen. DAT imaging 
cannot distinguish PD from multiple system atrophy (MSA) 

or PSP, unless performed using voxel-based mapping 
(Scherfler et al. 2005). SPECT can be used to follow pro-
gression in PD. Poewe and Scherfler (2003) calculated that 
there is an annual loss of 8–11% of transporter signal in the 
early stages of PD. Another way of in vivo  measuring the 
integrity of DAergic neurons is PET scanning following the 
injection of the ligand [18F]-DOPA (Fig. 11.33a). However, 
PET remains relatively limited in its availability and is 
unlikely to become used in routine practice in the near 
future. For the imaging of the dopamine D2 receptor, PET 
([11C]-raclopride) and SPECT (IBZM) tracers have been 
developed. Since the vast majority of D2 receptors are 
located postsynaptically on striatal GABAergic neurons 
and cholinergic neurons, D2-receptor binding is generally 
considered a measure of the number of postsynaptic D2 
receptors and therefore of the number of striatal neurons 
(Fig. 11.33b). [18F]-Fluorodeoxyglucose (FDG) can be used 
to measure the regional glucose metabolism in patients suf-
fering from movement disorders (Fig. 11.33c).

Transcranial Doppler imaging (TCDI) has been 
applied to patients with extrapyramidal disorders in which 
varying degrees of altered echogenicity in the basal gan-
glia were identified (Becker et al. 1995; Berg et al. 2002, 
2008). An enlarged area of hyperechogenic signal in the 
SN region is characteristic in PD and rarely seen in other 
atypical  parkinsonian syndromes (Walter et al. 2003). The 
origin of SN hyperechogenecity is not fully understood 
but likely due to increased iron-deposition (Berg and 
Hochstrasser 2006).

Initially, PD was considered a sporadic degenerative 
condition known as idiopathic PD but in time this syn-
drome has also been recognized to arise as a result of a 
variety of genetic defects (see Olanow and McNaught 
2008) as well as traumatic brain injury, infections, drugs 
and specific intoxications. Moreover, parkinsonism can be 
the clinical expression of several other neurodegenerative 
diseases such as MSA, PSP, CBD, frontotemporal demen-
tia with parkinsonism linked to chromosome 17 (FTDP-17) 
or vascular parkinsonism. MSA, PSP, CBD and dementia 
with Lewy bodies (DLBs) have been defined as Parkinson-
plus disorders (Poewe and Wenning 2007). Two types of 
vascular parkinsonism can be distinguished (Zijlmans 
et al. 1995): (1) with an insidious onset and vascular lesions 
diffusely located in the watershed areas, particularly those 
affecting frontostriatal connections; (2) with an acute onset 
and lesions located in the subcortical grey matter (the stria-
tum, the GP and the thalamus); the latter type is rare. 
Criteria for the clinical diagnosis of vascular parkinsonism 
have been published by Zijlmans et al. (2004). In Clinical 
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Fig. 11.31 Diagram to show the main fibre connections, which have to 
be lesioned in monkeys to produce a parkinsonian rest tremor. Note loss 
of the nigrostriatal, cerebellorubral, cerebellothalamic and rubro- olivary 
pathways. Cb cerebellum, GP globus pallidus, IO inferior olive, Rub 
nucleus ruber, SN substantia nigra, Str striatum, Th thalamus (after 
Péchadre et al. 1976)
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cases 11.9 and 11.10, some examples of the clinical spec-
trum of PD and Parkinson-plus disorders are shown. 
Examples of drug-induced and toxic parkinsonism are the 
use of the designer drug MPTP and consumption of cycad 
seeds on Guam (Spencer et al. 1987; Cox and Sacks 2002; 
Horstink 2007). The Chamorro people of Guam have been 
afflicted with a complex of diseases with similarities to 
ALS, AD and PD, known as the ALS–Parkinson–Dementia 
Complex (ALS–PDC).

In 1952, Irving Cooper accidentally ligated the anterior 
choroidal artery during a pedunculotomy to treat tremor in a 
patient with PD. The tremor was much improved after sur-

gery, which he considered the result of an ischaemic lesion 
of the pallidum (Cooper 1954). Rolf Hassler pioneered thala-
motomy (Hassler and Riechert 1954) and reported that the 
procedure was more effective than pallidotomy in the treat-
ment of tremor. Leksell, however, varied the pallidal lesion 
location and reported a better efficacy on rigidity, tremor, but 
most notably on the speed, range and accuracy of contra-
lateral movements with more posteriorly placed pallidoto-
mies (Svennilson et al. 1960). The introduction of levodopa 
(Birkmayer and Hornykiewicz 1961; Cotzias et al. 1967) 
then rapidly brought surgical therapies for PD to a halt, 
except for a few cases with intractable tremor (Speelman 

Fig. 11.32 [123I]FP-CIT (a–c) and [123I] IBZM (d–f) SPECT images 
of a healthy woman (a, d), a patient with PD (b, e) and a patient with 
multiple system atrophy (c, f). In the PD patient, dopamine transporter 
binding is reduced, indicating a loss of the integrity of the presynaptic 
element of the nigrostriatal dopaminergic system (b), whereas D2 
receptor binding as a measure of the integrity of the postsynaptic stri-

atal neurons is unchanged (e). The scans of the patient with MSA 
show a loss of integrity of both the presynaptic (c) and the postsynap-
tic (f) elements of the nigrostriatal dopaminergic system (from 
Berendse et al. 2007; with permission from VU University Press, 
Amsterdam)
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1991). Surgery for PD returned in the early 1990s, when it 
became clear that medical therapy was associated with 
intractable long-term complications such as motor fluctua-
tions and dyskinesias and because of a better understanding 
of the pathophysiology of PD derived from studies in the 
MPTP-primate model (Albin et al. 1989; DeLong 1990). 
More importantly, akinesia was no longer considered a 
“ negative symptom” as a consequence of neurodegeneration 
in the basal ganglia but rather as the result of overactivity 
within the internal GP and STN.

Over the last decades, new surgical therapies have found 
a definitive place in the treatment of movement disorders 
(Wichmann et al. 2000; Volkmann 2008; Benabid et al. 
2009). Following Laitinen’s publications that posteroventral 
pallidotomy can abolish all parkinsonian symptoms (Laitinen 
et al. 1992a, b), there became renewed interest in pallido-
tomy. Deep brain stimulation of the STN, pioneered by 

Alim-Louis Benabid (Pollak et al. 1993; Limousin et al. 
1995), is now considered an evidence-based, routine therapy 
for patients with severe tremor or motor complications of 
long-term levodopa therapy (Esselink 2007; Volkmann 
2008; Benabid et al. 2009). The clinical effect of high-fre-
quency DBS (>100 Hz) resembles that of lesioning but the 
exact mechanism is unknown. Nielsen et al. (2007) described 
the pathological findings in the brain of a patient with PD 
treated with bilateral subthalamic DBS for 29 months prior 
to death. Bilateral nigral depigmentation, cell loss and the 
presence of Lewy bodies (LBs) confirmed the diagnosis of 
PD. Microscopic evaluation confirmed the location of the 
electrodes in the STN. The electrode tracts were surrounded 
by a thin glial fibrillary acidic protein-positive capsule, indi-
cating only very mild histopathological changes in the vicin-
ity of the electrode tract resulting from the electrode 
 placement and not from the electrical stimulation.

Parkinson

MSA

F-DOPA Raclopride FDG

Fig. 11.33 [18F]DOPA, [11C]raclopride and [18F]FDG PET images 
from a patient with Parkinson disease (upper row) and a patient with 
MSA (lower row). [18F]DOPA uptake is reduced in both PD and MSA. 
In the PD patient, raclopride binding is slightly increased in the right 
striatum, corresponding to the more affected left side of the body. 

By contrast, in the MSA patient, raclopride binding is strongly reduced 
bilaterally. Glucose consumption, as measured using [18F]FDG PET, is 
somewhat increased on the right side in the PD patient, but bilaterally 
decreased in the MSA patient (from Berendse et al. 2007; with permission 
from VU University Press, Amsterdam)
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11.4.2  Hemiballismus

In humans, vascular lesions restricted to the STN frequently 
result in involuntary, often violent movements of the contral-
ateral limbs, termed hemiballismus because of the superfi-
cial resemblance of the movements to throwing motions (see 
Guridi and Obeso 2001). In monkeys, hemiballismus has 

been produced by experimental lesions of the STN (Whittier 
and Mettler 1949; Carpenter et al. 1950; Hammond et al. 
1979; Bergman et al. 1994). Subthalamic lesions, produced 
by the axon-sparing neurotoxin ibotenate, result in a signifi-
cant reduction of tonic discharge of the GPi (Hamada and 
DeLong 1992). These findings suggest that hemiballismus 
results from a disinhibition of the thalamus due to a  reduction 

Clinical Case 11.8 Posttraumatic Tremor Without 

Parkinsonism in a Patient with Complete Contralateral 

Loss of the Nigrostriatal Pathway

A severe posttraumatic tremor often results from midbrain 
injury and prolonged coma (Andrew et al. 1982; Samie 
et al. 1990). It usually has the features of a Holmes tremor, 
i.e. a rest and intention tremor with an additional postural 
component (see Chap. 10). Sometimes other cerebellar dis-
orders such as ataxia are found. Postmortem examination 
and PET studies showed that both the dopaminergic nigros-
triatal system and the cerebellothalamic system are involved 
(Remy et al. 1995; Deuschl et al. 1999). Zijlmans et al. 
(2002) presented a peculiar case of a patient with complete 
loss of the nigrostriatal pathway on one side but without 
parkinsonism (see Case report).

Case report: A 19-year-old male sustained a severe 
head injury in a car accident in 1972 and remained in 
coma for 2 weeks. After a several-months-taking recovery, 
he noticed a very slight occasional trembling of the left arm 
and leg. The tremor progressed slowly to such an extent 
that he was not able to do his work as a cowherd. He also 
developed pain in his neck, left shoulder, arm and leg. At 
the age of 41, he came for a second opinion to the University 
Medical Centre in Nijmegen. He had a slightly irregular 
and jerky rest tremor of the left hand, and to a lesser extent 
also of the left leg. There was no rigidity or hypokinesia 
and gait was normal. Coordination was intact, except for a 
slight dysmetria of the left hand but no intention tremor. 
MRI of the brain showed a haemosiderin deposit, suggest-
ing a previous small haemorrhage in the right STN and 
anteromedial part of the SN (Fig. 11.34a, b). With SPECT, 

Fig. 11.34 Posttraumatic tremor without parkinsonism in a patient 
with complete contralateral loss of the nigrostriatal pathway: (a) 
T2-weighed MRI, showing haemosiderin deposit (black arrow) sug-
gesting a previous small haemorrhage in the anteromedial part of the 
substantia nigra; (b) sagittal Flash MRI, showing the lesion in the 

 substantia nigra and the subthalamic nucleus (black arrow); (c) trans-
versal SPECT image showing only visualization of dopamine trans-
porters in the left striatum (courtesy Jan Zijlmans, Breda; from 
Zijlmans et al. 2002; with permission from the Movement Disorder 
Society)
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normal density of postsynaptic striatal D2 receptors was 
found, but complete absence of binding of the presynaptic 
DAergic system in the right striatum (Fig. 11.34c). The 
absence of hypokinesia and rigidity in this case of complete 
unilateral striatal DAergic denervation was surprising. An 
explanation could be that the lesion in the STN prevented 
the onset of a Parkinson syndrome. For the tremor, a right-
sided thalamotomy was performed, after which the tremor 
and pain disappeared immediately.

This case was kindly provided by Jan Zijlmans (Depart-
ment of Neurology, Amphia Hospital, Breda).
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Clinical Case 11.9 The Clinical Spectrum of PD and Related 

Disorders: I Juvenile PD and Vascular Parkinsonism

The aetiology of PD is believed to involve both genetic and 
environmental factors. Several gene mutations have been 
described in monogenic forms of familial PD and some of 
these are also found in apparently sporadic late-onset PD 
(Schapira 2007; Olanow and McNaught 2008; see Case 
report 1). Parkinsonism can also have a vascular rather 
than a degenerative origin (Zijlmans et al. 2004). A slowly 
progressive case and lesions located in the striatum, the GP 
and the thalamus is shown as Case report 2.

Case report 1: The first case concerns a 53-year-old 
man who presented 7 years ago with gait difficulties because 
of a bilateral “foot drop”, followed by abnormal position-
ing of his fingers. Over the years, he had become slower. 
His posture became more stooped and he had developed 
difficulty with stopping when he was walking. There was 
some loss of dexterity. He felt that he had some difficulty 
emptying his bladder but there were no other autonomic 
symptoms. His sister was similarly affected, whereas the 
parents and two other sibs were not. On examination, when 
he was 51 years old, there was hypomimia, rigidity in all 
extremities but left more than right, left-sided bradykinesia 
on foot and finger tapping, a slightly stooped posture, a 
broad-based gait, dystonic positioning of both feet on  
walking (the “foot drop”) and generalized hyperreflexia. 

There were no cerebellar signs and he had normal eye 
movements. The clinical diagnosis was that of an early-
onset, possibly autosomal recessive parkinsonism. An MRI 
of his brain was normal, whereas a DAT-SPECT scan 
showed reduced uptake in the putamen bilaterally and in 
the left caudate nucleus, compatible with presynaptic 
nigrostriatal degeneration. Mutation analysis for the parkin 
gene (PARK2) identified a deletion of exon 4 and a point 
mutation in exon 12 (compound heterozygous state). Dopa-
minergic treatment gave good clinical benefit.

Case report 2: The second case concerns a 72-year-old 
male who gradually developed disturbances of walking in 
the course of 6 years. Apart from hypertension, his medical 
history was inconspicuous. He had a marked shuffling gait 
with frequent “freezing”, in particular when his gait was dis-
turbed by any other stimulus. He could easily stumble and 
fall and had much trouble to get on his feet again. Yet, he 
liked to work in the garden, sitting on his knees. He could use 
his hands unrestricted. There were no other particular signs 
of parkinsonism such as a masked face or the loss of smell. 
He had a slight dysarthria and dysphagia. Apart from brady-
phrenia, there were no cognitive disturbances but he was 
emotionally labile with incidental compulsory crying. MR 
images showed a typical pattern of arteriosclerotic occlusion 
of the penetrating lenticulostriate arteries and leucoaraiosis 
(Fig. 11.35). There was no response on levodopa therapy as 
might be expected in typical vascular parkinsonism.
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Fig. 11.35 Axial (a) and coronal (b) MRIs of a case of vascular parkinsonism (courtesy Peter van Domburg, Sittard)

Case report 1 was kindly provided by Bart van de 
Warrenburg (Nijmegen) and case 2 by Peter van Domburg 
(Sittard).
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Clinical Case 11.10 The Clinical Spectrum of PD and Related 

Disorders II: Parkinson-Plus Disorders

Parkinson-plus disorders form a heterogeneous group of 
movement disorders with prominent signs of parkinsonism 
plus additional features that allow clinical separation of 
these entities from classic idiopathic PD (Poewe and Wenning 
2007). This group of disorders includes MSA, PSP, CBD 
and DLB (see Case reports).

Case report 1: MSA-P: A 62-year-old male presented at 
the age of 59 years with reduced dexterity of the left hand, 
which has progressed since then in terms of severity and 
involvement of the right side. He also gradually developed 
reduced facial expression, dysarthria, difficulty of initiating 

gait and falls. There were no cognitive complaints. In terms 
of bladder function, there was urgency, frequency and occa-
sional incontinence. Erections have been absent since 
2 years. He noticed that his hands and feet were cold. In his 
sleep, there were episodes reminiscent of REM-sleep behav-
iour and his wife also noted inspiratory sighs. The family 
history was unremarkable. On examination, he showed 
 normal cognitive functions, jerky ocular pursuit, slow and 
hypometric saccades, slurred speech, severe bradykinesia, 
left more than right, occasionally a resting tremor of the left, 
polyminimyoclonus, forward and lateral flexion of the trunk 
with disproportionate antecollis, combined hypokinetic-
ataxic gait, impaired postural reflexes, increased tendon 
reflexes in the legs with extensor plantar responses. An MRI 
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Fig. 11.36 Axial MRIs of a case of multisystem atrophy, showing (a) the so-called putaminal rim and (b) cerebellar atrophy (courtesy Bart 
van de Warrenburg, Nijmegen)

showed cerebellar atrophy and the so-called putaminal rim 
sign (Fig. 11.36). The clinical and imaging findings are 
compatible with a diagnosis of MSA, predominantly of the 
parkinsonian-type (MSA-P; see Stefanova et al. 2009).

Case report 2: PSP: A 76-year-old man presented with 
slowness, loss of initiative and spontaneous and injurious 
falls. His slowness affected both motor and mental func-
tions. He had also started to experience short-term memory 
problems. His voice had become softer. Two years later, his 
gait difficulties necessitated the use of a stroller and wheel-
chair, although there were still occasional falls. Marked 
dysarthria and dysphagia had developed. Neurological 
examination at the age of 78 years showed mild but clear 
cognitive disturbances, almost complete vertical gaze palsy 
with slowing of horizontal saccades, bilateral bradykinesia, 
generalized rigidity, more pronounced axially, an erect pos-
ture, a hypokinetic, broad-based gait, postural imbalance 
and the presence of primitive reflexes. The clinical diagno-
sis was PSP (Richardson-type; see Williams and Lees 
2009). This was corroborated by MRI, which demonstrated 

atrophy of the mesencephalon and additional bilateral fron-
tal and temporal lobe atrophy (Fig. 11.37). The midline 
mesencephalic atrophy gives a typical configuration in sag-
ittal images. The floor of the third ventricle, the mesenceph-
alon and the pons resemble a humming bird.

Case report 3: CBD: A 66-year-old man with a history 
of hypertension presented with weakness and loss of dexter-
ity of the left arm that he 4 years earlier first noticed while 
playing the clarinet. These symptoms were very slowly pro-
gressive. The left arm had developed a tendency to assume 
a somewhat flexed posture. The other limbs were unaf-
fected, he denied having involuntary movements and there 
were no subjective cognitive changes. His family history 
was unremarkable. Examination showed ideomotor apraxia, 
normal eye movements except for jerky pursuit, left-sided 
bradykinesia on fingertapping, dystonic posturing of the left 
arm, a markedly increased tone in the left arm and increased 
tendon reflexes of the left arm with a grasp reflex on that 
side. This clinical constellation is reminiscent of CBD. 
A brain MRI was normal, excluding a structural lesion as is 
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Fig. 11.37 Axial (a) and sagittal (b) MRIs of a PSP case; note atrophy of the mesencephalon and additional bilateral frontal and temporal lobe 
atrophy (courtesy Bart van de Warrenburg, Nijmegen)

the cause in CBD. Paraneoplastic and antiphospholipid 
antibodies were negative. An FDG-PET scan demonstrated 
right frontoparietal hypometabolism (Fig. 11.38), correlat-
ing with the unilateral, left-sided motor symptoms in this 
patient. The final diagnosis was CBD.
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of tonic inhibitory output from GPi. As a result of this, thal-
amocortical neurons might become increasingly responsive 
to cortical inputs or exhibit an increased tendency to dis-
charge spontaneously, thus leading to involuntary movements 
(DeLong 1990). Dierssen et al. (1961) reviewed the older lit-
erature of hemiballism following surgery for PD. In current 
clinical phenomenology, ballism is considered to be a form 
of proximal, large-amplitude chorea.

11.4.3  Chorea

The choreiform movements of HD and the dyskinetic 
movements in hemiballismus underlie a common mecha-

nism. Early in the course of HD, there is a selective loss of 
GABAergic/enkephalinergic striatal neurons that give rise 
to the indirect pathway (Reiner et al. 1988; Deng et al. 
2004; Cepeda et al. 2007; Gil and Rego 2008). The conse-
quent loss of inhibition of GPi neurons might lead to exces-
sive inhibition of subthalamic neurons, and this functional 
inactivation of the STN could explain the choreiform motor 
disturbances in HD (see Fig. 11.30c). The rigid akinetic 
signs in advanced HD disease are associated with evidence 
of additional loss of GABAergic/substance P-containing 
striatal neurons projecting to GP (Albin et al. 1990). This 
would lead to increased discharge of the partially deaffer-
ented GPi/SN neurons, by removal of inhibition. The phe-
nomenon of L-DOPA-induced dyskinesias can be explained 

Fig. 11.38 FDG-PET scan of a patient with corticobasal degeneration, showing right frontoparietal hypometabolism (courtesy Bart van de 
Warrenburg, Nijmegen)
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on a similar basis. Excessive dopaminergic inhibition of 
the striatal GABAergic/enkephalinergic neurons would 
lead to reduced excitatory input to GPi/SNr via the indirect 
pathway, and this effect could be compounded by excessive 
dopaminergic stimulation of the striatal GABAergic/sub-
stance P-containing neurons sending inhibitory projections 
to GPi/SNr.

11.4.4  Dystonia

Dystonia is characterized by involuntary, rather slow and sus-
tained muscle contractions that cause prolonged twisting and 
repetitive movements or abnormal postures of the affected 
body part or parts (Fahn 1988; Quartarone et al. 2008). Focal, 
segmental, multifocal and generalized forms may be distin-
guished. Primary dystonias have no clinical features other 
than dystonia and the causes are both genetic and idiopathic. 
The most common form of primary dystonia is DYT1, caused 
by a GAG deletion in the torsinA gene (Ozelius et al. 1997; 
Holton et al. 2008). Common idiopathic forms include writ-
er’s cramp, blepharospasm and torticollis.

Traditionally, dystonia was considered to be a feature of 
basal ganglia disease, since after lesions of the putamen or 
the GP contralateral hemidystonia was observed (Marsden 
et al. 1985; Bhatia and Marsden 1994; Munchau et al. 
2000). In primary dystonia, however, there are no clear 
morpho logical changes in the basal ganglia. Recent evi-
dence points towards a more functional mechanism in pri-
mary dystonia, in which defective sensorimotor integration 
is suggested in cortico-striato-pallido-thalamocortical cir-
cuits. The central functional abnormality seems to be defi-
cient inhibition at the level of the motor cortex, brain stem 
and spinal cord, as demonstrated by transcranial magnetic 
stimulation (TMS) studies (Hallett 2006). In the current 
concept, loss of surround inhibition leads to erroneous 
motor commands with excessive and/or inappropriate mus-
cle contractions, i.e. dystonia (Mink 2003). Intriguingly, it 
has recently become evident that sensory processing is also 
abnormal in primary dystonia, which suggests that sensory 
abnormalities might drive the motor system abnormalities 
(Tinazzi et al. 2003). Brain stem pathology in DYT1 brains 
includes the higher density of neurons in the SN than in 
controls, the presence of perinuclear inclusions in the 
pedunculopontine and cuneiform nuclei and of protein 
aggregates in the SN and the LC (Rostasy et al. 2003; 
McNaught et al. 2004). In various brain regions of torticol-
lis patients, abnormal grey matter densities were found 
(Draganski et al. 2003), whereas in DYT1 gene carriers 
reduced axonal integrity of the sensorimotor white matter 
area was observed (Carbon et al. 2004). The ultimate neuro-

biological abnormality in primary dystonia might be mal-
adaptive neuronal plasticity (Edwards et al. 2006; Bäumer 
et al. 2007; Breakefield et al. 2008).

11.4.5  Obsessive–Compulsive Disorders

Obsessive–compulsive disorders (OCDs) are characterized by 
signs and symptoms, which characterize both cognition and 
motor behaviour: obsessions, thoughts that repeat over and 
over again, unwanted but insistent; and compulsions to act, to 
repeat fragments of behaviour over and over in ritualistic, ste-
reotyped succession (Graybiel and Rauch 2000). There is no 
known overt locus of neurodegeneration in OCD, but fMRI 
studies suggest that in OCD patients there is abnormal meta-
bolic activity in the orbitofrontal cortex, the anterior cingulate/
caudal medial prefrontal cortex and the rostral part of the cau-
date nucleus (Peterson et al. 1998; Rauch and Baxter 1998; 
Saxena et al. 1998). Activity within this cortico-basal ganglia 
network or “OCD circuit” is increased at rest relative to that in 
controls, is accentuated during provocation of symptoms and 
is attenuated following successful treatment. These neuroim-
aging data support earlier suggestions of basal ganglia involve-
ment in OCD based on the fact that focal lesions in the striatum 
or in its target structure, the GP, can produce striking OCD-
like behaviour (Laplane et al. 1989). Dysfunction of the basal 
ganglia and associated cortico-basal ganglia circuits may be a 
common neural feature of OCD and OC-spectrum disorders 
including Gilles de la Tourette syndrome (Graybiel and Rauch 
2000; Rauch et al. 2006).

Gilles de la Tourette syndrome (Gilles de la Tourette 
1885) is a developmentally regulated neurobehavioural disor-
der, characterized by motor and vocal tics beginning in child-
hood (Leckman and Cohen 1999; Leckman 2002; Berardelli 
et al. 2003). Recent anatomical and neuroimaging data pro-
vided evidence for abnormal basal ganglia and DAergic func-
tion in this disorder (Albin and Mink 2006; see also Graybiel 
and Rauch 2000). For the generation of tics, Albin and Mink 
(2006) hypothesized that an aberrant focus of striatal neurons 
may become inappropriately active, causing unwanted inhi-
bition of a group of basal ganglia output neurons which in 
turn disinhibit a motor pattern generator leading to an invol-
untary movement.

11.5  Neuropathology of Basal Ganglia 
Disorders

Many of the diseases affecting the basal ganglia are classified 
as primary neuronal degenerations, i.e. diseases in which, for 
unknown reasons, neurons of a particular type or in a particular 
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region successively shrivel or die (Oppenheimer 1984). These 
degenerative diseases are characterized by: selectivity, affect-
ing one or more systems of neurons in a more or less sym-
metrical pattern, steady progression, and variability in their 
clinical and neuropathological features. In many neurode-
generative conditions, there is an appearance of “linked” or 
“chain”, i.e. transneuronal degeneration (Oppenheimer 
1984; Hardy et al. 1986; Saper et al. 1987; Braak et al. 2003). 
Examples are the “linked” degeneration of the GP and the 
STN in PSP and that of the striatum and the SN in MSA. 
Many neurodegenerative diseases show cytoskeletal abnor-
malities such as the cytoplasmic inclusion bodies described 
by Lewy (1913, 1923) in PD and the neurofibrillary tangles 
(NFTs) found in AD, PSP and the ALS–Parkinson–dementia 
complex of Guam. Several factors have been implicated in the 
pathogenesis of cell death in PD, including oxidative stress, 
mitochondrial dysfunction, excitotoxicity and inflammation 
(Olanow 2007; Olanow and McNaught 2008; Fig. 11.39).

During the past decade, a common pathogenetic mecha-
nism has been demonstrated for many neurodegenerative 
movement disorders as seemingly diverse as PD, MSA, PSP 
and CBD. PSP, CBD, sporadic multisystem tauopathy and 

some forms of frontotemporal dementia with parkinsonism, 
linked to chromosome 17 (FTDP-17), are characterized by 
neuronal and glial lesions accumulating tau protein and are 
known as tauopathies (Tolnay and Probst 1999; Lee et al. 
2001; Dickson 2004; Wenning and Jellinger 2005b;). Juvenile, 
familial and sporadic forms of PD, PD with dementia (PDD), 
DLB and MSA are characterized by the aggregation of 
a-synuclein and are known as synucleinopathies (Dickson 
2001; Galvin et al. 2001; Lee et al. 2001; Wenning and Jellinger 
2005a, b; Galvin 2006).

11.5.1  Parkinson Disease

In 1817, the English physician James Parkinson wrote his 
“Essay on the Shaking Palsy”, based on clinical observations 
of six patients (Parkinson 1817). Sixty years later, Charcot 
suggested the term “la maladie de Parkinson” or PD. Only 5% 
of PD cases can be attributed to specific genetic causes (Farrer 
2006; Schapira 2007; Olanow and McNaught 2008). Most of 
the remaining cases are classified as idiopathic or sporadic 
PD. The involvement of the SN and VTA in PD and related 
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disorders has been extensively reviewed (e.g., Jellinger 1986, 
2001; Braak et al. 2003; Giasson et al. 2004). Trétiakoff (1919) 
appears to have been the first to describe the characteristic 
lesions of the SN in PD. His data were soon confirmed by 
Foix (Foix 1921; Foix and Nicolesco 1925) and Hassler 

(1938). Hassler (1938) examined the brains of nine patients 
with idiopathic PD and ten patients with postencephalitic par-
kinsonism and found lesions in the SN (Fig. 11.40) in every 
case. Hassler showed that in idiopathic PD the caudal two-
thirds of the SNc are much more severely affected than its 
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rostral one-third. Moreover, within the rostral SNc only the 
medial and central cell groups showed cell loss, whereas in 
the caudal SN cell loss was severe to almost complete through-
out the ventral and VL subdivisions. Interestingly, the most 
medial part of the caudal SN was regularly spared in idio-
pathic PD. In postencephalitic parkinsonism, the destruction 
of the SN tended to be more severe and uniformly distributed 
with widespread small glial scars. In a large autopsy series, 
Jellinger (1986) found degenerative forms of parkinsonism to 
account for 75–90%, with idiopathic parkinsonism or PD 
ranging from 60 to 75% and other multisystem degenerations 
about 15%. More recently, an increasing number of cases of 
LB dementia were diagnosed, resulting in a total of 78.6% of 
LB disease, including 58.2% with idiopathic PD and 20.4% 
with LB dementia (Jellinger 2001). An involvement of the SN 
is also seen in multisystem atrophy (MSA), the Parkinson–
dementia complex of Guam, PSP and the various forms of 

toxic parkinsonism (e.g., MPTP-intoxication). In PD, the loss 
of pigmented neurons in the SN ranges from 50 to 85% 
(Bogerts et al. 1983; Mann and Yates 1983; Javoy-Agid et al. 
1984: Hirsch et al. 1988; Halliday et al. 1990; Fearnley and 
Lees 1991; Gibb and Lees 1991; van Domburg and ten 
Donkelaar 1991; Damier et al. 1999b; Rudow et al. 2008; 
Fig. 11.41). For the VTA, a reduction in cell number of 64% 
was reported for its anterior part and of 45% for its posterior 
part (Uhl et al. 1985). In cases of postencephalitic parkin-
sonism, Bogerts et al. (1983) noted a cell loss of 95% in the SN 
and nearly 97% in the nucleus paranigralis (or nucleus niger 
suboculomotorius). Davis et al. (1979) described the neuro-
pathological findings in a 23-year-old male, who developed 
parkinsonism following self-administration of the designer 
drug MPTP and who died 18 months later. His brain showed 
destruction of the SNc with neuromelanin pigment within 
microglial cells and a considerable astrocyte response with 

a b

c d

e f

Rub
pl

dl

vl

dm

nlllvm
vi

Fig. 11.41 Diagrams, summarizing data on movement disorders by 
Fearnley and Lees (1991) in: (a) normal anatomy; (b) aging; (c) inci-
dental Lewy body cases; (d) Parkinson disease; (e) striatonigral degen-
eration; (f) progressive supranuclear palsy. A single 7 mm-thick section 
stained with haematoxylin and eosin was examined at a specific level 
within the caudal SN. The SNc was divided into dorsal and ventral tiers, 
each with three regions, and the involvement of these regions is indi-
cated in red or black. In 36 control cases (b), there was a linear fall-out 
of pigmented neurons with advancing age at a rate of 4.7% per decade, 
especially in the dorsal tier (48%) and the ventromedial part (38%).  

In seven cases of incidental Lewy body cases (c), individuals who died 
without clinical signs of PD or dementia, cell loss was confined to the 
lateral ventral tier (average 52%). In 20 cases of PD (d), cell loss was 
greatest in the lateral ventral tier (average loss 91%), followed by the 
medial ventral tier (71%) and the dorsal tier (56%). In 15 cases of stria-
tonigral degeneration, the distribution of cell loss was similar, but 
greater in the dorsal tier than in PD by 21% (e). In cases of PSP, no 
predilection for the lateral ventral tier was found (f). Average cell loss 
was 82% (after Fearnley and Lees 1991)
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focal glial scarring. The changes were present throughout the 
SNc, but more severe in the caudal portion (as in idiopathic 
PD). Many other immunohistochemically identified brain 
stem neurons such as the noradrenergic LC, the serotonergic 
raphe nuclei and the cholinergic pedunculopontine nucleus 
are also involved in PD (Mann and Yates 1983; Jellinger 1986, 
1988; Halliday et al. 1990; van Domburg and ten Donkelaar 
1991). In fact, LBs were first described in the basal nucleus of 
Meynert (Lewy 1913). Moreover, there is increasing evidence 
for spinal, thalamic, striatal, amygdalar and cortical pathology 
in PD (Braak et al. 1994; 1996, 2003; Braak and Braak 2000; 
Henderson et al. 2000a, b; Halliday et al. 2005; Jellinger and 
Attems 2006). The main biochemical feature of PD is the 
decrease in brain DA concentrations due to degeneration of 
DAergic neurons (Hornykiewicz and Kish 1986; Agid et al. 
1987). The DAergic neuronal systems do not all degenerate to 
the same degree:
 1. The nigrostriatal pathway is more severely affected than 

the mesolimbocortical one.
2. Within the striatum DAergic denervation is not uniform 

since the rostral part of the striatum, the putamen in par-
ticular, are preferentially affected (Ehringer and Hornykie-
wicz 1960; Bernheimer et al. 1973; Agid et al. 1987; Kish 
et al. 1988).

3. Not all DAergic systems degenerate as the descending 
DAergic projection to the lumbar spinal cord seems to be 
spared (Scatton et al. 1986).

4. A massive lesion of the nigrostriatal DAergic neurons 
is the characteristic abnormality in PD. This is further 
substantiated by the drug-induced degeneration of the ni-
grostriatal DAergic neurons in MPTP-intoxicated patients 
(Davis et al. 1979; Langston et al. 1983; Langston 1987).

 5. It is generally thought that the first parkinsonian signs 
appear only when at least 70–80% of the nigrostriatal 
DAergic system is damaged (Riederer and Wuketich 
1976; Agid and Blin 1987).
The pathological hallmark of PD is a-synuclein (AS) 

aggregation in the form of LBs in dopaminergic neurons of 
the SNc (Galvin et al. 2001; Litvan et al. 2007). AS also accu-
mulates in neuronal processes as dystrophic Lewy neurites 
(LNs) in brain stem, limbic and cortical regions. These are 
more widespread than LBs. A number of other brain stem 
neurons are also affected in PD including noradrenergic, sero-
tonergic and cholinergic neurons as well as DAergic neurons 
in the retina, gastrointestinal tract and olfactory bulb (Langston 
2006; Lang 2007). It is now clear that the neuropathological 
process in PD affects other areas of the brain well before the 
nigrostriatal system begins to fail. Heiko Braak and co-work-
ers proposed that AS pathology begins at caudal levels of the 
brain stem, years before affecting the SN, and that it pro-
gresses rostrally to affect limbic and cortical areas (Braak and 
Braak 2000; Braak et al. 2003; Braak and Del Tredici 2009; 
Fig. 11.42). Galvin (2006) suggested that DA metabolites 

interact with AS, promoting aggregation and neuronal dam-
age. Essential for the neuropathological diagnosis are a-synu-
clein-immunopositive LBs and LNs (Braak et al. 2003). The 
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Fig. 11.42 Braak’s staging of Parkinson disease (PD): (a) stage 1/2 
(preclinical PD); (b) stage 3/4; (c) stage 5/6 (clinical PD). In stage 1, 
Lewy bodies form within the olfactory bulb and the dorsal motor 
nucleus of the vagus (in light red ). In stages 2 and 3, pathology expands 
from these induction sites (in red) to other brain stem nuclei (in various 
grades of red) and in de endstages (stages 5 and 6), into the cerebral 
cortex (in light red). First signs of motor parkinsonism may be expected 
in stages 4 and 5, when more than 50% of the dopaminergic cells in the 
substantia nigra are lost (after Braak et al. 2003)



544 11 Basal Ganglia

pathological process targets specific induction sites, first the 
dorsal motor nucleus of the vagal nerve and the anterior olfac-
tory nucleus. Thereafter, less vulnerable nuclear structures 
and cortical areas become gradually affected. In the brain 
stem, the disease process pursues an ascending course with 
little interindividual variation. The pathology in the anterior 
olfactory nucleus makes fewer incursions into related areas 
than that developing in the brain stem. Cortical involvement 
ensues, beginning with the anteromedial temporal mesocor-
tex. From here, the neocortex succumbs, first higher-order 
sensory association and prefrontal areas, followed by first-
order sensory association/premotor areas and primary sen-
sory/motor fields. Braak’s staging is based on LB formation 
and distribution and not on neuronal degeneration. In this con-
text, the SNc remains the first location of degeneration in PD 
(Schapira 2007). Halliday et al. (2008) studied the progres-
sion of pathology in longitudinally followed patients with PD 
who came to autopsy. They distinguished three groups of PD 
patients:
 1. A group of younger onset patients with a typical long 

duration clinical course and LB distribution consistent 
with the Braak staging of PD; in this group, brain stem 
LBs dominate in those surviving to 5 years; by 13 years, 
50% of cases have a limbic distribution of LBs; and by 18 
years, all will have at least this pathological phenotype.

2. Approximately 25% of cases had an early malignant, 
dementia-dominant syndrome and severe neocortical dis-
ease consistent with DLB.

 3. The third group had an older onset, shorter survival and a 
more complex disease course with higher LB loads and a 
higher proportion with additional neuropathologies. This 
suggests that widespread LB pathology either occurs at 
the onset of clinical disease or rapidly infiltrates the brain. 
In these cases with shorter survivals, there was more 
plaque pathology, supporting a more aggressive and linked 
phenotype.
Glenda Halliday and co-workers studied the involvement of 

the basal ganglia in PD and PSP (see Sect. 11.5.2) with stereo-
logical techniques and a-synuclein, ubiquitin and tau immu-
nohistochemistry. SNr neurons appear not to be directly or 
primarily involved in the degenerative process causing PD 
(Hardman et al. 1996; see also van Domburg and ten Donkelaar 
1991). In PD, the volume and the number of neurons in the 
STN appears to be unaffected (Hardman et al. 1997b), as are 
the external and internal parts of the GP (Hardman and Halliday 
1999a, b). In PD, a cell loss of 30–40% was noted in the cen-
tromedian/parafascicular complex (Henderson et al. 2000a, b). 
The motor thalamus and the motor cortices, apart from the pre-
SMA, were preserved, containing only rare AS-positive and 
ubiquitin-positive LBs (Halliday et al. 2005).

Clinical Case 11.11 Neuropathological Assessment 

of Hypokinetic Movement Disorders

From a clinical point of view, hypokinetic disorders can be 
divided into PD and Parkinson-plus disorders. Up till the 
middle of the 1990s, neuropathologists had to rely on HE 
and silver staining techniques to demonstrate which par-
ticular type of disorder was involved. The discovery of the 
role of the proteins tau and a-synuclein has revolutionized 
the neuropathological assessment of hypokinetic disorders. 
Tau and a-synuclein are the proteins involved in tauopa-
thies (PSP, CBD, Pick disease and FTDP-17) and synucle-
inopathies (PD, PDD, DLB and MSA), respectively. Both 
proteins accumulate in neurons and glial cells. These inclu-
sions are the hallmarks for neuropathological studies: tau is 
the major substrate of the tangles found in PSP and a-synu-
clein is the major component of LBs present in LB disor-
ders (PD, PDD and DLB).

Glial cytoplasmic inclusions immunoreactive for a-synu-
clein are found in PD, PDD and DLB but in MSA most of the 
a-synuclein pathology is found in glial cells. In the group of 
tauopathies, Pick disease shows prominent Pick bodies 

 containing 3-repeat tau. Since PSP and CBD both show 
aggregation of 4-repeat tau in neurons and glial cells (Sergeant 
et al. 1999), differentiation between these two tauopathies 
sometimes has to rely on clinical data (Williams and 
Lees 2009). Frontotemporal degeneration with parkinsonism 
linked to chromosome 17 (FTDP-17) can show PSP-like 
changes, CBD-like changes or Pick-like changes depending 
on the amount of 4-repeat and 3-repeat (see also Chap. 15).

Without clinical information, it is impossible to differ-
entiate neuropathologically between PD, PDD and DLB 
and these disorders form part of a spectrum of LB disor-
ders (Dickson et al. 2009). Co-morbidity with Alzheimer 
changes and vascular abnormalities are common and influ-
ence the clinical symptomatology. Braak and co-workers 
(Braak et al. 2003; Braak and Del Tredici 2009) have pro-
posed a staging system for LB pathology in PD, possibly 
progressing from the enteric and autonomic nervous sys-
tems to the brain stem (Fig. 11.42) and then to higher levels 
of the brain. The Braak PD stages roughly correspond to 
the classification of LB disorders proposed by Kosaka et al. 
(1988), which has been used in the consensus criteria for 
the diagnosis of DLB (McKeith et al. 2005):
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Fig. 11.43 (a) Unstained transverse section through the mesenceph-
alon, showing depigmentation of the substantia nigra in sporadic 
Parkinson disease (PD); (b–d) Lewy bodies in the substantia nigra in 

PD (b HE-staining; c staining for a-synuclein) and in the anterior 
cingulate cortex in diffuse Lewy body disease (d; tau-staining; cour-
tesy Benno Küsters, Nijmegen)

•	 Brain stem LB disease is comparable to Braak PD 
stages 1–2 and involves the dorsal motor nucleus of the 
vagus, the lower raphe nuclei and the LC.

•	 Transitional LB disease is comparable to Braak PD 
stages 3–4 and involves the pars compacta of the SN, 
the amygdala, the basal nucleus of Meynert, intralami-
nar thalamic nuclei and the hippocampal CA2 sector.

•	 Diffuse LB disease corresponds to Braak PD stages 
5–6 and involves the cingulate, temporal, frontal and 
parietal cortices.
The most common form of parkinsonism is sporadic PD. 

At autopsy, macroscopically the brain is unremarkable. 
Depigmentation of the SNc and the LC is evident in trans-
verse sections of the brain stem (Fig. 11.43a). LBs and LNs 
are present in the SNc (Fig. 11.43b, c), the VTA, the LC, 
raphe nuclei and the dorsal motor nucleus of the vagus (Braak 
et al. 2003). LB pathology is also found in many selectively 
vulnerable neurons throughout the peripheral and central 

 nervous systems in end-stage PD, PDD and DLB, including 
the enteric plexus, the paravertebral autonomic ganglia, the 
medulla, the pons, the midbrain, the diencephalon, the basal 
forebrain, the amygdala, the olfactory bulb, the hippocampus 
and the neocortex. In the neocortex LBs are especially found 
in the anterior cingulate (Fig. 11.43d), insular and temporal 
cortices. Many patients with DLB have parkinsonism but par-
kinsonism is not mandatory for a clinically probable diagno-
sis of DLB (McKeith et al. 2005). Brain stem or cortical LBs 
are the only features considered essential for a neuropatho-
logical diagnosis of DLB. AD-type pathology is the most 
common co-occurring pathology that accompanies LB pathol-
ogy: when AD-type pathology is severe the clinical syndrome 
more often resembles AD dementia, whereas the likelihood 
of a DLB clinical syndrome is directly associated with the 
severity of the LB pathology (McKeith et al. 2005).

Macroscopically, the brain in MSA ranges from normal to 
focal atrophy of the affected brain regions, which is usually 
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related to the clinical pattern of the disease (van de Berg 
et al. 2007; Gilman et al. 2008; Stefanova et al. 2009). The 
putamen shows variable atrophy that is most pronounced in 
patients with MSA-P. The SN and the LC are pale as a result 
of loss of pigment. Atrophy of the cerebellum, the cerebellar 
peduncles, the pons and the medulla is most marked in 
MSA-C (see Clinical case 10.10). Most cellular inclusions 
in MSA are found in oligodendroglial cells and are strongly 
immunopositive for a-synuclein and ubiquitin (Fig. 11.44a).

The neuropathology of two tauopathies (PSP and CBD) 
will be discussed here. Pick disease and FTDP-17 will be dis-
cussed in Chap. 15. In PSP, apparent macroscopical abnor-
malities are not always visible, and if so, they are restricted 
to the diencephalon, the brain stem and the  cerebellum. 

The superior colliculi, the midbrain tegmentum, the superior 
cerebellar peduncle and the dentate nucleus may be shrunken, 
the SN and the LC can be pale and the red nucleus discoloured 
(Dickson 2004). Moreover, the inner segment of the GP and 
the STN may be atrophic (see Clinical case 11.12). These 
changes can also extend to the neocortex, the striatum and GP, 
the thalamus, the amygdala, the hippocampus and the ento-
rhinal cortex. Microscopical changes are related to tau 
changes and include: (1) NFTs, in particular of the globose 
type (Fig. 11.44b); (2) neuropil threads and (3) glial tau 
changes such as “coiled bodies” (oligodendrocytes) and 
“tufted” astrocytes. In contrast to AD, NFTs, neuronal loss, 
gliosis and neuropil threads in PSP are primarily seen in the 
motor and premotor cortices.

Macroscopically, in CBD there is a typical asymmetrical 
cortical atrophy of the posterior frontal, parietal and pre- 
and postcentral gyri contralateral to the limbs that are most 
affected in life (see Clinical case 11.13). There is loss of 
pigmentation of the SN and the LC. CBD is characterized 
by swollen cortical neurons containing neurofilament pro-
tein, most frequent in cortical layers III, V and VI, neuronal 
loss, astrocytosis and microglial proliferation (Fig. 11.44c).
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11.5.2  Parkinson-Plus Disorders

Parkinson-plus disorders form a heterogeneous group of 
movement disorders with prominent signs of parkinsonism 
plus additional features that allow clinical separation of these 
entities from classic idiopathic PD (Poewe and Wenning 
2007). By common understanding, they include MSA, PSP, 
CBD and DLB. DLB will be discussed with the other pri-
mary degenerative dementias in Chap. 15.

Multisystem atrophy (MSA) is an adult-onset neurodegen-
erative disorder that clinically presents itself with various 
combinations of parkinsonism, cerebellar ataxia and auto-
nomic failure (Graham and Oppenheimer 1969; Quinn 1989; 
Wenning et al. 1995, 1997; Gilman et al. 1999, 2008; 
Ozawa et al. 2004; Stefanova et al. 2009). The predominant 
pathological correlates, olivopontocerebellar atrophy or 
OPCA (Dejerine and Thomas 1900; see Chap. 10) and stria-
tonigral degeneration (SND) (Adams et al. 1961; Jellinger and 
Danielczyk 1968; Fearnley and Lees 1990), mark two forms 
of clinical presentations called MSA of the cerebellar type 
(MSA-C) and MSA parkinsonism (MSA-P). SND has a major 
parkinsonian phenotype and is characterized by neuronal cell 
loss and gliosis in the SN (see also Fearnley and Lees 1991), 
the putamen, the caudate nucleus and the GP (Adams et al. 
1961). Most cases of OPCA and SND are accompanied by 
neurodegeneration in the autonomic nervous system which, 
when presenting clinically with prominent autonomic failure, 
is known as the Shy–Drager syndrome (Shy and Drager 1960; 
see Chap. 12). MSA is characterized pathologically by oligo-
dendroglial cytoplasmic inclusions immunopositive for 
a-synuclein (Fig. 11.44a). In a series of 100 MSA cases, 34% 
were SND-predominant, 17% were OPCA-predominant and 
49% had equivalent SND and OPCA pathologies (Ozawa et al. 
2004). In MSA-P, cortical atrophy is prominent (Konagaya 
et al. 1999; Tsuchiya et al. 2000; Su et al. 2001; Brenneis et al. 
2007). Early basal ganglia atrophy may drive late-onset corti-
cal atrophy (Brenneis et al. 2007).

Progressive supranuclear palsy (PSP) is a progressive 
neurodegenerative disorder, characterized by parkinsonism, 
falls, a supranuclear gaze palsy and subcortical dementia 
(Steele et al. 1964; Jellinger 1971; Lees 1987; Williams and 

Lees 2009). Additionally, patients with PSP have a variety of 
behavioural disturbances, often in association with impair-
ment of executive function (Litvan et al. 1996). Disruption of 
cortical–subcortical circuits may be responsible for these 
clinical features. Widespread symmetrical cell loss with glio-
sis occurs, affecting most conspicuously the internal GP 
(Hardman and Halliday 1999a, b), the STN (Hardman et al. 
1997b), both the SNc and the SNr (Fearnley and Lees 1991; 
Hardman et al. 1997a) and the dentate nucleus. The peduncu-
lopontine nucleus is also severely affected (Zweig et al. 1987; 
Jellinger 1988; Warren et al. 2005); the resulting cholinergic 
deficit may be responsible for the postural instability. Cortical 
and thalamic structures appear to be more involved than pre-
viously suggested, particularly the frontal lobe appears to be 
affected in PSP (Verny et al. 1996a, b; Cordato et al. 2000, 
2002; Henderson et al. 2000b; Albers and Augood 2001; 
Halliday et al. 2005). Cordato et al. (2000, 2002) found atro-
phy of the frontal lobe correlated with increasing NFT den-
sity and with behavioural changes. In six patients with PSP, 
Halliday et al. (2005) showed significant atrophy and neu-
ronal loss in the VLp, pre-SMA and primary motor cortices. 
In M1, neuronal loss was restricted to inhibitory interneu-
rons, whereas in the pre-SMA both interneurons and cortico-
cortical projection neurons were affected. Atypical forms of 
PSP have been described with corticospinal tract degenera-
tion (Josephs et al. 2006) and pallidonigroluysian atrophy 
(Ahmed et al. 2008).

Corticobasal degeneration (CBD), first described as 
 corticodentatonigral degeneration (Rebeiz et al. 1967), is con-
sidered a focal degenerative process with varied clinical phe-
notypes depending on the location of the dominant cortical 
pathology (Dickson 2004). The typical clinical phenotype 
corresponds to damage to the dorsal perirolandic, superior 
frontal and superior parietal cortices, whereas cases with 
aphasia show pathology around the lateral sulcus. The initial 
signs of CBD are unilateral or asymmetrical apraxia (see 
Clinical case 9.18), rigidity and dystonia (Gibb et al. 1989, 
1990; Riley et al. 1990; Leiguarda et al. 1994; Zadikoff and 
Lang 2005). Gross examination of the brain reveals subtle 
asymmetrical atrophy of cortical gyri, most marked in pre- 
and postcentral regions. Pigment loss is common in the SN.
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Clinical Case 11.12 Progressive Supranuclear Palsy

Progressive supranuclear palsy (PSP) was first described 
by Steele et al. (1964) and is characterized by gait instability, 
falls, impairment of vertical eye movements (see Chap. 6), 
disturbances of articulation and dementia. The clinically 
course usually lasts 5–6 years. At autopsy, characteristic 
changes are atrophy of the GP and the brain stem. Histological 
characteristics are globoid NFTs in the basal ganglia and the 
brain stem, tufted astrocytes and argyrophilic coiled bodies 
in oligodendrocytes. Tufted astrocytes are found diffusely 
distributed in the cerebral cortex (Iwasaki et al. 2004).

Case report: A 71-year-old male patient died of puru-
lent pneumonia 5 years after he first presented with gait 
disturbances. He frequently fell during walking or from the 
staircase, resulting in rib fractures on several occasions and 
nasal and pelvic fractures 2.5 years before his death. He 
was first diagnosed as having spinocerebellar degeneration. 
Since 1 year he could move only in a wheel chair, his artic-
ulation became uncertain, he got difficulties in swallowing 
and more frequently fell. Neurological examination for a 
second opinion, 1 month before his death, showed dis-
turbed finger-nose and dysdiadochokinesis tests, severely 
disturbed articulation and disturbed vertical eye move-
ments. There was neither involuntary movement nor  muscle 

rigidity. The clinical diagnosis at that time was MSA or 
possible PSP. After admittance, he showed behavioural 
abnormalities such as violence, urination and wandering in 
the ward with frequent and severe falls and rapid starva-
tion. Finally, he was bedridden and suffered from pneumo-
nia. A CT 10 days before his death showed atrophy of the 
brain stem but not of the cerebellum.

At autopsy, the brain weighed 1,190 g and showed cer-
ebellar atrophy. In frontal slices of the brain, atrophy with 
brownish colouring of the GP and the STN (Fig. 11.45a, b) 
and of the dentate nucleus (Fig. 11.47a) was apparent. The 
SN and the LC were discoloured (Fig. 11.46a, c). Neuron 
loss was prominent in the GP (Fig. 11.45c), the STN, the 
SN, the LC, the dentate nucleus and the inferior olive. 
Immunohistochemically, NFTs were found in the remain-
ing neurons, whereas tau-positive and argyrophilic tuft-
shaped fibrous inclusions and coiled bodies were identified 
in the cytoplasma of astrocytes and oligodendrocytes, 
respectively (Fig. 11.47d–g). These were also found in the 
GP, the STN, the inferior olivary nucleus, the colliculi, the 
caudate nucleus, the frontal cortex and the spinal grey mat-
ter. Around the neurons of the dentate nucleus grumose 
degeneration, i.e. evidence for synaptic degeneration was 
found (Fig. 11.47b, c). NFT distribution was estimated as 
Braak stage I and senile plaque distribution as CERAD A.

Fig. 11.45 A case of progressive supranuclear palsy (PSP): (a, b) 
frontal slices of the brain, showing brown colouring and atrophy of 
the globus pallidus and the subthalamic nucleus; (c) LFB-stained sec-

tion also showing atrophy of the globus pallidus and the subthalamic 
nucleus (courtesy Yoshio Hashizume and Akira Hori, Toyohashi, 
Japan)
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Fig. 11.46 PSP case: (a, b) discolouring of the substantia nigra and the locus coeruleus, respectively; (c, d) globoid NFTs in the substantia 
nigra and the locus coeruleus, respectively (Gallyas–Braak staining; courtesy Yoshio Hashizume and Akira Hori, Toyohashi, Japan)
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Fig. 11.47 PSP case: (a) atrophy and brown colouring of the dentate 
nucleus; (b, c) grumose degeneration of preserved dentate neurons in 
HE and Bodian staining, respectively; (d, e) tufted astrocyte in 

Gallyas–Braak (d) and AT8 staining (e); (f, g) coiled body in the cyto-
plasm of oligodendrocytes in Gallyas–Braak (f) and AT8 (g) staining 
(courtesy Yoshio Hashizume and Alira Hori, Toyohashi, Japan)

Clinical Case 11.13 Corticobasal Degeneration

Initial signs of CBD may be unilateral or asymmetric rigid-
ity or apraxia. Dementia may be of a frontal lobe character 
with personality changes and impaired attention. Classic 
histological findings in CBD are neuronal loss in an atro-
phic cerebral cortex and ballooned neurons with achromasia. 
Characteristic features are the appearance of argyrophilic 
threads in the neuropil of the cerebral cortex, argyrophilic 
coiled bodies in the cytoplasma of oligodendrocytes and 
astrocytic plaques in addition to NFTs in the cerebral cortex 
and the SN (see Case report).

Case report: A 77-year-old male noticed weakness of his 
right extremities and tremor and rigidity of his right arm. Five 
months later, he could no longer walk and could eat only with 
help. At the first visit to a neurologist, disturbance of the verti-
cal eye movements was noted. Speech and swallowing were 
not problematic and cranial nerve function was normal. His 
gait showed “petit pas”. An alien hand was observed in his 
right upper extremity. Bilateral hyporeflexia and a right 
Babinski were recorded. No definite dementia was noticed. 
Levodopa seemed to be somewhat effective. Three years later, 

the rigidity of the right arm became more intensive with 
abduction in the elbow joint. Gradually, ocular movements 
became disturbed and only slight horizontal eye movements 
were possible when he was 83 years old. He became bedrid-
den with stretch contractures of his legs. He died of pneumo-
nia 6 years after the first signs of his illness became apparent.

At autopsy, the brain weighed 955 g. Gyral atrophy was 
seen in the entire frontal area (Fig. 11.48a). On cut slices, the 
frontal cortex was atrophic and brown-coloured (Fig. 11.48b). 
The putamen, the pallidum, the STN and the thalamus were 
atrophic and the pallidum brown-coloured (Fig. 11.48b). 
The midbrain was atrophic with a discoloured and atrophic 
SN. The medulla oblongata and the spinal cord were also 
atrophic. Histologically, ballooned neurons (Fig. 11.49a) 
were found in the deeper cortical layer of the entire cortical 
ribbon. These neurons were immunohistochemically posi-
tive for neurofilament (Fig. 11.49d). Argyrophilic threads 
were also abundant (Fig. 11.49b). Additionally, astrocytic 
plaques with threads (Fig. 11.49e, f), tufted astrocytes and 
coiled bodies in oligodendroglial cells were found. In the 
hippocampal formation, there were abundant NFTs 
(Fig. 11.49c) but no senile plaques.
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Fig. 11.48 A case of corticobasal degeneration (CBD): (a) dorsal 
view of the brain, showing atrophy of the frontal gyri; (b) frontal slice 
of the brain, showing atrophy and brownish colouration of the corti-
cal ribbon of the convexity, especially in the left hemisphere (here the 

left hemisphere is on the right side of the figure); part of the left mid-
brain is torn off artificially (courtesy Yoshio Hashizume and Akira 
Hori, Toyohashi, Japan)

Fig. 11.49 Microscopical changes in the frontal cortex (a, b, d–f) 
and the hippocampus (c) a CBD case: (a) ballooned neuron; (b) argyro-
philic threads in Gallyas staining; (c) a NFT in a neuron; (d) a neuron 

with tau-positive cytoplasm (pretangle; AT8 immunostaining); (e, f) 
astrocytic plaque in Gallyas (e) and AT8 (f) staining (courtesy Yoshio 
Hashizume and Akira Hori, Toyohashi, Japan)
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11.5.3  Huntington Disease

Huntington disease (HD) is an autosomal dominant illness, 
described by Huntington (1872) as a hereditary chorea with 
mental deterioration, which comes on in middle life and pro-
gresses remorselessly until “the helpless sufferer is but a 
quivering wreck of his former self”. Affected individuals are 
rapidly disabled by early functional decline, and require care 
and supervision for another 15–25 years before succumbing 
to the effects of severe physical and mental deterioration 
(Harper 1996). The HD mutation was identified in 1993 as 
an unstable expansion of the CAG (trinucleotide) repeats 
within the coding region of the gene IT15 on chromosome 4 
(4p16.3). This gene encodes the protein huntingtin. HD is 
part of a triplet repeat disease family and occurs when a 
polymorphic stretch of trinucleotide repeats in exon 1 of 
huntingtin expands beyond 35 repeats (Huntington Disease 
Research Group 1993). Mutant huntingtin undergoes prote-
olytic processing and the undegraded N-terminal fragments 
form macromolecular aggregates, ultimately large enough to 
be visible in the processes, cytoplasm and nuclei of neurons 
(DiFiglia et al. 1995; Gutekunst et al. 1999).

The predominant feature in HD is the striking and usually 
severe atrophy of the striatum (Fig. 11.50). Usually, the cau-
date nucleus is more severely involved, but occasionally the 
putamen suffers most. The head of the caudate nucleus, instead 
of bulging into the floor of the lateral ventricle, shrinks to a 
narrow, and even concave, brownish ribbon with its volume 
dropping to less than half the normal (Bruyn 1973; Bruyn et al. 
1979; Tomlinson and Corsellis 1984; Vonsattel et al. 1985; 
Vonsattel and DiFiglia 1998; Vonsattel and Lianski 2004). The 

putamen is commonly much reduced in size and a milder 
degree of atrophy of the GP may be visible. Vonsattel et al. 
(1985) established a system for staging the severity of such 
reductions (Fig. 11.51). The system includes five grades (0–4) 
which correlate closely with the extent of clinical disability. 
The earliest changes are seen in the paraventricular portions 
and in the tail of the caudate nucleus and in the dorsal part of 
the putamen. Neuron counts revealed that 50% are lost in grade 
1 and 95% in grade 4. In grade 1, the patient requires assistance 
with ambulation, whereas in grade 4 the patient is bedridden.

Striatal neurons are not uniformly affected in HD, and 
interneurons expressing somatostatin and neuropeptide Y as 
well as cholinergic interneurons are relatively spared 
(Ferrante et al. 1987; Albin et al. 1989; Young et al. 1989). In 

Fig. 11.50 (a) Frontal section of the brain of a patient with Huntington disease; note the dilatation of the lateral ventricles; (b) LFB-HE-stained 
frontal section of the basal ganglia; only remnants of the caudate nucleus are visible as a small periventricular band (courtesy Benno Küsters)
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Fig. 11.51 Vonsattel’s staging of Huntington disease (after Vonsattel 
and Lianski 2004)
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early and middle stages of HD, enkephalin-containing neu-
rons projecting to the GPe are much more affected than sub-
stance P-containing neurons projecting to the GPi (Beal et al. 
1988; Reiner et al. 1988; Mitchell et al. 1999; Cicchetti et al. 
2000). Furthermore, substance P-containing neurons project-
ing to the SNr are more affected than those projecting to the 
SNc. At the more advances stages of HD, projections to all 
striatal targets are depleted (Grafe et al. 1985; Zech and Bogerts 
1985; Waters et al. 1988), with the exception of some apparent 
sparing of the striatal projection to the SNc. Striatal interneu-
rons are spared even in the late stages of the disease. The pre-
cise mechanism of this selective neuronal death is unknown, 
but may result from apoptosis (Dragunow et al. 1995; Portera-
Cailliau et al. 1995; Vis et al. 2005). Tippett et al. (2007) stud-
ied the involvement of the striosome/matrix compartments in 
HD with GABA

A
 receptor immunohistochemistry. They 

reported a significant association between pronounced mood 
dys function in HD patients and differential loss of the GABA

A
 

receptor marker in striosomes of the striatum. The cases with 
accentuated striosome abnormality exhibited later onset age, 
lower disease grade and lower CAG repeat length in the HD 
gene. Variation in clinical symptomatology in HD may be 
associated with variation in the relative abnormality of GABA

A
 

receptor expression in the striosome and matrix compartments 
of the striatum, and striosome-related circuits may modulate 
mood functioning. Recently, Thu et al. (2010) showed that cell 
loss in the motor and cingulate cortices correlates with symp-
tomatology in HD: motor dysfunction correlates with cell loss 
in the primary motor cortex, whereas mood symptomatology 
is associated with cell loss in the cingulate cortex.
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12.1  Introduction

The autonomic nervous system innervates the visceral 
organs, the glands and the blood vessels. It regulates the 
internal environment and it is largely responsible for main-
taining normal bodily functions such as respiration, blood 
pressure and micturition. The peripheral autonomic ner-
vous system consists of two parts, a thoracolumbar or sym-
pathetic and a craniosacral or parasympathetic division, 
which usually have antagonistic effects. The sympathetic 
system is organized to mobilize the body for activities, 
especially in stressful situations (Cannon’s fight or flight), 
whereas the parasympathetic system, in particular, stimu-
lates the peristaltic and secretory activities of the gastroin-
testinal tract. The peripheral part of the autonomic nervous 
system includes neurons in the viscera and peripheral gan-
glia, which are innervated by the lateral horn of the spinal 
cord and certain brain stem nuclei. Neuronal plexuses in 
the gastrointestinal tract form the enteric nervous system, 
which is often viewed as the third component of the auto-
nomic nervous system. Tonically active bulbar centres con-
trol vital functions such as blood pressure and respiration. 
The autonomic centres in the brain stem and spinal cord are 
reciprocally connected with the central autonomic network, 
which includes the hypothalamus and several other fore-
brain (in particular the extended amygdala and the insula) 
and brain stem structures such as the periaqueductal grey 
(PAG) and the parabrachial nucleus (Nauta 1972; Loewy 
1981, 1990b; Saper 2002). This network is essential for the 
integration of autonomic, endocrine and somatomotor func-
tions. The peripheral and central autonomic pathways may 
be affected by many diseases, which cause derangement 
of autonomic functions (Appenzeller 1976, 1999, 2000; 
Bannister 1988a; see Clinical cases). Hypothalamic syn-
dromes (see Chap. 13) are often characterized by autonomic 
disturbances and many emotional states are accompanied 
by autonomic responses.
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12.2  Peripheral Components  
of the Autonomic Nervous System

In this section, pre- and postganglionic autonomic neurons 
(Sect. 12.2.1), the thoracolumbar sympathetic (Sect. 12.2.2) 
and craniosacral parasympathetic (Sect. 12.2.3) divisions, 
afferent visceral fibres (Sect. 12.2.4), the enteric nervous 
system (Sect. 12.2.5), the autonomic innervation of the vis-
cera (Sect. 12.2.6) and some examples of autonomic failure 
(Sect. 12.2.7) are discussed.

12.2.1  Pre- and Postganglionic Neurons

A characteristic feature of the autonomic nervous system is 
that a significant number of its efferent neurons are located 
outside the central nervous system (CNS) in autonomic gan-
glia (Kuntz 1953; Pick 1970; Appenzeller 1976; Jänig and 
Häbler 1999; Gibbins 2004). The efferent peripheral path-
way consists of two neurons, a preganglionic neuron within 
the CNS (the sympathetic lateral horn of the spinal cord or 

the parasympathetic brain stem nuclei) and a postganglionic 
neuron located in ganglia outside the CNS (Fig. 12.1). One 
preganglionic autonomic neuron usually contacts many post-
ganglionic neurons in a peripheral ganglion, resulting in a 
“mass effect” of the autonomic nervous system (Wang et al. 
1995). Both sympathetic and parasympathetic preganglionic 
neurons use acetylcholine as their neurotransmitter (Karczmar 
et al. 1986; Milner et al. 1999). Acetylcholine is also the 
transmitter of the postganglionic parasympathetic fibres 
(cholinergic fibres), whereas noradrenaline is released by 
most postganglionic sympathetic fibres (adrenergic fibres). 
Only the postganglionic sympathetic fibres to the sweat 
glands are cholinergic.

12.2.2  The Thoracolumbar  
or Sympathetic Division

The cell bodies of the preganglionic sympathetic motoneu-
rons are located in the intermediolateral cell column in the 
lateral horn of the spinal cord (Cabot 1990; Loewy 1990a). 
This cell column extends from the first thoracic to the  second 
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Fig. 12.1 Diagram of pre-  
and postganglionic neurons. 
db dorsal branch, dr dorsal root, 
gcb grey communicating branch, 
int intestine, lh lateral horn, 
parg paravertebral ganglion,  
preg prevertebral ganglion,  
spg spinal ganglion, spn spinal 
nerve, spln splanchnic nerve,  
vb ventral branch, vr ventral root, 
wcb white communicating 
branch (after Lohman et al. 
2007)
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or third lumbar segment. The preganglionic fibres leave the 
spinal cord via the ventral roots of the spinal nerves of 
T1-L2,3 and reach, via the white (myelinated) communicat-
ing branches, the paravertebral ganglia of the sympa-
thetic trunk, which extends from the base of the skull to the 
coccyx on the ventrolateral side of the vertebral column 
(Fig. 12.2). At sacral levels, the sympathetic ganglia are 
small. The two sympathetic chains meet and fuse at coccy-
geal levels. Neurons in these ganglia project via the sacral 
and coccygeal nerves to the pelvic plexus and the large 
blood vessels of the pelvic region. The preganglionic sym-
pathetic fibres may either establish synaptic contacts with 
postganglionic neurons of the sympathetic trunk at the level 
of entrance, ascend or descend in the sympathetic trunk 
before contacting postganglionic neurons, or pass through 
the paravertebral ganglia as splanchnic nerves to synapse 
in one of the prevertebral ganglia such as the celiac gan-
glion and the superior and inferior mesenteric ganglia 
(Hovelacque 1927; Kuntz 1953; Pick 1970). Many of the 
postganglionic fibres that arise from the paravertebral and 
prevertebral ganglia form plexuses of nerve fibres around 
arteries on their way to the internal organs. Other postgan-
glionic sympathetic fibres return to the spinal nerves as the 
grey (unmyelinated) communicating branches. The grey 
communicating branches are found along the entire sympa-
thetic trunk and distribute through the spinal nerves to the 
sweat glands of the skin (sudomotor fibres), to blood vessels 
(vasoconstrictor fibres) and to the erector pili muscles in the 
hair follicles (pilomotor fibres).

At the rostral end of the sympathetic chain, the segmental 
ganglia are fused into the cervical ganglia, which provide 
the sympathetic innervation of the head and the thoracic vis-
cera (Fig. 12.3). The most rostral group, about 2.5–3 cm long 
superior cervical ganglion lies immediately dorsal to the 
origin of the internal carotid artery. It is supplied by the first 
and second thoracic segments and innervates structures in 
the head and neck, including the eyes, the salivary glands, 
the lacrimal glands and the arteries of the cranial muscles 
and the brain. The paravertebral ganglia just caudal to the 
superior cervical ganglion form the middle cervical gan-
glion and, more caudally, the inferior cervical ganglion, 
which usually fuses with the first thoracic ganglion to form 
the stellate ganglion. The middle and inferior cervical gan-
glia supply the postganglionic sympathetic fibres to the heart, 
the lungs and the bronchi.

12.2.3  The Craniosacral  
or Parasympathetic Division

The preganglionic parasympathetic fibres pass via the IIIrd, 
VIIth, IXth and Xth cranial nerves (the cranial part), and 
through the second, third and fourth sacral nerves (the sacral 

part). The cranial part of the parasympathetic division origi-
nates in the parasympathetic nuclei in the brain stem and has 
already been discussed in Chap. 6. In brief, the parasympa-
thetic oculomotor fibres from the parasympathetic nucleus of 
Edinger–Westphal pass via the IIIrd nerve to the ciliary gan-
glion, where preganglionic fibres synapse with postganglionic 
neurons that innervate the ciliary muscle and the sphincter 
pupillae. Preganglionic fibres from the superior salivatory 
nucleus pass via the intermediate nerve to the pterygopalatine 
and submandibular ganglia. Postganglionic fibres from the 
pterygopalatine ganglion innervate the lacrimal gland, whereas 
those from the submandibular ganglion innervate the subman-
dibular and sublingual glands. Preganglionic fibres from the 
inferior salivatory nucleus course via the glossopharyngeal 
nerve to the otic ganglion, of which the postganglionic fibres 
innervate the parotid gland.

The vagus nerve forms the main part of the cranial divi-
sion. Its preganglionic parasympathetic fibres arise from 
the dorsal motor nucleus of the vagus and the nucleus 
ambiguus (Loewy and Spyer 1990). The nucleus ambiguus 
or ventral vagal motor nucleus is viscerotopically organized 
and controls the striated muscles of the pharynx, the larynx 
and the oesophagus as well as the cardiac muscle (Kalia and 
Mesulam 1980a, b; Kalia 1981; Holstege et al. 1983). The 
dorsal motor nucleus of the vagus innervates smooth mus-
cles and glands throughout the entire digestive tract from 
the pharynx to the distal colon. The motoneurons of the 
dorsal motor nucleus of the vagus and the ambiguus nucleus 
are organized into viscerotopic subnuclei (Shapiro and 
Miselis 1985; Bieger and Hopkins 1987; Fox and Powley 
1992). The postganglionic neurons are located either in 
ganglia in the walls of the visceral organs of the thorax and 
the abdomen or in close proximity to the organs. It should 
be noted that only 10–15% of the fibres of the vagus are 
efferent. The majority of the fibres are afferent fibres from 
receptors in various visceral organs (see Sect. 12.2.4). 
Central afferents to the ambiguus and the dorsal motor 
nucleus of the vagus arise from many sites, including the 
central nucleus of the amygdala, the paraventricular hypo-
thalamic nucleus and the dorsomedial and posterior hypo-
thalamus, the mesencephalic PAG, the parabrachial nucleus 
and various parts of the reticular formation (Hopkins and 
Holstege 1978; Price and Amaral 1981; ter Horst et al. 
1984; Luiten et al. 1987).

The preganglionic fibres of the sacral part of the para-
sympathetic division arise in neurons of the second, third and 
fourth sacral spinal segments. The sacral parasympathetic 
preganglionic neurons form two longitudinal columns, one 
column immediately dorsolateral to the central canal and the 
other in a comparable position as that of the intermediolat-
eral sympathetic cell column. Their axons leave the spinal 
cord via the sacral nerves and form the pelvic nerves or nervi 
erigentes on each side of the rectum.
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Fig. 12.2 Diagram of the peripheral 
autonomic nervous system. cg celiac 
ganglion, icg inferior cervical ganglion,  
img inferior mesenteric ganglion,  
mcg middle cervical ganglion, scg superior 
cervical ganglion, st stomach, ub urinary 
bladder, L1-3 lumbar spinal segments,  
T2-4, T9-12 thoracic spinal segments,  
S1,2, S2-4 sacral spinal segments 
(after Lohman et al. 2007)
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12.2.4  Afferent Visceral Fibres

The somata of the afferent visceral fibres are, in general, 
smaller than those of the other dorsal root ganglion cells. 
Frequently, they are distinguishable as small, dark neurons 
(Appenzeller 1976; Willis and Coggeshall 1991; Jänig 1996; 
Jänig and Häbler 1999). The peripheral processes of these 
neurons course in mixed nerves together with the motor 
fibres and reach the dorsal roots via the major peripheral 
nerves. The central processes of the visceral afferent fibres 
enter the spinal cord through the tract of Lissauer and termi-
nate in layers I and V of the dorsal horn (Cervero and 
Foreman 1990; Fig. 12.4). Visceral afferent fibres relay sen-
sory information about volume, pressure or other stimuli of 
the viscera to spinal centres.

Viscerosomatic convergence onto the same spinothalamic 
cells forms the basis for the referred pain that occurs with, for 

instance, angina pectoris. Spinothalamic neurons increase their 
discharge rate as a result of myocardial ischaemia. Many vis-
ceral disorders cause chest pain, which may be interpreted as 
angina pectoris. Oesophageal or gastrointestinal disorders can 
produce similar symptoms (Fig. 12.5). This common pattern of 
referred pain suggests that there may be convergence of input 
from the upper gastrointestinal tract and from the heart onto the 
same spinothalamic neurons in the upper thoracic segments. In 
monkeys, Ammons et al. (1984a) showed that some of the spi-
nothalamic cells in the T1–T5 segments that respond to electri-
cal stimulation of Ad- and C-fibres in the splanchnic nerve are 
also activated by both electrical stimulation of the cardiopul-
monary afferent fibres and activation of somatic fields. This 
suggests that these neurons receive convergent information 
from multiple visceral as well as from somatic structures. 
Transection of the lateral and ventrolateral funiculi at T6 abol-
ished most of the spinothalamic cell responses to splanchnic 
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Fig. 12.3 The cervical part of the sympathetic autonomic 
nervous system; gcb grey communicating branch, ICA 
inferior carotid artery, SCA subclavian artery, VA vertebral 
artery, C3, C8 cervical spinal nerves. The following 
structures are indicated by numbers (1) stellate ganglion; 
(2) middle cervical ganglion; (3) superior cervical 
ganglion; (4) cervical cardiac nerves; (5) ansa subclavia; 
(6) ophthalmic nerve; (7) sympathetic branch; (8) ciliary 
ganglion; (9) short ciliary nerves; (10) maxillary nerve; 
(11) pterygopalatine ganglion; (12) mandibular nerve; 
(13) submandibular ganglion; (14) facial nerve; 
(15) glossopharyngeal nerve; (16) vagus nerve (after ten 
Donkelaar et al. 2007a)
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Fig. 12.4 Convergence of the terminations of somatic afferent (SA) 
and visceral afferent (VA) fibres in the spinal cord: (a) diagram; (b) sites 
of terminations as shown in HRP tracing experiments. als anterolateral 

system, dh dorsal horn, IML intermediolateral nucleus, LT Lissauer 
tract, spg spinal ganglion, I-X spinal grey layers (after Cervero and 
Foreman 1990)
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input that enters the spinal cord caudal to T5. Gallbladder dis-
tension also activates T2–T5 spinothalamic cells (Ammons 
et al. 1984b). The presence of this population of neurons may 
explain why patients with gallbladder disease are likely to 
experience angina-like and shoulder pain during cholecystitis.

The parasympathetic part of the autonomic nervous system 
carries two major afferent systems. In the cranial division, vis-
ceral afferent fibres are mostly found in the same cranial 
nerves as their motor counterparts. These mixed cranial nerves 
have sensory ganglia outside the cranium, which contain the 
cell bodies of the cranial visceral afferents, including the infe-
rior and superior ganglia of the glossopharyngeal and vagal 
nerves. Most of the visceral afferent fibres associated with 
cranial nerve autonomic reflexes terminate in the nucleus of 
the solitary tract (Kalia and Mesulam 1980a, b). Afferents of 
the VIIth, IXth and Xth cranial nerves form a broad viscero-
topic map in this nucleus with facial gustatory information 
most rostrally and medially, glossopharyngeal information 
somewhat more caudally and vagal information most caudally 
(see Chap. 6). Visceral afferents of the sacral division are 
organized much like the spinal afferents associated with the 
thoracolumbar, sympathetic division (Morgan et al. 1981; 
Jänig and Morrison 1986; Morrison et al. 2002).

12.2.5  The Enteric Nervous System

The enteric nervous system forms the third division of the 
autonomic nervous system and consists of the intrinsic neurons 
that form ganglia and plexuses in the wall of the viscera of the 
gastrointestinal tract. This network contains intrinsic afferents, 
interneurons and efferents and controls local functions (Costa 

et al. 1986; Karczmar et al. 1986; Furness and Costa 1987; 
Heaton et al. 1988; Furness 2000). The enteric neurons form 
two conspicuous plexuses in the wall of the intestines 
(Fig. 12.6), located between the longitudinal and circular mus-
cular layers of the wall (the myenteric plexus of Auerbach) 
and between the circular muscle layer and the inner mucosal 
layer (the submucosal plexus of Meissner). This intramural 
system is innervated by an extramural system, which is com-
posed of parasympathetic and sympathetic fibres.

The enteric nervous system may be affected by a wide vari-
ety of pathological processes including congenital, degenera-
tive, inflammatory, metabolic and parasitic diseases (Heaton 
et al. 1988). In this chapter, only aganglionosis and ganglion-
euronitis are discussed. In 1887, Hirschsprung described two 
patients with chronic constipation and congenital megacolon. 
Hirschsprung disease or congenital aganglionosis appears 
to be due to absence of ganglion cells in variable lengths of the 
rectum and colon. It occurs in one in 5,000 live births with a 
male preponderance. Children present with intestinal obstruc-
tion or chronic obstipation. The severity of the presentation 
does not necessarily correlate to the length of the aganglionic 
segment. Aganglionic segments begin at the internal anal 
sphincter and extend proximally. The constant histological 
abnormality is the absence of ganglion cells in affected seg-
ments and the presence of large nerve trunks in the submu-
cosal and myenteric plexuses (Howard and Garrett 1970; 
Kleinhaus et al. 1979; see Clinical case 12.1). These large 
nerve trunks are strongly positive for acetylcholinesterase 
activity. The enteric nervous system may also be involved 
in a paraneoplastic syndrome (see Clinical case 12.2) and 
is viewed as the starting point of Parkinson disease (see 
Sect. 12.2.7).

a

b c d

Fig. 12.5 Location of somatic 
fields where deep referred pain is 
perceived following myocardial 
infarction and during angina 
pectoris originating from the 
heart (a) and is felt in visceral 
pain from the gastrointestinal 
tract [(b) the oesophagus; (c) the 
gallbladder; (d) the duodenum]. 
The figures in a illustrate the 
variable location of pain with 
angina pectoris and are based on 
figures in Wall and Melzack 
(1985). The oesophageal and 
duodenal fields are based on 
Jones (1938) and the gallbladder 
field on Morley (1931)
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Fig. 12.6 The enteric nervous system. Abbreviations for neurotransmit-
ters and  modulators involved: ACh acetylcholine, CCK cholecystokinin, 
CGRP calcitonin gene-related peptide, ChAT choline acetyltransferase, 
DYN dynorphin, ENK  enkephalin, GRP gastrin-related peptide, NA 
noradrenaline, NPY neuropeptide Y, SOM  somatostatin, SP substance P, 

VIP vasoactive intestinal polypeptide. Other abbreviations: icm inner 
circular muscle, IML intermediolateral nucleus, m muclosa, mypl myen-
teric plexus, olm outer longituinal muscle, preg prevertebral ganglion, 
sm submucosa, smpl submucosal plexus, spg spinal ganglion (after 
Costa et al. 1986)
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Clinical Case 12.1 Aganglionosis

Case report: After an uneventful pregnancy, a boy was born 
at 41 gestational weeks with a normal birth weight of 4,020 g. 
Shortly after birth, feeding problems with food refusal and 
recurrent vomiting became apparent. An X-ray of the abdo-
men showed much intestinal air and on contrast radiography 
of the colon, there was a change of calibre at the rectal level. 

A suction biopsy revealed absence of ganglion cells at this 
level and confirmed the diagnosis Hirschsprung disease. 
A transanal endorectal pull-through operation was performed 
and the last 32 cm of the rectum and colon was resected 
(Fig. 12.7). Postoperatively, the boy was without any prob-
lems. No ganglionic cells were found in the submucosal and 
muscular plexus of the distal rectum (Fig. 12.8).

Fig. 12.7 Subtotal colectomy specimen with distal 
narrowing of the lumen (at the left) and extreme 
widening of the colon above the stenotic region 
(megacolon at the right; courtesy Martin Lammens, 
Nijmegen)

Fig. 12.8 Biopsies of the specimen shown in Fig. 12.7: (a, c) biop-
sies of the stenotic region: no ganglion cells are present in the submu-
cosa (a; HE-stained frozen section), whereas thickened nerve bundles 
are found in the submucosa and pathological staining of the thickened 
nerve fibres in the mucosa (c; acetylcholinesterase histochemistry); 

(b, d) biopsies of the dilated proximal part with presence of ganglion 
cells in the submucosa (arrow in b; HE-stained frozen section) and 
almost absent staining of mucosal nerve fibres (d; acetylcholinest-
erase histochemistry; courtesy Martin Lammens, Nijmegen)
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Fig. 12.9 A case of ganglioneuronitis in a paraneoplastic syn-
drome: (a, b) lymphocytic infiltrate of the plexus of Auerbach in the 
jejunum (HE stain); (c, d) lymphocytic infection of a spinal ganglion 

(c HE stain; d immunohistochemistry for T8-positive lymphocytes; 
courtesy Martin Lammens, Nijmegen)

Clinical Case 12.2 Ganglioneuronitis in Paraneoplastic 

Syndrome

A paraneoplastic syndrome may complicate a primary 
tumour and affect the autonomic nervous system (see Case 
report).

Case report: A 64-year-old female, known for progressive 
pseudo-obstruction of the intestinal tract for which partial 
resection of the stomach was performed a few months before, 
presented with difficulty eating and progressively increasing 
vomiting even after a little food. A small-cell neuro-endocrine 
bronchus carcinoma was suspected. Computed tomography 

(CT) of the thorax showed lymphadenopathy and an enlarged 
left suprarenal gland. The primary disease was complicated 
by the progressive pseudo-obstruction and a Candida albi-
cans infection. A few days later, the patient died of sepsis. 
At autopsy, a primary small-cell neuro-endocrine carcinoma 
of the lung was found in the right middle lobar bronchus 
with metastases in mediastinal lymph nodes. Anti-Hu anti-
bodies were positive. Microscopic examination of the jeju-
num showed a lymphocytic infiltrate of the plexus of 
Auerbach (Fig. 12.9a, b) and of the spinal ganglia examined 
(Fig. 12.9c, d). The pseudo-obstruction fits into the picture 
of a ganglioneuronitis of the autonomic nervous system.
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12.2.6   Autonomic Innervation of the Viscera

In this section, the autonomic innervation of the heart, the uri-
nary bladder and the sexual organs will be discussed. The auto-
nomic innervation of the eye has been discussed in Chaps. 6 
and 8 and that of the gastrointestinal tract in Sect. 12.2.5.

Vagal preganglionic fibres travel to the heart via: (1) the 
superior cervical rami, originating just distal to the origin of 
the superior laryngeal nerve; (2) the inferior cervical ramus, 
arising from the recurrent laryngeal nerve and (3) the thoracic 
rami, arising from the thoracic vagal nerves (Kuntz 1953; 
Fig. 12.10). These nerves anastomose with the cardiac sympa-
thetic nerves in the region of the ascending aorta and the aortic 
arch to form the cardiac plexus (Mitchell 1953). Small groups 
of ganglion cells may occur at any point along the nerves to 
the cardiac plexus, but they become more common closer to 

the heart. The largest ganglion is the ganglion of Wrisberg, 
which lies inferior to the aortic arch (Mitchell 1953). Ganglion 
cells are abundant in the extensions of the cardiac plexus asso-
ciated with the heart itself. These intrinsic cardiac ganglia are 
mostly found subepicardially (Armour et al. 1997).

The pelvic autonomic pathways provide sympathetic and 
parasympathetic innervation to a wide variety of pelvic vis-
cera. In most viscera, the primary target of the innervation is 
smooth muscle. The activity of the pelvic autonomic neurons 
must be coordinated with the activity of somatomotor path-
ways. This is evident during sexual activity and in the control 
of micturition and defaecation. The prevertebral sympathetic 
plexuses extend inferiorly into the pelvis as a continuous mesh-
work of ganglionated nerve trunks, which can be divided into 
the superior and inferior hypogastric plexuses (Fig. 12.11). 
The inferior plexus lies on each side of the rectum,  interconnects 

nX

sIn

ms

rln

bpl

as

phn
es

sytth

avt

Fig. 12.10 The vagus nerve. as anterior scalenus, avt 
anterior vagal trunk, bpl brachial plexus, es oesophagus, 
ms middle scalenus, nX nervus vagus, phn phrenic nerve, 
rln recurrent laryngeal nerve, sln superior laryngeal 
nerve, syt sympathetic trunk, th thyroid gland (after 
Hovelacque 1927 and other sources)
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dorsal to the rectum and extends ventrally towards the bladder 
and the internal genital organs (Baljet and Drukker 1981). 
Preganglionic inputs to the ganglion cells arise mainly from 
lumbar levels via the hypogastric nerves and from the second 
to fourth sacral levels via the pelvic nerves.

12.2.7  Some Cases of Autonomic Failure

Autonomic fibres are damaged secondarily in a variety of 
medical disorders, most commonly in diabetes and alcohol-
ism, but also in a wide variety of peripheral neuropathies and 
as side effects of various drugs (Bannister 1988a). Other 
patients, without certainly known pathology in common, share 
certain autonomic symptoms for which the term primary auto-
nomic failure has been introduced. Graham and Oppenheimer 
(1969) first distinguished between two types of primary auto-
nomic failure, one occurring in multiple system atrophy 

(MSA), the other presenting as a clinically pure autonomic 
failure, sometimes associated with Parkinson disease. In MSA, 
there is degeneration of the striatum, the pigmented nuclei, the 
pontine nuclei, the inferior olive, Purkinje cells, the dorsal 
vagal nucleus and the vestibular nuclei (Oppenheimer 1988; 
Quinn 1989; see also Chap. 11). Patients show orthostatic 
hypotension, urinary and rectal incontinence, impotence, loss 
of sweating and parkinsonian symptoms. In pure autonomic 
failure, neuronal loss is confined to the pigmented brain stem 
nuclei and the sympathetic ganglia, in which Lewy bodies are 
found. In both MSA and pure autonomic failure, the interme-
diolateral cell columns of the spinal cord are affected. Bannister 
(1988b) suggested a clinical classification of chronic primary 
autonomic failure to which Geser and Wenning (2007) added 
dementia with Lewy bodies:
 1. pure autonomic failure without associated neurological 

disorders, formerly known as “idiopathic orthostatic 
hypotension” (see Clinical case 12.3);
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Fig. 12.11 The sacral division of the parasympathetic 
autonomic nervous system. aapl abdominal aortic plexus, 
hn hypogastric nerve, IMA/impl inferior mesenteric artery 
with inferior mesenteric plexus, pud pudendal nerve, shpl 
superior hypogastric plexus, spl sacral plexus, syt 
sympathetic trunk. The following structures are indicated 
by numbers (1) pelvic plexus; (2) vesical plexus; 
(3) rectal plexus; (4) prostatic plexus; (5) pelvic 
splanchnic nerve (parasympathetic); (6) pelvic splanchnic 
nerve (sympathetic) (after Netter 1959)
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2. autonomic failure associated with Parkinson disease;
3. autonomic failure associated with MSA, also known as 

the Shy–Drager syndrome (Shy and Drager 1960);
 4. dementia with Lewy bodies.

Disconnection of the suprasegmental autonomic cen-
tres from the spinal cord occurs in neurological disorders 
such as multiple sclerosis (MS) and traumatic cord inju-
ries. As a result, bowel and bladder control are lost and 

impotence is caused by loss of autonomic genital reflexes. 
Symptoms of autonomic dysfunction may be present in 
almost 80% of patients with MS, of which urinary symp-
toms are the most common (McDougall and McLeod 2003; 
see Sect. 12.3.5). Spinal cord injuries are another common 
cause of dysfunction of the bladder and bowel and loss of 
sexual functions as is exemplified for a conus lesion in 
Clinical case 12.4.

Clinical Case 12.3 Pure Autonomic Failure

In primary autonomic failure, the dysautonomia results from 
an unexplained selective neuronal degeneration (Geser and 
Wenning 2007). In virtually all patients who came to autopsy, 
severe loss of neurons of the intermediolateral cell column 
was noted (Oppenheimer 1988). This may occur in associa-
tion with Parkinson disease and MSA. It may also occur in a 
pure, isolated form without neurological signs, known as pure 
autonomic failure (Bannister 1988). In most of these cases, 
Lewy bodies were found in pigmented brain stem nuclei, 
sometimes associated with cell loss. Van Ingelghem et al. 
(1994) described a case of pure autonomic failure without 
alterations in pigmented brain stem nuclei (see Case report).

Case report: A 64-year old male patient with an 8-year 
lasting history of orthostatic hypotension died 2 days after 
admittance to hospital with a left intracerebral haematoma. 
Postmortem examination showed loss of neurons of the 
intermediolateral cell column (Fig. 12.12a) and of sympa-
thetic ganglion cells. Lewy bodies were present in the sym-
pathetic neurons (Fig. 12.12b, c). No cell loss or Lewy 
bodies were found in pigmented brain stem nuclei. This case 
illustrates the histological differences between autonomic 
failure in (preclinical) Parkinson disease and pure autonomic 
failure. In the first, there is depigmentation and neuronal loss 
in pigmented brain stem nuclei associated with generalized 
Lewy bodies; in the second, there is lack of depigmentation 

and no cell loss in pigmented nuclei, and Lewy bodies are 
restricted to the autonomic nervous system. Furthermore, it 
supports the view that in pure autonomic failure the lesion is 
more distal than in autonomic failure associated with MSA 
in which the sympathetic neurons are relatively intact.

This case was kindly provided by Erwin van Ingelghem 
and Michel van Zandijcke (Department of Neurology, 
Algemeen Ziekenhuis St-Jan, Brugge, Belgium) and Martin 
Lammens (Nijmegen).
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cresylviolet-stained section; 
(b) neuronal degeneration 
with presence of a Lewy 
body in a sympathetic 
ganglion (HE stain); (c) detail 
of such a neuron with a Lewy 
body immunostained with 
antibodies against ubiquitin 
(from van Ingelghem et al. 
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12.3  Central Components of the Autonomic 
Nervous System

Tract-tracing studies have revealed multiple hierarchically 
organized and reciprocally interconnected centres of the 
neuraxis that control autonomic activity. This central auto-
nomic circuitry has been considered a central visceromotor 
system (Nauta 1972) or a central autonomic network 
(Loewy 1981, 1990b; Saper 2002; Fig. 12.13). Anterograde 
degeneration studies have revealed a network of multisynap-
tic relays descending from the hypothalamus and the mid-
brain to preganglionic neurons in the brain stem and the 
spinal cord. Similar projections, both direct or relayed via 
the hypothalamus, were also found for a number of limbic 
system nuclei, especially the amygdala (Nauta 1972; see also 
Chap. 14).

12.3.1  Ascending Viscerosensory Projections

Visceral sensory information from the head, the neck, the 
thorax and the upper part of the abdomen enters the brain 
stem via the trigeminal, facial, glossopharyngeal and vagus 
nerves. Visceral afferent fibres from these four cranial nerves 
terminate viscerotopically in the nucleus of the solitary tract 

(Kalia and Mesulam 1980a, b; Contreras et al. 1982; Altschuler 
et al. 1989). Axons from cardiovascular structures such as the 
carotid body and the aortic arch baroreceptors terminate 
within the dorsomedial part of the nucleus of the tract (Kalia 
and Mesulam 1980b; Panneton and Loewy 1980; Ciriello 
1983). Respiratory chemoreceptors innervate, in particular, 
the lateral part of the nucleus of the tract (Kalia and Mesulam 
1980b; Kalia and Richter 1988). The parabrachial nucleus 
is the major relay for ascending visceral input from the nucleus 
of the solitary tract to the forebrain. The ascending gustatory 
system has been described in Chap. 6. Other visceral sensory 
modalities are organized in a viscerotopical pattern that paral-
lels the taste pathways (Saper 2002).

In rats, Cechetto and Saper (1987) systematically mapped 
cardiovascular baroreceptor and chemoreceptor, pulmonary 
inflation, gastric stretch and taste responses via the ventropos-
terior parvicellular nucleus (VPpc) of the thalamus to the 
insular cortex. They identified a topographical pattern of vis-
cerosensory responses in the dysgranular and granular insular 
regions. Taste neurons were found mainly in the rostral, dys-
granular insular field. Neurons responding to gastrointestinal 
neurons were found just caudal to the taste area, mostly in 
the more dorsal granular insular field. Neurons responding 
to cardiovascular and respiratory afferents were located fur-
ther caudally in the insular region. Electrical stimulation of 
the homologous region in the human thalamus produced 

Clinical Case 12.4 Autonomic Dysfunction  

by a Spinal Conus Lesion

Normal micturition depends on the equilibrium between 
the sympathetic innervation of the bladder, promoting the 
storage of urine and continence, and parasympathetic func-
tion, promoting urine discharge. In addition, the somato-
motor external urinary sphincter contributes to continence 
at the voluntary level. A conus lesion will destroy the 
preganglionic parasympathetic neurons in the sacral inter-
mediolateral column that are involved in micturition and 
the motoneurons of Onuf’s nucleus, which innervate the 
striated external sphincter muscle as well as the bulbocav-
ernosus and ischiocavernosus muscles. This results in a 
permanent loss of bladder function as the micturition reflex 
is interrupted and the peripheral motoneurons for voluntary 
contraction of the external sphincter are also lost (Pavlakis 
et al. 1983; Fowler 1999). Loss of the parasympathetic 
innervation of the bladder will result in the predominance 
of sympathetic tone and paralysis of the detrusor muscle 
and an overflowing bladder. Resistance against this over-
flow will be minimal because of the paralysis of the dener-
vated external sphincter and the patient is incontinent for 

urine. This so-called “autonomic” bladder will never 
again regain its capacity for reflex-wise voiding; this is 
quite different from cases where a spinal lesion higher up 
interrupts the descending pathways and the reflex centre in 
the conus remains intact; an “automatic” reflex bladder 
may then result after rehabilitation.

In patients with conus lesions, the defaecation reflex is 
also disturbed since the sphincter ani muscle is hypotonic. 
The anus may even remain open (incontinentia alvi). Sexual 
functions such as erection and ejaculation also depend on a 
fine tuning between parasympathetic and sympathetic activ-
ity and will be severely disturbed in a complete conus lesion. 
An isolated saddle anaesthesia (see Chap. 4) and absence of 
the bulbocavernosus reflex accompany the motor and auto-
nomic function loss in a pure conus syndrome.
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sensations both of taste and of gastric fullness (Lenz et al. 
1997), suggesting a similar kind of organization in humans 
(see also Craig 2009). Single-unit recordings in monkeys sup-
port a similar topographical organization of the viscerosensory 
cortex in primates; two taste areas have been found (Pritchard 
et al. 1986; Scott et al. 1986; Ito and Ogawa 1991; Yaxley 
et al. 1990; Baylis et al. 1995; Scott and Plata-Salaman 1999; 
Ongur and Price 2000; Ito et al. 2001): (1) a primary taste area 
in the inner lip of the rostral opercular cortex extending into 
the dysgranular field of the insula; and (2) a taste association 
area in the orbitofrontal cortex, which also receives olfactory 
input. Human fMRI studies showed increased blood flow in 
the insular cortex, just caudal to the gustatory cortex, as a 
result of visceral stimuli such as air hunger, maximal inspira-
tion, the Valsalva manoeuvre or physical manipulations, which 
elevated the blood pressure and heart rate (King et al. 1999; 
Banzett et al. 2000; Harper et al. 2000a). Spinal viscerosen-
sory information has been discussed in Chap. 4.

With immunohistochemistry against calcitonin gene-
related peptide (CGRP), visceral sensory pathways have 
been identified in the human brain. CGRP is a neuromodula-
tor in several of the ascending visceral sensory pathways 

from the parabrachial nucleus to the thalamus, the amygdala 
and the viscerosensory cortex in rats (Yasui et al. 1989, 
1991). In the human brain, de Lacalle and Saper (2000) 
reported three populations of CGRP-like immunoreactive 
cells that are homologous to those that have been character-
ized in rats: the external lateral and medial parabrachial sub-
nuclei and the posterior intralaminar thalamic complex, 
including the subparafascicular, the lateral subparafascicular 
and the peripeduncular nuclei. CGRP-like immunoreactive 
terminals were found in: (1) regions homologous to the pro-
jection areas of the external lateral and medial parabrachial 
subnuclei in rats, including the VPpc, the central nucleus of 
the amygdala, the bed nucleus of the stria terminalis and the 
insular cortex; and (2) the terminal fields of the posterior 
intralaminar complex, including the amygdalostriatal transi-
tion area and the insular cortex.

12.3.2  The Central Autonomic Network

In retrograde tracer studies, transport of tracers from differ-
ent levels of the sympathetic preganglionic column have 
identified the following set of central autonomic structures 
(Tucker and Saper 1985): the paraventricular nucleus, the 
retrochiasmatic area, the lateral hypothalamus, the parabra-
chial nucleus, the A5 area, the rostral ventrolateral medulla, 
the medullary raphe and the nucleus of the solitary tract. 
With viral transneuronal tracers, some organotopic organiza-
tion has been found in the projections of the paraventricular 
nucleus to the sympathetic preganglionic neurons (Strack 
and Loewy 1990; Sved et al. 2001; see Chap. 13). Specific 
patterned autonomic responses appear to be generated by 
identified populations of neurons in the ventrolateral medulla, 
the rostral medullary raphe, the PAG and the hypothalamus 
(Loewy 1990b; Blessing 1997, 2004; Saper 2002). The ven-
trolateral medulla is involved in the neural control of blood 
pressure (Sect. 12.3.3) and breathing (Sect. 12.3.4), whereas 
the PAG and the dorsolateral pontine tegmentum are involved 
in the neural control of micturition (Sect. 12.2.5).

The hypothalamus contains several distinct sets of neu-
ronal populations that innervate the parasympathetic and 
sympathetic preganglionic populations (Saper et al. 1976; 
Swanson and Sawchenko 1983; Cechetto and Saper 1988): 
the paraventricular nucleus, the lateral hypothalamic area, 
the arcuate nucleus and the adjacent retrochiasmatic area. 
The paraventricular nucleus of the hypothalamus is a pro-
totype of extensive and profound autonomic coordination 
(Sawchenko 1983; Luiten et al. 1987). Parvocellular neurons 
in this nucleus project monosynaptically to vagal pregangli-
onic neurons in the dorsal motor nucleus of the vagus and to 
sympathetic preganglionic neurons in the intermediolateral 
column of the spinal cord (Sawchenko and Swanson 1982; 
Sawchenko 1983; Luiten et al. 1987). The paraventricular 
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Fig. 12.13 Diagram showing some of the forebrain and brain stem struc-
tures involved in the central autonomic network. The central amygdaloid 
nucleus (Ce) and the extended amygdala (in red) are innervated by the 
medial prefrontal cortex (MPC) and the insula (Ins). The olfactory 
amygdala (OA) receives olfactory input, whereas the basolateral amygdala 
(BL) is reciprocally connected with the temporal lobe. Hypothalamic 
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PAG periaqueductal grey, Sol nucleus of the solitary tract, VLM ventrolat-
eral medulla, VMN ventromedial hypothalamic nucleus, Xdm dorsal motor 
nucleus of the vagus nerve (after Heimer 1995)
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nucleus also projects to the visceral afferent relay nuclei 
associated with the sympathetic and parasympathetic divi-
sions of the autonomic nervous system, i.e. the spinal layer V 
and the nucleus of the solitary tract, respectively.

The extended amygdala, i.e. the centromedial amygdala, 
the bed nucleus of the stria terminalis and some related 
structures, gives rise to a highly organized system of path-
ways to many hypothalamic and brain stem areas and forms 
the main output channel of the amygdaloid complex (see 
Chap. 14). The extended amygdala is, therefore, ideally 
suited to generate endocrine, autonomic and somatomotor 
aspects of emotional and motivational states (Heimer and 
Van Hoesen 2006). The insular cortex also plays an impor-
tant role in the central autonomic network (see Craig 2009 
and Chap. 15).

12.3.3  Neural Control of Blood Pressure

The major reflex control of the circulation is mediated by 
receptors within the cardiovascular system itself. They fall into 
two main categories: mechanoreceptors and chemoreceptors. 

Hering and Koch were the first to recognize the reflex nature 
of changes in heart rate and blood pressure evoked by external 
massage of the neck (Hering 1927; Koch 1931). Heymans 
and co-workers (1930) demonstrated chemoreceptor activity 
of the carotid bodies. Mechanoreceptors are located in both 
the main systemic arteries and within the heart. Those local-
ized in the carotid sinus and the aortic arch are known as 
baroreceptors and they monitor arterial blood pressure. The 
arterial baroreflex buffers abrupt transients of blood pres-
sure and originates from stretch sensitive receptors in the arte-
rial wall of the carotid sinus, the aortic arch and other great 
vessels of the thorax (Spyer 1981, 1990; Persson and 
Kirchheim 1991; Guyenet 2000; Fig. 12.14). The afferents 
from the carotid sinus pass via the carotid sinus nerve, a 
branch of the glossopharyngeal nerve, and those from the aor-
tic arch via the aortic depressor nerve, a branch of the vagal 
nerve. These two nerves project to the nucleus of the solitary 
tract, which is the main relay station for viscerosensory infor-
mation in the brain. The nucleus of the solitary tract provides 
excitatory input to the efferent cardiovascular neurons in the 
ventrolateral medulla (Ross et al. 1985). The efferent limbs of 
the baroreflex loop consist of sympathetic and parasympathetic 
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fibres to the heart (see Fig. 12.3) as well as to smooth muscles 
in the peripheral blood vessels. The second major group of 
mechanoceptors are known as cardiac receptors. These have 
endings in either the great veins close to their entry into the 
heart or within the walls of the atria and the ventricles 
(Heymans and Neil 1958). The majority of the chemorecep-
tors are located within the carotid bodies and the aortic arch. 
They are oxygen sensors but are also sensitive to carbon diox-
ide tension and pH (Ribiero and Pallot 1987).

In animal studies, well-controlled denervation experi-
ments were carried out (Spyer 1981; Persson and Kirchheim 
1991). The impact of baroreceptor denervation varies consid-
erably among species and depends largely on which barore-
ceptor areas are abolished (Eckberg and Sleight 1992). The 
impact of carotid sinus denervation on baro- and chemore-
flex function became well known in case studies of patients 
with inadvertent damage to baro- and/or chemoreceptors fol-
lowing medical interventions in the neck. The first report was 
on patients with glossopharyngeal neuralgia in whom unilat-
eral section of the glossopharyngeal nerve was performed 
(Bucy 1936). Iatrogenic lesions of the arterial baroreflex and/
or peripheral chemoreflex have been reported to occur as a 
result of carotid body tumour resection, radiotherapy of the 
neck and carotid endarterectomy (see Clinical case 12.5).

In animal studies, excitatory presympathetic neurons in the 
rostral ventrolateral medulla oblongata (RVLM) have been 
shown to maintain activity in peripheral sympathetic vasomo-
tor and cardiomotor nerves, so that arterial pressure and heart 
rate remain within the physiological range (Ciriello et al. 1986; 
Blessing 1997, 2004). Damage to the RVLM neurons or to 
their descending projections causes a loss of peripheral sym-

pathetic vasomotor and cardiomotor activity, so that arterial 
pressure suddenly drops to levels also observed in spinal shock 
(Dampney and Moon 1980; Ross et al. 1983; Granata et al. 
1983, 1985). Clinical data in humans are in agreement with 
these observations (Blessing 1997, 2004). In animal studies, 
about 50% of the presympathetic vasomotor neurons in the 
RVLM belong to the C1 group of catecholamine-synthesizing 
neurons in the medullary region (Ross et al. 1984; Blessing 
1997). In most species, these neurons contain phenyletha-
nolamine-N-methyltransferase (PNMT), the enzyme that con-
verts noradrenaline to adrenaline. In the human medulla 
(Fig. 12.15), a prominent group of PNMT-containing neurons 
was found in a region corresponding to the RVLM in animal 
models (Arango et al. 1988; Halliday et al. 1988). Tract-tracing 
studies in primates suggest that at least some RVLM, PNMT-
containing neurons have spinal projections (Carlton et al. 
1987, 1989). Loss of RVLM presympathetic neurons probably 
contributes to the postural hypotension that may occur in 
Parkinson disease (Gai et al. 1993) and in MSA with auto-
nomic failure (Benarroch et al. 1998).

Inhibitory GABAergic vasomotor neurons are present in 
the caudal ventrolateral medulla (CVLM). They tonically 
inhibit the RVLM sympathetic excitatory neurons. The 
CVLM inhibitory vasomotor neurons are found intermingled 
with the A1 neurons as well as in the region between the A1 
cells and the ambiguus nucleus (Blessing 1997, 2004; 
Fig. 12.15). In humans, the function of these inhibitory vaso-
motor neurons may be interfered by compression of the 
CVLM (Dickinson et al. 1993) or by compression of the 
vagal nerve rootlets by an arterial loop (Fein and Frishman 
1980; Jannetta et al. 1985; Naraghi et al. 1994).
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 Clinical Case 12.5 Denervation of Carotid  

Baro- and Chemoreceptors

Baroreflex failure results from the loss of carotid barore-
ceptor function and/or its afferent innervation by the 
carotid sinus and glossopharyngeal nerves. Besides trau-
matic injury, iatrogenic lesions of carotid baroreceptors 
may occur as a result of carotid body tumour resection, 
radiotherapy of the neck and carotid endarterectomy 
(Robertson et al. 1993). Baroreflex failure is typically 
characterized by episodes of severe hypertension, tachy-
cardia, headache, diaphoresis, lightheadedness and anxi-
ety (Fig. 12.16). These signs and symptoms of sympathetic 
activation, unopposed by normal baroreflex mediated feed-
back, coincide with excessive increments in plasma cate-
cholamine levels. Surges of blood pressure and tachycardia 
may occur spontaneously or are elicited by mental stress 
or physical stimuli-like exercise, cold and sexual arousal. 
The systolic blood pressure typically exceeds 250 mmHg, 
which may lead to hypertensive encephalopathy and cere-
bral haemorrhage. In rare cases, inadequate baroreflex 
buffering of cardiovagal efference is the most prominent 
feature, resulting in malignant vagotonia with hypoten-
sion, bradycardia and asystole (Jordan et al. 1997). 
Accompanying symptoms of this so-called “selective 
baroreflex failure” include fatigue and dizziness with pos-
sible progression to frank syncope.

Timmers (2004) studied the long-term effects of dener-
vation of carotid baro- and chemoreceptors on the control 
of circulation and respiration in humans after carotid body 
tumour surgery, radiotherapy of the neck and carotid 
endarterectomy.
 1. Carotid body tumour resection: Neoplastic growth of the 

carotid body is a rare disease. It occurs either as a  sporadic 
tumour or as part of the familial paraganglioma syndrome 

(van der Mey et al. 2001). In such patients, one or more 
paragangliomas, also known as glomus tumours, may 
arise from the carotid, jugular, vagal and tympanic glo-
mus tissue. In one-third of these patients, these tumours 
occur bilaterally. During surgical removal of carotid body 
paragangliomas, branches of the carotid sinus nerves 
cannot be selectively spared (Robertson et al. 1993; De 
Toma et al. 2000). Moreover, radical dissection of bilat-
eral carotid body tumours by definition means removal of 
all carotid body chemoreceptive tissue.

2. Radiation therapy of the neck: Irradiation of the neck 
has a well-established role in the treatment of head- and 
neck tumours. Bilateral radiotherapy of the neck is most 
commonly applied in patients with locally advanced la-
ryngeal or pharyngeal cancer, and may or may not be 
preceded by surgical resection of the primary tumour 
and/or radical lymph node resection. The target volume 
for radiation therapy depends on the size of the tumour 
and the involvement of regional lymph nodes. Usually, 
it consists of the larynx or pharynx and the subdigastric 
and midjugular lymph nodes, which includes the carotid 
bifurcation with its baro- and chemoreceptors. The re-
ceptors as well as their central projections may be dam-
aged by irradiation (Robertson et al. 1993).

 3. Carotid endarterectomy: Carotid endarterectomy is 
performed in selected patients with a history of transient 
ischaemic attacks or ischaemic stroke in addition to a 
haemodynamically significant stenosis of the common 
or internal carotid artery on the ipsilateral side of the 
affected cerebral hemisphere. The aim of carotid endar-
terectomy is to reduce the recurrence rate of ischaemic 
stroke. Denervation of both carotid baroreceptors (Boyle 
et al. 1995; Ille et al. 1995) and chemoreceptors (Holton 
and Wood 1965) due to carotid endarterectomy has been 
reported.
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12.3.4  Neural Control of Breathing

Neurons involved in the control of breathing are found 
throughout the neuraxis, particularly in the brain stem and the 
spinal cord (Feldman 1986; Feldman and McCrimmon 1999). 
Santiago Rámon y Cajal studied the afferent and efferent pro-
jections of respiration-related nerves in Golgi preparations of 
rats and cats and he identified three associated brain stem 
nuclei: the nucleus of the solitary tract, the ambiguus nucleus 
and a commissural nucleus (Rámon y Cajal S 1909). He pro-
posed a network for respiratory pattern generation, which in 
essence still holds true (Fig. 12.17). Afferent impulses from 
the lungs and information from the blood, related to respira-
tory demands, are combined with the intrinsic properties of 
the identified cell populations in the brain stem and produce 
rhythmic outflow to the phrenic and the intercostal motoneu-
rons, which innervate the major respiratory muscles.

The muscles of respiration, which expand and contract 
the thorax, are innervated by motoneurons in the midcervical 
and thoracolumbar spinal cord (Monteau and Hilaire 1991). 
Phrenic motoneurons innervate the diaphragm. In humans, 
the motoneurons of the phrenic nerve are located in the ventral 
part of the ventral horn of C3–C5 (Keswani and Hollinshead 
1956). Thoracic respiratory motoneurons, which innervate 
the intercostal and related muscles, lie superficially in the ven-
tral horn. The external intercostal muscles are inspiratory, 
whereas the internal intercostals are expiratory muscles 

(Monteau and Hilaire 1991). Motoneurons, which innervate 
abdominal muscles, are located in the lower thoracic and 
upper lumbar spinal cord and facilitate expiration. Transection 
of the upper cervical cord isolates the spinal respiratory neu-
rons from descending control, so that respiration ceases. The 
basic circuitry for the regulation of breathing is found in the 
lower brain stem. Originally, brain stem respiratory control 
was interpreted in terms of pneumotaxic, apneustic, inspira-
tory and expiratory centres, but these centres remained poorly 
defined (Blessing 1997; Dempsey and Pack 2000).

Medullary premotoneurons drive respiratory motoneu-
rons by synaptic excitation and inhibition (Feldman 1986; 
Monteau and Hilaire 1991; Dobbins and Feldman 1994; 
Blessing 1997, 2004). The largest concentration of these bul-
bospinal premotoneurons forms a long rostrocaudal column 
in the ventrolateral medulla, known as the ventral respira-
tory group (VRG; Fig. 12.18). Its most caudal part, the 
CVRG, which extends from C1 up to the level of the obex, 
primarily provides expiratory bulbospinal input to thora-
columbar expiratory motoneurons. The rostral part of the 
VRG (the RVRG) contains inspiratory bulbospinal neurons, 
which provide excitatory drive to phrenic and thoracic 
inspiratory motoneurons. fMRI and diffusion tensor imaging 
(DTI) studies suggest a similar kind of organization in the 
human brain (Pattinson et al. 2009). Rostral to the VRG the 
Bötzinger complex is found with cells that are active during 
the expiratory phase (Lipski and Merrill 1980; Bryant et al. 

Investigations of these patient categories show that labile 
hypertension due to baroreflex failure may arise from both 
unilateral and bilateral carotid baroreceptor denervation. 
The incidence of persistent full-blown baroreflex failure fol-
lowing these interventions is low. Bilateral carotid denerva-
tion following these procedures, however, causes a persistent 
decrease in baroreflex sensitivity in the control of both heart 
rate and sympathetic nerve activity. This causes chronic 
mild increase in blood pressure variability. In addition, bilat-
eral resection of carotid body tumours abolishes carotid 
chemoreceptor function, resulting in abnormal control of 
ventilation in response to hypoxia.

Data for this case were kindly provided by Henri Timmers 
(Department of Endocrinology, Radboud University Nijmegen 
Medical Centre).
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1993). This cell cluster has widespread projections through-
out the VRG and is the main source of reciprocal inhibition 
in the respiratory network. Many Bötzinger complex neurons 
inhibit premotor neurons and motoneurons during their nor-
mally silent periods of the respiratory cycle. During expira-
tion, activity in RVRG neurons ceases so that the diaphragm 
and the inspiratory intercostal muscles no longer contract. 
Their spinal motoneurons are also innervated by the Bötzinger 
group. Between the VRG and the Bötzinger complex lie a 
cluster of respiratory neurons, the pre-Bötzinger complex, 
which may contain the circuitry for generating respiratory 
rhythm (Smith et al. 1991; Feldman and Smith 1995; Feldman 
and McCrimmon 1999). The paraventricular nucleus inner-
vates the pre-Bötzinger complex (Mack et al. 2007). Lavezzi 
and Matturi (2008) delineated the human pre-Bötzinger com-
plex in a restricted area of the ventrolateral medulla at the 
obex level, ventral to the ambiguus nucleus.

The principal peripheral sensory input for breathing arises 
from lung mechanoreceptors and peripheral chemoreceptors. 

Pulmonary afferents with cell bodies in the jugular and nodose 
ganglia provide information about lung volume, inflation rate 
and the status of the pulmonary tissue (Nattie 1999; Guyenet 
2000). These afferents course largely via the vagus nerve and 
terminate in the nucleus of the solitary tract (Kalia and Mesulam 
1980b). The Bötzinger complex is a major target of secondary 
pulmonary sensory neurons in the nucleus of the solitary tract. 
The Hering–Breuer inflation reflex (Hering and Breuer 1868) 
is a stretch receptor reflex, starting in slowly adapting pulmo-
nary mechanoreceptors, and is mediated by viscerosensory 
fibres of the vagus nerve (Tryfon et al. 2001). When excessively 
stretched, the stretch receptors send impulses to the brain stem 
to terminate inspiration. This is a protective reflex to prevent 
overexpansion of the lungs. The stretch receptors are not used 
during normal respiration but become increasingly active dur-
ing vigorous exercise. The activation of stretch receptors excites 
neurons in the medial part of the nucleus of the solitary tract. 
These neurons excite subsets of expiratory neurons in and ros-
tral to the pre-Bötzinger complex. In turn, inspiratory neurons 
are inhibited. Deflation of the lungs tends to initiate inspiratory 
activity and prolongs inspiratory time (the Hering-Breuer defla-
tion reflex). This reflex is mediated via rapidly adapting recep-
tors within the walls of the airways and probably prevents lung 
collapse during the periodic sighs that occur normally.

Ischaemia of the lower brain stem elicits intense periph-
eral vasoconstriction and an increase in ventilation. In ani-
mal studies, the intense vasoconstriction is preserved after 
midpontine transection (Guyenet 2000) and is virtually elim-
inated by lesions of the presympathetic vasomotor neurons 
in the RVLM (Dampney and Moon 1980). Many brain inju-
ries and diseases produce abnormal breathing patterns (see 
Clinical case 12.6).

Disorders of the chemical control of breathing are wide-
spread. Two types of apnoea have been defined (see Clinical 
case 12.7). The sudden infant death syndrome (SIDS) is 
defined as the sudden death of an infant under the age of 1 
year that cannot be explained by postmortem examination 
(Willinger et al. 1991). The arcuate nuclei may be involved. 
The arcuate nuclei are groups of small neurons scattered 
near the ventrolateral surface of the medulla oblongata, in the 
region medial to the corticospinal tract and within the tract 
itself. They contain a subpopulation of neurons that synthe-
size serotonin and, therefore, may be viewed as displaced 
components of the raphe magnus/pallidus neurons. Kinney 
and co-workers (Kinney et al. 1992; Nachmanoff et al. 1998; 
Harper et al. 2000b; Panigrahy et al. 2000) have found various 
abnormalities in receptor binding studies, focussed on this 
region and in the midline medullary raphe nuclei. This was 
done in brains of infants who died of SIDS. Lavezzi and 
Matturi (2008) claimed a role for the pre-Bötzinger complex 
in SIDS. They found various developmental defects of this 
structure in SIDS, ranging from hypoplasia with a decreased 
cell number to agenesis (see Clinical case 12.8).
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Fig. 12.17 Rámon y Cajal’s model for respiratory control (from 
Rámon y Cajal S 1909). Arrows indicate the direction of nerve impulses. 
Respiratory neurons in the solitary tract nucleus process information 
from vagal pulmonary afferents (K) with cell bodies in the nodose gan-
glion (J), and some blood factor present in local capillaries (A). 
Descending control signals go to spinal motoneurons (D), innervating 
intercostal muscles (F) or diaphragm (E, G)
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Clinical Case 12.6 CNS Lesions Producing Abnormal 

Breathing Patterns

Many brain injuries and diseases produce abnormal breath-
ing patterns (Plum and Posner 1980; Prakash 1989; Saper 
2000). Because many brain regions innervate neurons gen-
erating the breathing rhythm, pathology in structures not 
normally associated with the generation of breathing can 
produce abnormal breathing patterns. The more common 
severe breathing disorders arising from specific CNS 
pathologies are summarized in Fig. 12.19:
 1. Apneustic breathing is marked by prolonged inspiratory 

periods. Apneusis is observed in patients with pontine 
lesions, including, or just ventral to, the pontine respiratory 
group (El Khatib et al. 2003; Hilaire and Pasaro 2003).

2. Lesions of the corticobulbar and corticospinal tracts can 
lead to Cheyne–Stokes respiration, a rhythmic waxing 
and waning of the depth of breathing (Cherniack et al. 
2005). Periods of no breathing (apnoea) follow each pe-
riod of waning inspiratory depth (see Case report 1). 
Lesions of the corticobulbar and corticospinal tracts can 
also result in loss of voluntary control of breathing. In 
pseudobulbar palsy, voluntary control of breathing and 

of cranial motoneuron function is lost secondary to a le-
sion often located dorsomedially in the base of the pons.

3. Extensive bilateral damage to the medullary respiratory 
groups can severely disrupt or abolish respiratory rhythm, 
resulting in death unless artificial ventilation is initiated 
immediately (Bassetti et al. 1997; see Case report 2). 
Unilateral damage does not cause severe disruption of 
respiratory rhythm- and pattern-generating mechanisms.

 4. Less extensive damage to the medullary respiratory 
structures can produce ataxic breathing, an irregular 
pattern of breathing with randomly occurring large and 
small breaths and periods of apnoea, and low breathing 
frequency (Gray et al. 2001).
Case report 1. A 48-year old male was referred to a ter-

tiary sleep disorders centre because of a difficult-to-treat 
mixed obstructive and central sleep apnoea syndrome. Three 
years ago, he suffered a brain stem stroke, resulting in a 
typical Wallenberg syndrome, with crossed sensory deficit, 
nystagmus and mild dysphagia. After the stroke, his previ-
ously acceptable snoring markedly increased. In addition, 
his nighttime sleep became more fragmented with frequent 
awakenings. Some days, he experienced a moderate headache 
after waking up in the morning. He became increasingly 
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Fig. 12.19 Abnormal 
breathing patterns resulting 
from CNS disorders: (a) 
normal; (b) Cheyne–Stokes 
respiration; (c) apneustic 
breathing; (d) ataxic 
breathing (tracings by 
chest–abdomen pneumogra-
phy; see text for further 
explanation; after Plum and 
Posner 1980)

Fig. 12.20 An 8-min segment of the respiratory channels of a full 
polysomnography recording. From top to bottom are shown: nasal 
flow, snoring, thoracic and abdominal respiratory movements, plethys-
mogram and oxygen saturation. There is a typical Cheyne–Stokes 

breathing pattern with a crescendo–decrescendo pattern of airflow 
interspersed with central apnoeas lasting about 25 s. Each apnoea is 
followed by a desaturation of varying degree (courtesy Sebastiaan 
Overeem and Dirk Pevernagie, Heeze)

sleepy during the day. At first, he tended to nod off while 
watching TV in the evening. Later on, he regularly fell 
asleep throughout the day, especially when sitting down 
quietly. He was referred to a pulmonologist, who performed 
ambulant polysomnography, which yielded frequent apnoeas 
with an apnoea–hypopnea index of 28 per hour sleep. Most 
apnoeas were obstructive or mixed in origin. Treatment with 
nasal continuous positive airway pressure (CPAP) was initi-
ated with a pressure of 8 cm H

2
O. CPAP treatment was well 

tolerated. His snoring subsided, but nocturnal sleep frag-
mentation and daytime sleepiness did not improve. He was 
then referred to a specialized sleep centre. Full clinical 

 polysomnography using CPAP showed a severe central 
apnoea syndrome, Cheyne–Stokes type (Fig. 12.20). The 
apnoea index was 35 per hour sleep. No obstructive events 
were detected. The sleep pattern was markedly disturbed 
with frequent awakenings and a decreased amount of slow-
wave sleep. The Cheyne–Stokes breathing was attributed to 
the brain stem infarction and had only become evident 
when his obstructive sleep apnoea was treated. CPAP treat-
ment was replaced by nocturnal Adaptive Servo-Ventilation 
(ASV), which combines the hydrostatic benefits of low 
level CPAP with a small amount of ventilatory support 
adapted to the patient’s own breathing effort. After 2 weeks 
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of treatment with ASV, nocturnal sleep stabilized markedly. 
After 6 weeks, daytime sleepiness had almost disappeared.

Case report 2. A 30-year-old female, known with relaps-
ing-remitting MS since 5 years, became unexpectedly preg-
nant. During the uneventful pregnancy, she complained of 
periods of hyperpathy in her legs and of fatigue. She gave 
birth to a healthy girl. Two days later, intravenous gamma-
globulin treatment was started to reduce the chance of devel-
oping relapses in the postpartum period. Within 2 months, 
she developed a relapse with diplopia, facial palsy, tongue 
deviation and slight dysarthria and dysphagia. The relapse 
was treated with intravenous methylprednisolone. Two 
weeks later, her condition rapidly worsened and at admit-
tance she had developed a severe bradycardia, followed by 
ventricular fibrillation and, despite resuscitation efforts, she 
died 2 months after giving birth to her daughter. Postmortem 
examination showed active lesions in periventricular areas 

of the cerebrum, in the white matter of the right temporal 
lobe, and extensive lesions in the brain stem, in particular the 
medulla (Fig. 12.21). The extensive lesion in the medulla 
bilaterally involved the nucleus of the solitary tract, the dor-
sal motor vagal nucleus and the hypoglossal nucleus, and at 
least on the right side the ambiguus nucleus. Most likely, the 
lesion included vasomotor neurons in the rostral ventrolat-
eral medulla as well as medullary premotor neurons for res-
piration. The left pyramidal tract and parts of the inferior 
olive showed older, inactive demyelinating lesions.

The first case was kindly provided by Sebastiaan Overeem 
and Dirk Pevernagie (Sleep Medicine Centre Kempenhae-
ghe, Heeze) and the second case by Gerald Hengstman 
(Department of Neurology, Catharina Hospital, Eindhoven) 
and Benno Küsters (Department of Pathology, Radboud 
University Nijmegen Medical Centre).
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Clinical Case 12.7 Disorders of Chemical Control of 

Breathing I: Sleep/Central Apnoea

Breathing is normally tightly controlled to maintain arterial 
oxygen tension within a narrow range close to 40 mm Hg. 
Cardiopulmonary pathology can markedly increase carbon 
dioxide tension. When carbon dioxide tension exceeds 
90–120 mm Hg, respiratory depression ensues (Nunn 1987). 
With further increases, CNS function can be severely 
impaired. Sleep is associated with a modest decrease in ven-
tilation and reduced responsiveness to deviations in carbon 
dioxide and oxygen tensions. With the onset of sleep, the 
breathing pattern can become unstable, and apnoea (defined 
as at least 10 s without breathing) can occur. Two major 
types of apnoea have been defined (Ballard 1990; Feldman 
and McCrimmon 1999). The most common, obstructive 
sleep apnoea, occurs when inspiratory airflow reduces air-
way pressure, pulling in on the walls of the upper airway, 
and causing airway obstruction (Iber 2005; Pang and Terris 
2006). During wakefulness, the activity of airway muscles 
counteracts this collapsing force, but during sleep the reduc-
tion of airway muscle tone can result in vibration of the 
walls of the oropharynx (snoring). In more severe cases, loss 
of activity of the hypoglossal nerve, which innervates the 
tongue, may lead to obstruction of the airway. Obstruction 
reduces or abolishes ventilation, raising carbon dioxide ten-
sion and lowering oxygen tension, which in turn cause 
arousal or waking and restoration of airway muscle tone and 
patency. In central sleep apnoea, a less common form of 
sleep apnoea, pauses in breathing result from the failure of 
the central pattern generator for breathing to generate a 
rhythmic motor command. Central sleep apnoea has been 
associated with a variety of neurological disorders, includ-
ing brain stem lesions (Bogousslavsky et al. 1990) and auto-
nomic dysfunction.

Case report: A 4-year-old girl was referred to the paedia-
trician because of unrefreshing nighttime sleep and daytime 
sleepiness. In addition, her parents had noted that she was 
breathing irregularly in her sleep. The paediatrician suspected 
obstructive sleep apnoea. Because of enlarged adenoids at 
examination, the girl was referred to an ENT specialist, who 
performed an adenotomy. Since her symptoms did not 
resolve, the parents insisted on a second  opinion in a sleep 

disorders centre. Additional history taking revealed that she 
was strikingly fatigued when waking up in the morning, and 
often held her head at that time, given her parents the impres-
sion that she suffered from headaches. The parents had noted 
cessations in breathing during her sleep, but no snoring. 
General physical examination was unremarkable. Full poly-
somnography was performed, yielding a very severe central 
sleep apnoea syndrome, with more than 140 apnoeas per 
hour of sleep (Fig. 12.22a). There were frequent desatura-
tions, with a 3% desaturation index of 103 per hour. The low-
est saturation was 83%, with 30 min below 90%. Remarkably, 
the sleep macrostructure was well preserved, with relatively 
large amounts of slow-wave sleep, normal sleep cyclicity, 
and only few awakenings (Fig. 12.22b). To screen for intrac-
ranial pathology, MR-imaging was urgently done, which 
showed an Arnold–Chiari I malformation with a cervical 
syringomyelia. Decompression surgery was performed, and 
the patient recovered well. After 2 months, polysomnography 
was repeated showing a marked improvement of the central 
apnoea syndrome, with an apnoea index of about 25 per hour 
(Fig. 12.22c). Oxygen saturation was normal, except during 
two short periods with frequent residual apnoeas. Daytime 
sleepiness gradually diminished, and disappeared 3 months 
after surgery. She continued to develop well.

This case was kindly provided by Sebastiaan Overeem 
and Dirk Pevernagie (SleepMedicine Centre Kempenhaeghe, 
Heeze, The Netherlands).
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Fig. 12.22 (a) Two-minute segment showing the respiratory chan-
nels of a polysomnography. From top to bottom are shown: nasal flow, 
snoring, thoracic and abdominal respiratory movements, plethysmog-
raphy and oxygen saturation. Every two breaths, a central apnoea 
occurs, lasting about 10 s. In this segment, these are followed by rela-
tively mild oxygen desaturations. (b, c) All-night trend curves of the 
polysomnography recordings at diagnosis (b) and 2 months after 
decompression surgery for an Arnold–Chiari-I malformation (c). 
From top to bottom are shown: hypnogram showing sleep macro-

structure; oxygen saturation trend; respiratory events (each vertical 
line is one event; in this case a central apnoea); desaturations (each 
vertical line is a desaturation of more than 3% compared to baseline). 
Note the very frequent apnoeas in the upper panel, periods with prom-
inent desaturations, but a preserved sleep structure. Two months after 
surgery, the number of apnoeas is markedly decreased and saturation 
returned to almost normal, except for two periods with frequent resid-
ual apnoeas in the beginning of the night and around 3:45 (courtesy 
Sebastiaan Overeem and Dirk Pevernagie, Heeze)
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Clinical Case 12.8 Disorders of Chemical Control  

of Breathing II: SIDS

The sudden infant death syndrome (SIDS) is defined as the 
sudden death of an infant under the age of 1 year, which 
remains unexplained after a thorough case investigation, 
including autopsy, examination of the death scene and 
review of the clinical history (Willinger et al. 1991). The 
pathogenetic mechanisms may include cardiac, respiratory 
and autonomic nervous system abnormalities, possibly due 
to hypoplasia of the arcuate nucleus of the lower brain stem 
(Filiano and Kinney 1992; Matturi et al. 2000, 2002). The 
arcuate nucleus has been implicated in central chemorecep-

tion, cardiorespiratory control and blood pressure responses 
(Folgering et al. 1979; Filiano et al. 1990). Zec et al. (1997) 
demonstrated connections between the arcuate nucleus and 
the caudal raphe, which is also involved in cardiorespiratory 
control. Lavezzi and Matturi (2008) suggested that develop-
mental alterations of the pre-Bötzinger complex may result 
in sudden death and in particular sudden unexpected foetal 
death. They found hypoplasia with a decreased neuronal 
number and/or dendritic hypodevelopment of this complex 
(Fig. 12.23).

Data for this case were kindly provided by Anna Lavezzi 
(Institute of Pathology, “Lino Rossi” Research Centre, 
University of Milan, Italy).

Fig. 12.23 The human pre-Bötzinger complex: (a) somatostatin-
immunoreactive neurons in the pre-Bötzinger complex area; (b) LFB-
stained section of the medulla showing the location of the pre-Bötzinger 
complex (in the circled area), ventral to the ambiguus nucleus and 
dorsal to the dorsal accessory olivary nucleus; (c) hypoplasia of the 

pre-bötzinger complex with a decreased number of dendrites of the 
reticular formation in a case of sudden intrauterine unexplained death 
at 36 gestational weeks; (d) normal pre-Bötzinger complex configura-
tion in an age-matched control case (courtesy Anna Lavezzi, Milan)
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12.3.5  Neural Control of Micturition

The bladder has only two functions: storage and emptying. 
The storage and the subsequent periodic elimination of urine 
depend on the coordinated activity of smooth and striated 
muscles in the two functional units of the lower urinary tract. 
The bladder is a reservoir with an outlet, which is composed 
of the bladder neck, the urethra and the urethral sphincter 
(Gosling 1979; de Groat 1990; de Groat and Steers 1990; 
Morrison et al. 2002). The coordination between these units 
is mediated by a complex neural control system that resides 
in the brain and the lumbosacral spinal cord. The complexity 
of the neural mechanisms that regulate bladder control makes 

micturition sensitive to various injuries and diseases (Fowler 
1999; Abrams et al. 2002; Fowler et al. 2008).

Gosling and co-workers extensively studied the structure 
and the innervation of the human bladder and urethra 
(Gosling et al. 1977; Gosling 1979, 1984; Fig. 12.24). The 
bladder consists of a meshwork of smooth muscle, the detru-
sor, which is condensed behind the bladder neck as the deep 
trigone. In the male lower urinary tract, the smooth muscle 
at the bladder neck (the internal sphincter) forms the proxi-
mal part of the urethral sphincter mechanism and is continu-
ous with the capsule of the prostate. The intramural striated 
muscle (the external sphincter) is condensed around the 
prostatic urethra and forms the striated part of the distal 

Selected References

Filiano JJ, Kinney HC (1992) Arcuate nucleus hypoplasia in the sudden 
infant death syndrome. J Neuropathol Exp Neurol 51:394–405

Filiano JJ, Choi JC, Kinney HC (1990) Candidate cell populations for 
respiratory chemosensitive fields in the human infant medulla. J 
Comp Neurol 293:448–465

Folgering H, Kuyper F, Kille JF (1979) Primary alveolar hypoventila-
tion (Ondine’s curse syndrome) in an infant without external arcuate 
nucleus: Case report. Bull Eur Physiopathol Respir 15:659–665

Lavezzi AM, Matturi L (2008) Functional neuroanatomy of the human 
pre-Bötzinger complex with particular reference to sudden unex-
plained perinatal and infant death. Neuropathology 28:10–16

Matturi L, Biondo B, Mercurio P, Rossi L (2000) Severe hypoplasia 
of medullary arcuate nucleus. Quantitative analysis in sudden 
infant death syndrome. Acta Neuropathol (Berl) 99:371–375

Matturi L, Biondo B, Suárez-Mier MP, Rossi L (2002) Brain stem 
lesions in the sudden infant death syndrome: variability in the 
hypoplasia of the arcuate nucleus. Acta Neuropathol (Berl) 104: 
12–20

Willinger M, James LS, Catz C (1991) Defining the sudden infant 
death syndrome (SIDS): deliberations of an expert panel convened 
by the National Institute of Child Health and Development. Pediatr 
Pathol 11:677–684

Zec N, Filiano JJ, Kinney HC (1997) Anatomical relationships of the 
human arcuate nucleus of the medulla: a DiI labeling study. 
J Neuropathol Exp Neurol 56:509–522

a b cD

T DT

ST

ST

P

ES

IS
IS

PS PS

SM

SM

ES

ES

Fig. 12.24 The male (a, b) and female (c) lower urinary tract in mid-
sagittal (a) and frontal (b, c) sections. D detrusor vesicae, DT deep trig-
one, ES external sphincter, IS internal sphincter, P prostatic capsule, PS 

peri-urethral striated muscle fibres, SM smooth muscle along the full 
length of the female urethra, ST superficial trigone (after Gosling 1979)
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 urethral sphincter mechanism. The internal and peri-urethral 
striated muscles are separated by a connective tissue septum. 
In males, the sympathetic nervous system coordinates semi-
nal emission and the closure of the preprostatic urethra so 
that the smooth “genital sphincter” prevents seminal reflux 
into the bladder. The urethral striated muscle consists of 
intramural fibre bundles close to the urethra, which are 
known as the intrinsic urethral sphincter mechanism and 
peri-urethral striated muscle in the pelvic floor. The intra-
mural fibres are innervated by myelinated fibres from S2 to 
S4 passing through the pelvic plexus, whereas the peri-ure-
thral muscle fibres are supplied by the somatic pudendal 
nerves (S2–S4). The latter muscle is part of the levator ani 
complex or pelvic diaphragm. In the female lower urinary 
tract, a thin layer of smooth muscle fibres extends the full 
length of the urethra. The intramural striated muscle is thick-
est in the middle one-third of the urethra.

The requirement of voluntary control over the lower uri-
nary tract implies complex interactions between autonomic 
and somatic efferent pathways (Fig. 12.25). The lower urinary 
tract is controlled by three sets of peripheral nerves (Kuru 
1965; de Groat 1990; de Groat and Steers 1990): (1) thora-
columbar sympathetic nerves (the hypogastric nerves); (2) 
sacral parasympathetic nerves (the pelvic nerves) and (3) 

sacral somatic nerves (the pudendal nerves). The sacral para-
sympathetic outflow from S2 to S4 provides the major excit-
atory input to the bladder, cholinergic as well as non-cholinergic 
(purinergic). Thoracolumbar sympathetic pathways have a 
variety of actions on the lower urinary tract: (1) inhibition of 
the detrusor smooth muscle; (2) excitation of the bladder base 
and urethra and (3) modulation of cholinergic transmission in 
the parasympathetic ganglia of the bladder. These effects pro-
mote the storage of urine and facilitate urinary continence. 
The efferent innervation of the peri-urethral and external ure-
thral striated muscles from the pudendal nerves originates in 
somatomotor neurons in the nucleus of Onuf in the sacral spi-
nal cord. In the human spinal cord, Onuf’s nucleus is located 
in the segments S1–S3 (Onufrowicz 1899). In rhesus mon-
keys, Roppolo et al. (1985) studied the organization of puden-
dal motoneurons and their primary afferent innervation. 
Afferent fibres from the urinary tract are found in three sets of 
nerves (de Groat 1986; Jänig and Morrison 1986). The most 
important afferents for initiating micturition are those passing 
in the pelvic nerve to the sacral spinal cord (Kuru 1965). These 
small myelinated (Ad) fibres convey input from slowly adapt-
ing mechanoreceptors in the bladder wall to neurons in layers 
I, V, VII and X of the spinal cord (Morgan et al. 1981; Nadelhaft 
et al. 1983). Unmyelinated C-fibres from the bladder wall do 
not respond to distention and contraction of the urinary blad-
der (Jänig and Morrison 1986). Mechanoreceptive afferents 
from the bladder and the urethra have also been identified in 
the sympathetic hypogastric and inferior splanchnic nerves 
(Jänig and Morrison 1986). Afferent fibres from the striated 
sphincter muscles and from the urethra transmit the sensations 
of temperature, pain and passage of urine via the pudendal 
nerve to the sacral spinal cord, where they terminate in many 
regions of the dorsal horn receiving visceral afferent input.

Since Barrington’s (1921, 1925) studies in decerebrate cats 
it is known that the coordinating component of the micturition 
reflex is not located in the spinal cord but in the dorsolateral 
part of the pontine tegmental field. In cats, bilateral lesions in 
this area or in their descending pathways result in urinary reten-
tion. Barrington’s area or nucleus is also known as the pon-
tine micturition centre or PMC (Loewy et al. 1979) or M- or 
medial region (Holstege et al. 1986). In anterograde tracing 
studies, the PMC was found to project via the spinal lateral and 
dorsolateral funiculi to the sacral intermediolateral cell group, 
which contains the parasympathetic preganglionic neurons for 
the urinary bladder (Holstege et al. 1979, 1986; Loewy et al. 
1979; Martin et al. 1979; Westlund and Coulter 1980). Another 
group of neurons in a more lateral part of the dorsolateral pon-
tine tegmental field was found to influence micturition and has 
been termed the L- or lateral region (Holstege et al. 1986). 
The L-region projects bilaterally via the lateral funiculus to the 
nucleus of Onuf (Holstege et al. 1979, 1986). Stimulation in 
the L-region results in strong excitation of the pelvic floor mus-
cles and an increase in  urethral pressure (Holstege et al. 1986). 
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Fig. 12.25 Overview of the innervation of the (female) lower urinary 
tract. The detrusor vesicae is shown in light red and the sphincter mech-
anism, consisting of circular and peri-urethral striated muscle fibres, in 
red. hn hypogastric nerve, pspl pelvic splanchnic nerves, pud pudendal 
nerve, syt sympathetic trunk, S2-4 sacral segments, T10/L2 thoracic/
lumbar segments (after Gosling 1979)
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Bilateral lesions in the L-region result in an inability to store 
urine (Griffiths et al. 1990). Experiments in cats have led to a 
concept about the basic micturition control system in the 
CNS as summarized in Fig. 12.26. Information about the 
degree of bladder filling is conveyed by the pelvic nerve to 
neurons in the lumbosacral cord (Morgan et al. 1981), which in 
turn project to the PAG (Noto et al. 1991; Blok et al. 1995; 
VanderHorst et al. 1996). When the bladder is filled to such a 
degree that voiding is appropriate, the PAG activates neurons in 
the PMC (Blok and Holstege 1994), which in turn excite the 
sacral preganglionic parasympathetic bladder motoneurons 
and inhibit the bladder sphincter motoneurons. The bladder is 
excited through the PMC projection to the parasympathetic 
motoneurons (Blok and Holstege 1997), and the sphincter 
inhibited via PMC projections to GABAergic interneurons in 
the dorsal grey commissure of the sacral spinal cord (Blok 
et al. 1997a; Blok and Holstege 1998). These GABAergic cells 
inhibit Onuf’s nucleus (Nadelhaft and Vera 1996).

In SPECT (Fukuyama et al. (1996) and PET studies (Blok 
et al. 1997b, 1998; Blok 1998), this concept was tested in 
human volunteers. In healthy male volunteers, the same brain 
stem areas were found to be associated with micturition as in 
cats (Blok et al. 1997b). Activated areas were the dorsolateral 
pontine tegmentum corresponding to the cat PMC, the PAG, 
the hypothalamus, the right inferior frontal gyrus and the right 
anterior cingulate gyrus. Withholding of urine, despite vigor-
ous attempts to urinate, was associated with increased regional 
cerebral blood flow (rCBF) in the ventral pontine tegmentum, 
in an area corresponding to the L-region in cats, and in the 
inferior frontal and anterior cingulate gyri. Bertil Blok (1998; 
Blok et al. 1998) studied 18 right-handed women, who were 
scanned from 15 min prior to micturition until 30 min after 
micturition. Of the 18 volunteers, 10 were able to micturate 
during scanning and eight were not, despite trying vigorously. 
Micturition appeared to be associated with significantly 
increased rCBF in the right dorsal pontine tegmentum 
(Fig. 12.27, left) and the right inferior frontal gyrus. Decreased 
rCBF was found in the right anterior cingulate gyrus during 
urine withholding. The eight volunteers who were not able to 
micturate during scanning did not show significantly increased 
rCBF in the right dorsal pontine tegmentum, but instead in the 
right ventral pontine tegmentum (Fig. 12.27, right) and in the 
right inferior frontal gyrus. In all 18 volunteers, decreased 
rCBF was found in the right anterior cingulate gyrus during 
the period when they had to withhold their urine prior to the 
micturition condition. With PET, Nour et al. (2000) studied 
micturition and urine withholding, whereas Athwal et al. 
(2001) looked at the brain regions responsible for the percep-
tion of bladder fullness and the sensation of desire to void.

Cortical control of the bladder was inferred from clinical 
studies of patients with brain lesions. Andrew and Nathan 
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Fig. 12.26 Supraspinal control of micturition. ca anterior commissure, 
Cd caudate nucleus, cho chiasma opticum, CI colliculus inferior, DV 
detrusor vesicae, EUS external urethral sphincter, G GABAergic interneu-
rons, L L-region, M M-region, MPA medial preoptic area, Pa parasympa-
thetic motoneurons, Pag periaqueductal grey, S2 second sacral segment 
(after Blok and Holstege 1994, and ten Donkelaar et al. 2007b)
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(1964) described 38 patients with disturbances of micturition 
due to lesions in the anterior frontal cortex. In their series, two 
of the patients had urinary retention at some stage. Sakakibara 
et al. (1996a) reported the bladder symptoms of 72 patients 
who had an acute hemispheric stroke. Brain imaging con-
firmed a more anterior location of brain lesions. In functional 
imaging studies, the right inferior frontal gyrus was active 
during storage (Kavia et al. 2005; DasGupta et al. 2007). This 
part of the prefrontal cortex has strong projections with the 
PAG (Holstege 2005), suggesting that it might be responsible 
for tonic suppression of voiding that is relaxed only when 
voiding is both desired and socially appropriate. In subjects 
with poor bladder control, the prefrontal cortex was found to 
respond abnormally weakly to bladder filling (Griffiths et al. 
2005). The prefrontal cortex has rather extensive connections 
with the anterior cingulate gyrus (Carmichael and Price 1995) 
and both cortical regions have direct and indirect connections 
with the hypothalamus, the PAG and other areas that are asso-
ciated with autonomic control (see Sect. 12.3.1).

The mechanisms that are involved in the storage and regu-
lar elimination of urine undergo marked changes during pre-
natal and postnatal development (Fig. 12.28). In foetuses, 
before the nervous system has matured, urine is probably 
eliminated from the bladder by non-neural mechanisms. At 
later stages of development, however, voiding is regulated by 
primitive spinal reflex pathways (Fig. 12.28a). As the human 

CNS matures postnatally, reflex voiding is eventually brought 
under the modulating influence of higher brain centres 
(Fig. 12.28b; de Groat and Steers 1990; de Groat 2002). 
Damage to these supraspinal control mechanisms results in 
the return of primitive reflexes (Fig. 12.28c; Fowler 1999).

Injury or disease of the nervous system may lead to disor-
ders of micturition, both with and without the presence of a 
structural lesion (Fowler 1999; Pfeiffer 2007; Fowler et al. 
2008). The subtle interplay of both components of the auto-
nomic nervous system and the somatic innervation of the stri-
ated external sphincter may be disturbed by psychic influences, 
most likely through the limbic system’s influence on the hypo-
thalamus. Certain drugs such as anticholinergics interfere 
with the parasympathetic component of the micturition reflex 
and may cause urinary retention. On the contrary, anticholin-
ergic drugs may also be used for therapeutic suppression of an 
overactive micturition reflex in neurological disorders affect-
ing the pyramidal tract. Most often, however, structural 
lesions are responsible for disorders of urinary continence. It 
should be emphasized that in women most problems causing 
incontinence are due to damage of the pelvic floor muscle dur-
ing delivery and that in men increased frequency and/or reten-
tion usually are caused by prostate hypertrophy. A lesion of 
the frontal lobe may interfere with the usual inhibitory 
 function of the pyramidal tract. In addition to spasticity of the 
lower limbs, a disinhibition of the micturition reflex may 
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occur. This will result in a hypertonic “spastic” bladder with a 
small capacity and as a consequence an increased frequency 
of the desire to void. Such a neurogenic spastic bladder, in 
combination with paraparesis of the legs, may point to a mid-
line process such as a meningioma in the falx cerebri or a 
glioma of the corpus callosum, compromising both medial 
frontal cortices. But the same pattern will be generated by a 
spinal cord compression at the cervical or thoracic level. 
Sakakibara et al. (1995) demonstrated a relationship between 

bladder overactivity and pyramidal signs in patients with cer-
vical cord pathologies. In demyelinating disorders such as 
MS, the disinhibition of the voiding reflex gives rise to urge 
incontinence, in which the patient’s external sphincter is not 
able to produce sufficient force to resist the pressure of the 
detrusor activity. Here, anticholinergic drugs may improve the 
incontinence problem. In general, damage to the nervous sys-
tem can produce three basic patterns of neurogenic bladder 
dysfunction (Pfeiffer 2007):
 1. Detrusor overactivity (detrusor hyperreflexia): suprapon-

tine lesions affecting cerebral centres, both cortical and 
subcortical, may remove inhibitory influences on bladder 
function with consequent development of detrusor contrac-
tions at bladder volumes smaller than normal but without 
disturbing the coordinated contraction and relaxation of 
the detrusor and sphincter muscles. This may prompt uri-
nary frequency, often accompanied by a sense of urgency, 
that can lead to incontinence.

2. Detrusor underactivity (detrusor hyporeflexia): lesions 
involving motoneurons in the sacral spinal cord (the co-
nus medullaris) or processes that damage the peripheral 
nerves arising from this cord level in the cauda equina 
result in reduced detrusor activity (a hypotonic bladder) 
with subsequent reduced urinary frequency and excessive 
bladder filling up to 2,000 cc. This can also lead to incon-
tinence but of the overflow type.

 3. Detrusor-sphincter dyssynergia: lesions severing pathways 
between pontine and sacral centres may result in a loss of 
the normal coordinated reciprocal actions of the detrusor 
and sphincter muscles so that they contract simultaneously, 
producing a combination of increased pressure within the 
bladder and increased resistance to urine outflow from the 
bladder.
In Parkinson disease, bladder symptoms usually occur at 

an advanced stage of the disease. However, in a patient with 
severe urinary symptoms, yet relatively mild parkinsonism, a 
diagnosis of MSA should be considered (Fowler 1999). The 
onset of urogenital symptoms in MSA may precede overt 
neurological involvement by some years. Erectile dysfunc-
tion and bladder complaints may begin 4–5 years prior to the 
diagnosis and, on average, 2 years before more specific neu-
rological symptoms appear (Beck et al. 1994; Fowler 1999). 
The neuronal atrophying process of MSA probably affects 
the CNS at various levels of bladder control (Sakakibara 
et al. 1993): (1) detrusor hyperreflexia may be due to cell loss 
in the brain stem; (2) incomplete bladder emptying is due to 
loss of parasympathetic drive on the detrusor following atro-
phy of cells in the sacral intermediolateral cell column (Kirby 
et al. 1986) and (3) ventral horn cell loss in Onuf’s nucleus 
results in denervation of the urethral sphincter (Sung et al. 
1979). Therefore, the patient may have a combination of 
bladder overactivity, incomplete emptying and a weak 
sphincter.
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Fig. 12.28 Combined cystometrograms and sphincter EMGs compar-
ing reflex voiding responses in an infant (a) and in a paraplegic patient 
(c) with a voluntary voiding response in a healthy adult for comparison 
(b). The abscissa in all records represents bladder volume in ml and the 
ordinates represent bladder pressure in cm H

2
O and electrical activity of 

the EMG recording. On the left side of each recording, the arrows indi-
cate the start of a slow infusion of fluid into the bladder (bladder fill-
ing). Vertical dashed lines indicate the start of sphincter relaxation 
which precedes by a few seconds the bladder contraction in a and b. 
Note in b that a voluntary cessation of voiding (stop) is associated with 
an initial increase in bladder pressure. A resumption of voiding is again 
associated with sphincter relaxation and a delayed increase in bladder 
pressure. In the paraplegic patient (c), the reciprocal relationship 
between bladder and sphincter is abolished. During bladder filling, 
transient uninhibited bladder contractions occur in association with 
sphincter activity. Further filling leads to more prolonged and simulta-
neous contractions of the bladder and sphincter (bladder-sphincter syn-
ergia). Loss of the reciprocal relationship between bladder and sphincter 
in paraplegic patients interferes with bladder emptying (after de Groat 
and Steers 1990)
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Brain stem lesions may lead to various urinary symptoms. 
Sakakibara and colleagues reported the urinary symptoms of 
39 patients who had brain stem strokes (Sakakibara et al. 
1996b). The problems were more common after haemor-
rhages, probably because the damage was usually bilateral. 
Urinary symptoms did not occur in those with lesions of the 
midbrain, but were present in 35% of those with pontine 
lesions and in 18% of those with medullary strokes. Sakakibara 
et al. (1998) presented a case of an herpetic brain stem 
encephalitis, affecting the pontine micturition centre (see 
Clinical case 12.9). More recently, Yaguchi et al. (2004) 
reported a case of urinary retention caused by a lesion of the 
PAG (see Clinical case 12.9).

The characteristics of bladder dysfunction after spinal 
cord injury depend on the timing of the injury and its loca-
tion (Pavlakis et al. 1983; Kaplan et al. 1991; de Groat and 
Yoshimura 2005). During the period of spinal shock immedi-
ately after the trauma, reflexes below the level of the lesion 
are lost, including those associated with micturition. Detrusor 
areflexia with urinary retention is typically present. As  spinal 
shock resolves, bladder function evolves into a pattern that 
reflects the level of the spinal cord injury:

 1. In patients with lesions above the sacral spinal cord, 
detrusor hyperreflexia develops. Since the spinal cord 
usually ends at the L1–L2 vertebral level, lesions above a 
T10 vertebral level evolve into a pattern of detrusor hyper-
reflexia or detrusor-sphincter dyssynergia, whereas the 
detrusor remains hyporeflexic with lesions below L2.

 2. If the injury is at the vertebral levels T10–L2, either hyper-
reflexic or hyporeflexic bladder function may develop.
If the lesion involves the level of the conus medullaris or 

the cauda equina, the micturition reflex arc is destroyed, which 
results in a hypotonic bladder unable to react with contractions 
of the detrusor. The bladder will become overextended and the 
only possibility for voiding is either catheterization or manual 
expression by exerting pressure on the suprapubic abdominal 
wall. In the acute shock phase of a spinal transverse lesion, the 
micturition reflex is also abolished, leading to an overflow 
bladder. It is important to provide the patient with a catheter to 
avoid overextension and damage of the detrusor. After the 
acute phase, the micturition reflex will resume its function and 
an automatic reflex bladder will result. Subsequently, the 
patient can be trained to periodically elicit the voiding reflex by 
stimulation of the abdominal wall.

Clinical Case 12.9 Disorders of Micturition

Selective lesions of the brain stem centres involved in the 
central control of micturition are scarse. Sakakibura et al. 
(1998) studied a case of herpetic brain stem encephalitis 
involving the pontine micturition centre (see Case report 
1). Yaguchi et al. (2004) reported a case of urinary reten-
tion caused by a lesion of the PAG matter that favourably 
responded to steroid treatment (see Case report 2).

Case report 1: A 45-year-old male developed subacute 
coma and hiccup-like dysrhythmic breathing. He needed 
artificial ventilation. Examination of his CSF showed 
mononuclear pleocytosis and antibodies against herpes 
simplex virus type 1. CT showed brain swelling, predomi-
nantly in the posterior fossa, and bilateral subdural effu-
sion. Herpetic encephalitis was diagnosed and treated with 
vidarabine. On regaining consciousness, he had a left tro-
chlear nerve palsy, left corectopia, ageusia and urinary 
retention. MRI showed right-sided dominant, bilateral pon-
tine tegmental lesions extending slightly into the midbrain 
and the medulla (Fig. 12.29). After 2 weeks, he was able to 
urinate but showed nocturnal urinary frequency, urinary 
incontinence and voiding difficulty. Urodynamic studies 
showed a residual urine volume of 350 ml and detrusor 
hyporeflexia on voiding. Micturitional disturbance gradu-
ally disappeared together with the neurological signs.

Case report 2: A 31-year-old male presented with sud-
den voiding difficulty resulting in urinary retention. On MRI, 
abnormal signal intensity was noted in the right dorsal part 

of the midbrain. He was suspected to have a demyelinating 
or inflammatory disease and treated with prednisolone. On 
the day he began prednisolone therapy, he was able to void, 
but this was transient and he was unable to void again 2 days 
later. A filling cystometrogram revealed an atonic bladder 
with diminished bladder sensation but without overflow 
incontinence. Laboratory and immunological tests were 
all within normal ranges. MRI of the brain showed a 
small abnormal signal in the right dorsal part of the PAG 
(Fig. 12.30a). Although no definite diagnosis could be 
made, the PAG lesion, possibly a vasculitis, was thought to 
be responsible for his urinary symptoms. The patient now 
favourably responded to steroid treatment and a subsequent 
MRI (Fig. 12.30b) showed a reduction of the PAG lesion.

Data for these cases were kindly provided by Ryugi 
Sakakibara (Sakura Medical Centre, Toho University, 
Japan) and Hiroaki Yaguchi and Ichiro Yabe (Department 
of Neurology, Hokkaido University Graduate School of 
Medicine, Sapporo, Japan), respectively.
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Fig. 12.29 Axial (a) and sagittal (b) T2-weighted MRIs showing 
abnormally high intensities present bilaterally in the pontine tegmen-
tum, predominantly on the right side, and slightly extending into the 

midbrain and the medulla (from Sakakibara et al. 1998; courtesy Ryuji 
Sakakibara, Toho; with permission from BMJ Publishing Group Ltd)

Fig. 12.30 (a) T2-weighted MRI showing hyperintensity in the periaqueductal grey; (b) reduction of the intensity of the PAG lesion after steroid 
therapy (from Yaguchi et al. 2004; courtesy Ichiro Yabe and Hiroaki Yaguchi, Sapporo; with permission from BMJ Publishing Group Ltd)
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13.1  Introduction

The rather small hypothalamus contains a large number of 
more or less well-defined cell groups that are of utmost 
importance for preserving the individual and the species. 
The hypothalamus is involved in a wide variety of functions 
in the brain and is characterized by numerous connections 
with practically every major part of the central nervous sys-
tem (CNS), including the cerebral cortex, the hippocampus, 
the amygdala, the thalamus, the cerebellum, the brain stem 
and the spinal cord. Alterations in hypothalamic nuclei are 
found in various endocrine diseases such as diabetes insipi-
dus (DI), Wolfram and Prader–Willi syndromes, and in vari-
ous neurodegenerative diseases such as Alzheimer, Parkinson 
and Huntington diseases. In two volumes of the Handbook of 
Clinical Neurology, Dick Swaab described almost everything 
so far known about the hypothalamus and its role in health 
and disease (Swaab 2003, 2004). This chapter merely repre-
sents a brief summary of these volumes.

Through its intimate neuronal and vascular relationships 
with the pituitary gland, the hypothalamus controls the release 
of the pituitary hormones, thereby bringing the entire endo-
crine system under the control of the CNS. In 1940, Ernst 
and Berta Scharrer presented their findings on neurosecre-
tory neurons in the hypothalamus that secrete hormones 
directly into the blood stream (Scharrer and Scharrer 1940). 
In 1949, Wolfgang Bargmann presented the first evidence for 
a magnocellular secretory system, composed of supraoptic 
and paraventricular neurons, giving rise to axons that inner-
vate the posterior lobe of the pituitary via the tuberohypo-
physial tract (Bargmann 1949). All other hypothalamic control 
of pituitary function is achieved through neurohumoral mech-
anisms via the portal plexus in the external zone of the 
median eminence. Neurosecretory neurons throughout the 
hypothalamus, more in particular the arcuate nucleus, proj-
ect to the median eminence. This parvocellular secretory 
system controls the anterior pituitary.
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The hypothalamus is concerned with generalized response 
patterns that often involve autonomic, somatomotor and 
endocrine systems. The classic experiments by Bard (1928, 
1929) and Hess (1936) and Hess and Brügger (1943) have 
shown that by electrical stimulation characteristic behav-
ioural patterns related to feeding, fear, attack, rage and repro-
duction can be elicited from different hypothalamic structures. 
A combination of immunocytochemical mapping of c-Fos 
and related immediately early genes (see Chap. 3) with tract-
tracing techniques has been widely used to elucidate the neu-
ral substrate of different kinds of behaviour. Following a 
brief description of the boundaries and subdivision of the 
hypothalamus (Sect. 13.2), the hypothalamic fibre connec-
tions with the CNS (Sect. 13.3) and with the hypophysis 
(Sect. 13.4), and aspects of the functional organization of the 
hypothalamus such as the control of feeding, reproduction, 
thermoregulation and sleep (Sect. 13.5) will be discussed. 
Damage to different parts of the hypothalamohypophysial 
system may result in various neuroendocrine disturbances. 
Autonomic dysfunctions in the respiratory, cardiovascular 
and gastrointestinal systems are commonly seen, as are dis-
turbances in temperature regulation, water balance, sexual 
behaviour and food intake. Hypothalamic lesions can also 
change the level of consciousness, the sleep–wake cycle (see 
Chap. 5) and emotional behaviour (see Chap. 14). Many path-
ological processes can damage the hypothalamus, most com-
mon are tumours of the pituitary. Pituitary tumours become 
clinically evident through problems caused by: (1) their enlarge-
ment, such as pressure on the optic chiasm or one of the optic 
tracts (see Chap. 8) or lateral growth into the cavernous sinus, 
resulting in dysfunction of one or several of the ocular motor 
nerves and the ophthalmic division of the trigeminal nerve 
(see Chap. 6); (2) oversecretion of hormones and (3) inade-
quate secretion of hormones. Some examples are presented 
as Clinical cases.

13.2  Anatomical Organization

The hypothalamus was first identified as a separate division 
of the diencephalon by His (1893). Since the early studies by 
Gurdjian (1927), Krieg (1932) and Le Gros Clark (1936, 
1938), the hypothalamus is subdivided into four regions, 
from caudal to rostral: (1) the mammillary region; (2) the 
tuberal region; (3) the anterior complex and (4) the preoptic 
region. The latter two regions are usually grouped together 
as the chiasmatic or preoptic region. From a developmental 
point of view, however, three longitudinal subdivisions of the 
hypothalamus can be distinguished (Angevine 1970; Altman 
and Bayer 1986: Mai and Ashwell 2004) as originally pro-
posed by Crosby and Woodburne (1940): a periventricular 

zone, an intermediate or medial zone and a lateral zone. 
The entire hypothalamus is now thought to arise from that 
part of the secondary prosencephalon that is known as the 
rostral diencephalon and, therefore, is sometimes considered 
to be part of the telencephalon. Its boundaries and subdivi-
sion are discussed in Sect. 13.2.1, the hypothalamic nuclei in 
Sect. 13.2.2 and the pituitary gland in Sect. 13.2.3. Closely 
related to the hypothalamus are circumventricular organs 
(CVOs) such as the median eminence (Sect. 13.2.4).

13.2.1  Boundaries and Subdivision

The hypothalamus is located below the thalamus and sepa-
rated from it by the hypothalamic sulcus (Fig. 13.1). The 
lamina terminalis is usually viewed as the rostral boundary 
of the hypothalamus, whereas an imaginary line from the 
posterior commissure to the caudal border of the mammil-
lary body marks the caudal boundary. Dorsolaterally, the 
hypothalamus extends above the hypothalamic sulcus as far 
as the medial edge of the corpus callosum. Rostrally, the 
hypothalamus is continuous with the preoptic and septal 
areas in the mediobasal parts of the forebrain and with the 
sublenticular part of the substantia innominata. Caudally, 
the hypothalamus is continuous with the central grey and 
the tegmentum of the mesencephalon. The basal part of the 
hypothalamus is characterized by the two mammillary bod-
ies caudally, the optic chiasm rostrally and the tuber cinereum 
in between (Fig. 13.2). The tuber cinereum (the grey swell-
ing) tapers ventrally into the infundibulum which forms the 
most proximal part of the neurohypophysis. The infundibu-
lum and the infundibular part of the adenohypophysis together 
form the hypophysial stalk. Based on these conspicuous 
basal landmarks, the hypothalamus can be divided into three 
parts: an anterior, chiasmatic or supraoptic part, a middle, 
tuberal part and a posterior, mammillary part (Fig. 13.3).

The arterial supply of the preoptic and anterior parts of the 
hypothalamus comes mainly from the anterior cerebral and 
anterior communicating arteries, whereas the tuberal region 
and the posterior hypothalamus are mainly supplied by the 
posterior communicating artery (Haymaker 1969). The poste-
rior hypothalamus also receives branches from the basilar and 
posterior cerebral arteries. The venous drainage of the hypo-
thalamus goes via the anterior cerebral vein, the basal vein of 
Rosenthal and the internal cerebral vein to the great cerebral 
vein of Galen. The hypothalamus, in particular its anterior part, 
is occasionally damaged by the rupture of an aneurysm of the 
circle of Willis (Crompton 1963). The pituitary is supplied by 
the superior and inferior hypophysial arteries (Haymaker 1969; 
Daniel and Pritchard 1975; Gebarski 1993).
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Fig. 13.1 Median section of the 
brain, showing the relations  
of the hypothalamus. The 
following structures are indicated 
by numbers: (1) anterior 
commissure; (2) fornix;  
(3) thalamus; (4) hypothalamic 
sulcus; (5) hypothalamus;  
(6) l amina terminalis; (7) optic 
chiasm; (8) tuber cinereum;  
(9) mammillary body; (10) 
posterior commissure; (11) 
pineal gland; (12) splenium 
of corpus callosum

Fig. 13.2 Basal view of the hypothalamus. The following  
structures are indicated by numbers: (1) optic nerve; (2) optic chiasm; 
(3) optic tract; (4) tuber cinereum; (5) mammillary body
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13.2.2  Hypothalamic Nuclei

The hypothalamic nuclei are usually divided into three 
groups, anterior, middle and posterior (Nauta and Haymaker 
1969; Braak and Braak 1987, 1992; Swaab 1997, 2003; 
Koutcherov et al. 2002; Saper 2004). The anterior group 
includes the preoptic nuclei, the suprachiasmatic nucleus 
(SCN) and two magnocellular nuclei: the supraoptic nucleus 
and the paraventricular nucleus. The middle group includes 
the dorsomedial and ventromedial nuclei and the tuberal 
nuclei. The posterior group consists of the posterior hypo-
thalamic area and the mammillary body.

The most prominent nuclei in the chiasmatic region are 
the supraoptic and paraventricular nuclei. The supraoptic 
nucleus covers the posterior part of the optic chiasm and the 
proximal part of the optic tract (Fig. 13.4). It consists of three 

parts: (1) a large dorsolateral part, which contains 53,000 
neurons, 90% of which contain vasopressin and 10% oxyto-
cin (Dierickx and Vandesande 1977; Fliers et al. 1985); (2) a 
dorsomedial part and (3) a ventromedial part. The latter parts 
together contain some 23,000 neurons; 85% of these contain 
vasopressin and 15% oxytocin (Dierickx and Vandesande 
1977). The paraventricular nucleus forms an elongated 
plate of neurons close to the third ventricle and contains 
some 25,000 vasopressinergic neurons and 21,000 oxytocin-
ergic neurons (Wierda et al. 1991; van der Woude et al. 
1995). The vasopressinergic neurons are larger than the oxy-
tocinergic cells (Dierickx and Vandesande 1979). The hor-
mones are transported via the hypothalamohypophysial tract 
and released into blood vessels of both the infundibulum and 
the neurohypophysis (see Sect. 13.4). In patients in which a 
hypophysectomy was performed as palliative treatment of 
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Fig. 13.3 Overview of the human 
hypothalamus and the pituitary gland. 
ac anterior commissure, ahi, ahs 
inferior and superior hypophysial 
arteries, cho chiasma opticum,  
cs cavernous sinus, dist distal part  
of anterior pituitary lobe, fx fornix,  
ml middle pituitary lobe,  
mtg  mammillotegmental tract,  
mth mammillothalamic tract,  
pl posterior pituitary lobe, tub tuberal 
part of anterior pituitary lobe, the 
following structures are indicated by 
numbers: (1) preoptic nucleus;  
(2) paraventricular nucleus; (3) anterior 
nucleus; (4) suprachiasmatic nucleus; 
(5) supraoptic nucleus; (6) dorsomedial 
nucleus; (7) ventromedial nucleus;  
(8) posterior nucleus; (9) arcuate  
or infundibular nucleus; (10) corpus 
mammillare (after Nauta and 
Haymaker 1969; from ten Donkelaar 
et al. 2006)
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hormone-dependent metastatic mamma carcinoma, Morton 
(1969) found an average loss of supraoptic and paraventricu-
lar neurons of more than 80%. The neurons of the supraoptic 
and paraventricular nuclei form a population of extremely 
stable cells in normal ageing and Alzheimer disease (Swaab 
et al. 1993; Swaab 1997).

Halfway between the supraoptic and paraventricular 
nuclei the sexually dimorphic intermediate nucleus is 
found, first delineated by Brockhaus (1942) and later by 
Gorski et al. (1978). Swaab and co-workers showed that the 
volume of this small nucleus is considerably larger in men 
than in age-matched women (Swaab and Fliers 1985; Swaab 
and Hofman 1988; Férnandez-Guasti et al. 2000). Allen et al. 
(1989) described two other sexually dimorphic nuclei in the 
anterior hypothalamus (Fig. 13.5).

The periventricular zone of the preoptic area contains the 
periventricular preoptic nucleus, a marked lateral extension 
of the periventricular cell group, known as the uncinate 
nucleus, and the SCN. The SCN consists of small neurons 
that are almost devoid of basophilic material and pigment 
(Braak and Braak 1992). This nucleus receives a direct reti-
nal projection (Moore 1973; Sadun et al. 1984; Dai et al. 
1998). Its efferents influence the production of melatonin in 
the pineal gland. The nucleus is considered as an endogenous 

clock of the brain playing an important role in the control of 
biological rhythms (Moore 1982; Sadun et al. 1984; Swaab 
et al. 1985; Saper et al. 2005a). Lesions of the SCN result in 
loss of daily rhythms of wake–sleep activity, feeding, body 
temperature and a variety of hormones (Moore 1997; see 
Sect. 13.5). In rats, the SCN gives rise to three major output 
pathways (Swanson and Cowan 1975a; Watts and Swanson 
1987; Watts et al. 1987): (1) a dorsal pathway to the medial 
preoptic area and the paraventricular nucleus; (2) a caudal 
pathway to the retrochiasmatic area and the capsule of the 
ventromedial hypothalamic nucleus and (3) to a column of 
tissue that arches upwards and backwards from the SCN and 
which includes the subparaventricular zone (SPZ) and the 
dorsomedial nucleus (DMN). This projection terminates in 
the ventral and dorsal parts of the SPZ and then continues to 
the DMN. Neurons within the dorsal SPZ are necessary for 
organizing circadian rhythms of body temperature, whereas 
neurons in the ventral SPZ are needed for circadian rhythms 
of sleep and waking (Saper et al. 2005a). Recently, the vent-
rolateral preoptic nucleus has been recognized as an impor-
tant control centre for the regulation of sleep (Saper et al. 
2005b; see Chap. 5).

A lesion in the suprachiasmatic region results in disturbed 
circadian rhythms in humans (Schwartz et al. 1986; Cohen 
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Fig. 13.4 (a–c) Series of diagrams of the human hypothalamus. ac 
anterior commissure, cp cerebral peduncle, DBB (vertical) nucleus of 
diagonal band, DMN dorsomedial nucleus, fx fornix, ic internal cap-
sule, INF infundibular (arcuate) nucleus, LHA lateral hypothalamic 
area, lv lateral ventricle, LMN lateromammillary nucleus, MMN 
medial mammillary nucleus, NBM nucleus basalis of Meynert, NTL 

nucleus tuberalis lateralis, och optic chiasm, ot optic tract, PA para-
ventricular nucleus, SCH suprachiasmatic nucleus, SDN sexually 
dimorphic nucleus of the preoptic area, SON supraoptic nucleus, Sth 
subthalamic nucleus, TM tuberomammillary nucleus, VMN ventrome-
dial nucleus, ZI zona incerta, 3v third ventricle (after Fernández-
Guasti et al. 2000)
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and Albers 1991). Schwartz and co-workers described a 
54-year-old postmenopausal woman with a discrete metasta-
sis of a rectum adenocarcinoma in the ventral hypothalamus, 
the optic chiasm and the neurohypophysis who developed an 
abnormal daily temperature rhythm. The number of vaso-
pressinergic neurons in the SCN was only 23% of the control 
values for the group of 50- to 80-year-old women (Swaab 
1997). In Alzheimer disease, a remarkable cell loss is found 
in the SCN, causing disturbances in circadian rhythms (Swaab 
et al. 1985; Mirmiran et al. 1989; van de Nes et al. 1993).

The voluminous ventromedial nucleus (VMN) is a con-
spicuous structure in the tuberal region (Fig. 13.4). The cell 
density is higher at its periphery than in the centre of the 
nucleus. The VMN has extensive connections with many 
neighbouring structures and major projections to the magno-
cellular nuclei of the basal forebrain (Jones et al. 1976; 
Krieger et al. 1979). In rats, the VMN is presumed to play a 
role in various sexually dimorphic functions such as female 
mating behaviour, gonadotropin secretion, feeding and 
aggression (see Swaab 2003). Positron emission tomography 
(PET) studies have indicated that the human VMN may be 
involved in reactions to pheromones in a sexually dimorphic 
way. In contrast to men, women smelling an androgen-like 
pheromone activate this region (Savic et al. 2001). The VMN 
may be involved in eating behaviour and metabolism. 
Tumours in this area cause symptoms such as hyperphagia, 
episodic rage, emotional lability and intellectual deteriora-
tion (Reeves and Plum 1969; see Clinical case 13.1).

The DMN is poorly differentiated in the human brain 
(Braak and Braak 1992) and covers the rostral and dorsal 
poles of the VMN. In rats, the nucleus is the final common 
output site for a wide range of circadian rhythms (Saper 
et al. 2005a). It projects to the ventrolateral preoptic nucleus, 
the lateral hypothalamic area (LHA) and the paraventricular 
nucleus (Thompson et al. 1996) and, therefore, has extensive 
outputs to the major effector sites for circadian rhythms of 
sleep and waking, locomotor activity, feeding and corticos-
teroid production. Periventricular and infundibular nuclei 
are found medial to the VMN. The infundibular or arcuate 
nucleus contains, among many other neuropeptides and 
transmitters, gonadotropin-releasing hormone (GnRH) neu-
rons, earlier known as luteinizing hormone-releasing hor-
mone (LHRH) neurons (Muske 1993; Swaab 1997, 2003). 
GnRH neurons are found in the human foetal hypothalamus 
from the ninth week of development. The GnRH neurons are 
generated in the epithelium of the medial olfactory pit and 
migrate from the nose into the forebrain along the branches 
of the terminal and vomeronasal nerves (Schwanzel-Fukuda 
and Pfaff 1989; Schwanzel-Fukuda et al. 1989, 1996; ten 
Donkelaar et al. 2006). Observations in Kallmann syndrome 
suggest that GnRH neurons fail to migrate from the olfac-
tory placode into the developing brain.

The basolateral part of the tuberal region contains the lat-
eral tuberal and tuberomammillary nuclei. The large lateral 
tuberal nucleus shows a pronounced cell loss in Huntington 
disease (Kremer et al. 1990). The tuberomammillary nucleus 
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Fig. 13.5 (a, b) Topography of 
the sexually dimorphic nuclei in 
the human hypothalamus. The 
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component of the bed nucleus of 
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PA paraventricular nucleus, och 
optic chiasm, ot optic tract,  
SON supraoptic nucleus, 3v third 
ventricle (after Swaab 2003)
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(TMN) surrounds the lateral tuberal nucleus and extends 
through the posterior tuberal and anterior mammillary 
regions. It contains histaminergic neurons (Takeda et al. 
1984; Lin et al. 1988, 1994; Panula et al. 1990; Lin 2000; 
Haas and Panula 2003).

The LHA contains several populations of neurons that 
contribute to the regulation of wakefulness (Saper et al. 2005b). 
A perifornical group producing orexin projects to the cere-
bral cortex and the basal forebrain as well as to the brain 
stem arousal system (Peyron et al. 1998; see Chap. 5). These 
neurons are active during wakefulness. Another population 
of LHA neurons contain melanin-concentrating hormone 
(MCH). These have similar projections but are most active 
during rapid eye movement (REM) sleep.

The mammillary body is the most conspicuous compo-
nent of the medial hypothalamus at the posterior level. 

In humans, the medial portion of the medial mammillary 
nucleus reaches prodigious proportions, causing the bulging 
shape in the floor of the hypothalamus. The lateral part of the 
medial mammillary nucleus is much smaller and often split 
off from the lateral border of the medial subnucleus by a 
sheet of fornix fibres. Although the neurons in the lateral part 
of the medial mammillary nucleus are identical in size, shape 
and staining characteristics to those in the medial part of the 
nucleus, Gagel (1928), Grünthal (1933) and Le Gros Clark 
(1936, 1938) called this the “lateral mammillary nucleus”. 
This suggested homology to the lateral mammillary nucleus 
of rodents, in which the lateral mammillary neurons are 
much larger and more darkly stained. Saper (2004) described 
a collection of larger, more densely staining neurons located 
along the lateral edge of the medial mammillary nucleus as 
the lateral mammillary nucleus.
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Fig. 13.6 Sagittal section of the hypothalamus showing the extent of 
the tumour in the ventromedial hypothalamus syndrome as reported 
by Reeves and Plum (1969). ac anterior commissure, DMN dorsome-
dial nucleus, fx fornix, LHA lateral hypothalamic area, MB mammil-
lary body, ME median eminence, oc optic chiasm, PHA posterior 
hypothalamic area, PA paraventricular nucleus, POA preoptic area, 
VMN ventromedial nucleus (after Reeves and Plum 1969)

Clinical Case 13.1 Ventromedial Hypothalamus Syndrome

Tumours of the hypothalamus most often present by com-
pression of the adjacent optic chiasm or optic tract. In rare 
cases, endocrine, autonomic and behavioural signs pre-
dominate as described by Reeves and Plum (1969). Following 
invasion of a tumour into the area of the ventromedial 
hypothalamic nuclei, they described (see Case report): (1) 
episodic rage; (2) emotional lability; (3) hyperphagia with 
obesity and (4) intellectual deterioration. Memory loss is 
the most prominent feature of intellectual decline. Although 
lesions of the fornix and the mammillary bodies may be 
important in this respect, a primary role for the VMN in 
memory has been postulated (Reeves and Plum 1969; 
Flynn et al. 1988).

Case report: Reeves and Plum’s case of a hypothalamic 
tumour in a 22-year-old female, which affected the ventro-
medial hypothalamic nuclei and the median eminence 
bilaterally (Fig. 13.6), clearly illustrates the key role of the 
hypothalamus in mediating endocrine, autonomic and 
behavioural functions. The patient showed loss of: (1) con-
trol of eating with hyperphagic obesity; (2) water and salt 
balance with DI; (3) endocrine metabolism with hypo-
adrenalism, hypogonadism and hypothyroidism and (4) 
temperature regulation with episodic fever. Moreover, 
attacks of rage and loss of mental functions point to the 
importance of the hypothalamus and its converging path-
ways in integrating emotional and cognitive functions with 
behaviour and control of systemic physiology.
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13.2.3  The Pituitary Gland

The pituitary gland consists of two main parts, the adenohy-
pophysis and the neurohypophysis that form the sellar pitu-
itary. The two components are in close contact from the 
beginning of development (Fig. 13.7). The adenohypophy-
sial primordium is induced by the adjacent floor of the ros-
tral forebrain, from which the neurohypophysis develops 
(Sheng and Westphal 1999; O’Rahilly and Müller 2001; ten 
Donkelaar et al. 2006). In human embryos, the primordium 
of the adenohypophysis is situated immediately rostral to the 
oropharyngeal membrane and forms the adenohypophysial 
pouch of Rathke. The floor of the forebrain forms the neuro-
hypophysial evagination and, before the end of the embry-
onic period, the pouch loses its contact with the roof of the 

mouth. The portion of the pouch that is in contact with the 
neurohypophysial evagination forms the pars intermedia 
of the hypophysis. Other parts of the adenohypophysis that 
 surround the stalk of the neurohypophysis form the pars 
tuberalis and the remaining part forms the pars distalis. 
The oropharyngeal part remains as the pharyngeal hypo-
physis throughout life. Pituitary hormones are produced at 
the end of the embryonic period (Asa et al. 1986, 1988; Ikeda 
et al. 1988; Hori et al. 1999b). The anterior part of the pitu-
itary gland may remain continous with the pharyngeal roof 
through a persistent craniopharyngeal canal as a pharyn-
gosellar pituitary (Hori et al. 1995, 1999a; ten Donkelaar 
et al. 2006; see Clinical case 13.2). Remnants of Rathke’s 
pouch may give rise to craniopharyngioma (see Clinical 
case 13.3).

Fig. 13.7 Development of the human pituitary 
gland: (a) median section at 4.5 weeks of 
development (Carnegie stage 11); (b) embryo 
of 4.5 weeks of development (stage 14), showing 
Rathke’s pouch; (c) at 6 weeks (stage 17); (d) at 
stage 19, (e) at the end of the embryonic period 
(stage 23), (f) foetal pituitary. The developing 
neurohypophysis (nh) is indicated in light red 
and the adenohypophysis in red. D diencepha-
lon, dist distal part, inf infundibulum, int 
intermediate part, M mesencephalon, nch 
notochord, om oral membrane, ot otocyst,  
php pharyngeal pituitary, pl posterior lobe,  
R rhombencephalon, RP Rathke’s pouch,  
tub tuberal part (after O’Rahilly and Müller 
2001; from ten Donkelaar et al. 2006)
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Fig. 13.8 Pharyngosellar pituitary: (a) gross appearance of the pituitary gland in the craniopharyngeal canal; (b) Gomori-stained section, 
showing the pharyngeal pituitary attached to the posterior lobe (from Hori et al. 1995; with permission from Springer)

Clinical Case 13.2 Persistent Craniopharyngeal Canal 

with Pharyngosellar Pituitary

In pharyngosellar pituitary, the anterior part of the gland 
is continuous from the pharyngeal roof to the sella turcica. 
Hori et al. (1995) described this rare malformation in a 
17-gestational-week-old male foetus with an encephalo-
cele and amnion rupture sequence (see Case report). This 
anomaly has been found in several cases of trisomy 18 
(Kjaer et al. 1998).

Case report: The pregnancy of a 27-year-old mother 
was unremarkable until at gestational week 17 the amnion 
was ruptured and the foetus was aborted spontaneously. 
Examination of the foetus revealed multiple malformations 
of the face and a large and a smaller encephalocele covered 
with skin in the vertex of the microcephalic head. After 
removing the covering of the head, a large round skull 
defect was found through which the larger encephalocele 
herniated. The skull base was hypoplastic: the anterior cra-
nial fossa was narrow in transverse diameter, the middle 
fossa was shallow and the posterior fossa was normal in 
size. Anterior and posterior protuberances of the sella were 
absent. The pituitary gland was found in the ordinary posi-
tion when observed from the cranial base. Part of the skull 
base, including the sella turcica, the clivus and the pharyn-
geal roof, was removed and divided through the midline 
(Fig. 13.8a); both blocks were embedded in paraffin with-
out decalcification and sliced serially. Sections were stained 
by haematoxylin and eosin, periodic acid-Schiff (PAS) 

stain and Gomori’s reticulin staining. Immunostaining for 
pituitary hormones was also performed.

The pituitary gland was found in the persistent cranio-
pharyngeal canal as an elongated structure expanding from 
the pharyngeal roof to the sella turcica (Fig. 13.8b), forming 
a pharyngosellar pituitary. The pituitary tissue was cov-
ered with a poorly ciliated epithelial layer at its pharyn-
geal end. The pituitary stalk and the posterior lobe were 
 histologically normal. Immunohistochemical examination 
for anterior pituitary hormones showed that the distribution 
of hormone-producing cells in the malformed pituitary tis-
sue was irregular: thyrotropic hormone (TSH) producing, 
follicle-stimulating hormone (FSH) producing and luteiniz-
ing hormone (LH) producing cells were nearly absent in the 
sellar and middle sections of the pituitary but were found in 
small numbers in its pharyngeal part. Somatotropic hor-
mone (STH) producing, prolactin-releasing hormone (PRL) 
producing and adrenocorticotropic hormone (ACTH) pro-
ducing cells were distributed diffusely. ACTH-producing 
cells were abundant in the pharyngeal part.
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13.2.4  Circumventricular Organs

The CVOs are located around or in relation to the ventricu-
lar system and several of them are closely related to the 
hypothalamus. The CVOs are highly vascularized struc-
tures without a blood–brain barrier and provide for the 
exchange of substances between the blood and the brain 
(Broadwell and Brightman 1976; McKinley et al. 2004) 
and include the subfornical organ, the vascular organ of the 

lamina terminalis, the pineal gland, the median eminence, 
the neurohypophysis and the area postrema. The human 
organon vasculosum laminae terminalis (OVLT) or vas-
cular organ of the lamina terminalis is at its greatest extent 
in the lamina terminalis, approximately midway between 
the optic chiasm and the anterior commissure (Duvernoy 
et al. 1969). The OVLT appears to be part of a neural net-
work within the lamina terminalis and hypothalamus, which 
is involved in the regulation of fluid balance (McKinley 

Clinical Case 13.3 Craniopharyngioma

A low-grade developmental neoplasm, craniopharyn-
gioma, is thought to be derived from squamous cell nests, 
thought to be vestigial remnants of Rathke’s pouch, the 
pituitary anlage, and can arise anywhere along the cranio-
pharyngeal canal (Costin 1979; Chong and Newton 1993). 
Rare cases have been described with a persistent craniofa-
cial canal (Chen 2001) or with a nasopharyngeal extension 
of a normally functioning pituitary gland extending into 
the nasopharynx (Ekinci et al. 2002).

Case report: A 21-year-old male patient presented with 
weight increase, gynaecomasty and visual loss reminiscent 
of a suprasellar process. An MRI showed a large suprasellar 
process (Fig. 13.9a), which was removed neurosurgically. 
Neuropathological examination revealed a craniopharyn-
gioma of the adamantinomatous type (Fig. 13.9b).

This case was kindly supplied by Pieter Wesseling 
(Department of Pathology, Radboud University Nijmegen 
Medical Centre).
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Fig. 13.9 (a) Sagittal MRI of a suprasellar tumour that appeared to be a craniopharyngioma; (b) microscopic section showing the adamanti-
nomatous subtype of a craniopharyngioma (courtesy Pieter Wesseling, Nijmegen)
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et al. 1984, 2004). The pineal gland or epiphysis cerebri 
has an ovoid shape. Its stalk lines the pineal recess, whose 
superior lip links the pineal gland to the habenular region 
and its inferior lip to the posterior commissure (Duvernoy 
et al. 2000). The pineal gland is a key structure of the circa-
dian system and is connected to the SCN. It contains pine-
alocytes, which produce melatonin, and astrocytes. The 
pineal gland is innervated by a multiple pathway from the 
SCN to the paraventricular nucleus, which in its turn inner-
vates the upper thoracic intermediolateral cell column. 
From here, sympathetic fibres go to the superior cervical 
ganglion that sends noradrenergic fibres to the pineal gland 
(Ariëns Kappers 1965; Duvernoy et al. 2000). Under the 
influence of the noradrenergic innervation, melatonin is 
produced and released causing circadian fluctuations in many 
brain functions.

The median eminence with its specialized vascular 
arrangement and vascular links to the anterior pituitary is the 
site of neurosecretion of a number of releasing hormones 
synthesized in the hypothalamus and the preoptic region. It 
regulates the secretions of the anterior pituitary. Oxytocin 
and vasopressin are synthesized in the magnocellular neu-
rons of the paraventricular and supraoptic nuclei and reach 
the most distal part of the infundibular process (the pars ner-
vosa or posterior pituitary) via axonal transport through the 

infundibulum (Haymaker 1969; Daniel and Pritchard 1975; 
Page 1986). In non-primate mammals, the median eminence 
forms the midline tissue immediately caudal to the optic chi-
asm that connects to the pituitary stalk. In the human hypo-
thalamus, the median eminence becomes incorporated into 
the upper part of infundibular stem (Duvernoy 1972; Daniel 
and Pritchard 1975; Fig. 13.10). The most striking feature of 
the median eminence and the neurohypophysis is the special-
ized configuration of its vascular arrangement. The blood sup-
ply to these regions comes from the superior hypophysial 
and inferior hypophysial arteries (Xuereb et al. 1954a, b; 
Duvernoy 1972; Figs. 13.3 and 13.10). Branches of the supra-
hypophysial artery descend within the tuberal part along the 
rostral and lateral surfaces of the infundibulum and give rise 
to arterioles which enter the infundibulum. These bend 
upward towards the median eminence to form complex cap-
illary loops in both the superficial and the deeper parts of the 
infundibulum. These capillary arrangements form the pri-
mary capillary complex of the median eminence in the upper 
infundibular stem. The continuation of these capillary coils 
gives rise to the long portal vessels, which deliver blood to 
the pars distalis. These portal veins travel down the surface 
(pars tuberalis) and inferior of the infundibulum to supply 
the sinusoids of the pars distalis (Xuereb et al. 1954a, b; 
Duvernoy 1972).
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Fig. 13.10 The human circumventricular organs: (a) vascularization 
of the floor of the diencephalon; (b) median section of the floor of the 
third ventricle. In a, only the deep network is shown. a and b supply the 
postinfundibular eminence (PIE) or posterior tuber; one deep network 
(8) is exclusively drained by tuberal veins (c), another deep capillary 
network (9) has mixed drainage via lateral tuberal veins (c) and via long 
posterior portal vessels (d); a branch of the superior hypophysial artery 
(e) reaches the deep network of the median eminence (ME); in b, vas-
cular tuberohypophysial connections are shown: (1) capillary tufts 

belonging to the deep network of the primary plexus supplied by tuberal 
arterioles; (2) portal vessels; (3) surface network and its drainage; (4) 
superficial network and its drainage; (5, 6) portal vessels; (7) drainage 
of the surface network by a tuberal vein; (8) deep network exclusively 
drained by tuberal veins (arrows); (9) deep network with mixed drain-
age towards the hypophysis. Other abbreviations: cho chiasma opticum, 
hs hypophysial stalk, ir infundibular recess of third ventricle, MB mam-
millary body, ot optic tract (after Duvernoy 1972)
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13.3  Fibre Connections

The myelinated hypothalamic fibre tracts such as the fornix, 
the mammillothalamic tract and the stria terminalis can eas-
ily be identified in fibre-stained sections. Several other hypo-
thalamic fibre systems such as the medial forebrain bundle 
(MFB) and the dorsal longitudinal fascicle of Schütz are 
composed mainly of thin fibres. The hypothalamus is recip-
rocally connected to a large number of forebrain areas includ-
ing the extended amygdala, the ventral striatum, the septum, 
the hippocampus, many cortical areas, the cerebellum, the 
brain stem and the spinal cord. The efferent connections from 
the medial preoptic and LHAs are primarily short and con-
fined to nearby hypothalamic cell groups (Saper et al. 1978, 
1979). The VMN in monkeys has somewhat more extensive 
projections, running along the MFB and reaching rostrally 
into the bed nucleus of the stria terminalis, laterally into the 
basal nucleus of Meynert and the area surrounding the cen-
tral nucleus of the amygdala and caudally into the midbrain 
reticular formation and central grey (Jones et al. 1976; Saper 
et al. 1976b, 1979). The projections of the posterior hypotha-
lamic area are primarily through the periventricular grey 

matter of the hypothalamus and thalamus and into the mid-
brain central grey (Veazey et al. 1982). The afferent and 
efferent fibre connections of the hypothalamus are summa-
rized in Fig. 13.11a, b, respectively.

Hypothalamic afferents include fibres originating from 
the following structures (Fig. 13.11a):
 1. Somatosensory structures in the spinal cord (layers I, 

V and X of the spinal grey; Burstein et al. 1987, 1996; 
Newman et al. 1996) and the caudal part of the spinal 
trigeminal nucleus (Burstein 1996).

 2. Viscerosensory structures such as the nucleus of the soli-
tary tract (Ricardo and Koh 1978; Ciriello and Calaresu 
1980a, b), the ventrolateral superficial reticular area in 
the ventrolateral medulla (Ciriello and Caverson 1984), 
and the parabrachial nuclei (Fulwiler and Saper 1984; 
Pritchard et al. 2000).

 3. The noradrenergic cell groups A1, A2, A5, A6 (the lo-
cus coeruleus) and A7, the adrenergic cell groups C1 and 
C2, and the serotonergic dorsal raphe and central supe-
rior nuclei (see Chap. 5).

 4. The periaqueductal grey (Mantyh 1983).
 5. The deep cerebellar nuclei (Dietrichs and Haines 1989).
 6. The subiculum (Swanson and Cowan 1977; see Chap. 14).
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Fig. 13.11 Summary of (a) the afferent and 
(b) the efferent connections of the hypothala-
mus. A1–A7 noradrenergic cell groups, Acc 
nucleus accumbens, Am amygdala, AP area 
postrema, BNST bed nucleus of the stria 
terminalis, CA cornu Ammonis, C1, C2 
adrenergic cell groups, CM corpus mammil-
lare, CS central superior nucleus, Ctx cortex 
cerebri, DG dentate gyrus, DR dorsal raphe 
nucleus, fx fornix, LS lateral septal nucleus, 
MD mediodorsal thalamic nucleus, ME 
median eminence, ML midline nuclei, MS 
medial septal nucleus, NDB nucleus of the 
diagonal band, Nh neurohypophysis, nII optic 
nerve, PAG periaqueductal grey, Pb parabra-
chial nucleus, SI substantia innominata, Sol 
nucleus of the solitary tract, st stria terminalis, 
Sub subiculum, VLM ventrolateral medulla, 
VTA ventral tegmental area, Xdm dorsal motor 
nucleus of vagus nerve, ZI zona incerta (after 
Nieuwenhuys et al. 2007)
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Fig. 13.11 (continued)

 7. The septum (Swanson and Cowan 1979).
 8. Various parts of the neocortex, including the prefrontal 

and cingulate cortices (Nauta and Haymaker 1969).
 9. The olfactory bulb (Veazey et al. 1982; Smithson et al. 

1989; Price et al. 1991).
10. The subfornical organ and the vascular organ of the lam-

ina terminalis (McKinley et al. 2004).
11. Direct retinal projections to the SCN (Moore 1973; 

 Sadun et al. 1984; Dai et al. 1998).
12. The amygdala via the stria terminalis and the ventral 

amygdalofugal pathway (see Chap. 14).
13. The bed nucleus of the stria terminalis (Swanson and 

Cowan 1979).
Hypothalamic efferents project to the following struc-

tures (Fig. 13.11b):
 1. Various parts of the neocortex (see Sect. 13.3.4).
 2. The septum (Veening et al. 1987).
 3. The hippocampus (Haglund et al. 1984; Wyss et al. 1979; 

see Chap. 14).
 4. The amygdala via both the stria terminalis and the ven-

tral amygdalofugal pathway (see Chap. 14).

 5. The anterior thalamic nuclei (see Sect. 13.3.2).
 6. Thalamic midline nuclei (Canteras et al. 1994; Risold 

et al. 1994).
 7. Via the stria medullaris to the habenular complex 

(Herkenham and Nauta 1977, 1979).
 8. The zona incerta (Canteras et al. 1994).
 9. Via the dorsal longitudinal fascicle of Schütz to the periaq-

ueductal grey, the parabrachial nuclei, the locus coeruleus, 
the nucleus of the solitary tract and the area postrema (Be-
itz 1982; Veening et al. 1987; Roeling et al. 1994).

10. Via the MFB to the ventral tegmental area, the mesenceph-
alic and rhombencephalic raphe nuclei, the mesenceph-
alic reticular formation, the mesencephalic locomotor 
region, the lateral tegmental field, the ambiguus nucleus, 
the ventrolateral medulla, the marginal zone (layer I), the 
central grey and the intermediolateral nucleus of the spi-
nal cord (Swanson et al. 1984, 1987; Luiten et al. 1985, 
1987; ter Horst 1986; Holstege 1987; see Fig. 13.18).

11. The cerebellum (Dietrichs and Haines 1989; Dietrichs 
et al. 1992).

12. The pituitary gland (see Sect. 13.4).
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13.3.1  The Fornix

The fornix is a large fibre bundle (Fig. 13.12) that connects 
the hippocampal formation with the septal area (the precom-
missural fornix), the anterior thalamus and the hypothala-
mus (the postcommissural fornix). The subicular complex, 
rather than the hippocampus proper, is the origin of the post-
commissural fornix (Swanson and Cowan 1975b). This fibre 
bundle arises mainly in the presubiculum and innervates the 

anteromedial, anteroventral and laterodorsal thalamic nuclei 
(Saunders et al. 2005). Fibres from both the subiculum and 
the presubiculum innervate the mammillary complex 
(Raisman et al. 1966; Meibach and Siegel 1975; Swanson 
and Cowan 1975b, 1977; Irle and Markowitsch 1982). 
Throughout its course through the hypothalamus, it inner-
vates medial and lateral structures. Large lesions of the hip-
pocampus and fornix result in anterograde transneuronal 
atrophy of the mammillary body (see Clinical case 13.4).
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Fig. 13.12 The human fornix. 
The hippocampus is indicated in 
light red and the fornix in red. 
A anterior thalamic nucleus,  
BL basolateral amygdaloid 
nucleus, BNST bed nucleus of 
the stria terminalis, CA cornu 
Ammonis, CG cingulate gyrus, 
CM centromedian amygdala,  
Co cortical amygdaloid nucleus, 
HIP hippocampus,  
MB mammillary body,  
mtt mammillothalamic tract,  
ob olfactory bulb, ot olfactory 
tract, PHG parahippocampal 
gyrus, st stria terminalis,  
Sub subiculum, vaf ventral 
amygdalofugal fascicle (after ten 
Donkelaar et al. 2007)

Clinical Case 13.4 Anterograde Transneuronal Atrophy of 

the Mammillary Body Following a Hippocampus Infarction

Case report: A 60-year-old male died of pneumonia. 
Except for a left-sided infarction in the territory of the pos-
terior cerebral artery (PCA) several years before, no other 
details were known. At autopsy, softening of the cerebral 
cortex of the left mediobasal occipital region was observed 

(Fig. 13.13a) and the left PCA showed severe atherosclero-
sis in contrast to the right one. The left mammillary body 
was atrophic (Fig. 13.13a). In frontal cut slices of the brain, 
unilateral atrophy of the left mammillary body and of the 
left fornix were found (Fig. 13.13b). Moreover, cystic 
infarction with total destruction of the posterior hippocam-
pus including the subiculum was found (Fig. 13.13c).
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Fig. 13.13 Left-sided infarction in the territory of the posterior cerebral artery (a, c) and the resulting anterograde transneuronal degeneration 
of the left mammillary body (b; see text for further explanation; courtesy Akira Hori, Toyohashi)

13.3.2  The Mammillothalamic Tract  
and the Mammillary Peduncle

The mammillary body stands out from the rest of the hypo-
thalamus as it is not as closely related to autonomic and 
endocrine functions as the other parts of the hypothalamus. 
The efferent fibres of the mammillary body form the princi-
pal mammillary fascicle that passes dorsally and splits up 
into two components (Fig. 13.3): (1) the mammillothalamic 
tract of Vicq d’Azyr, which passes via the internal medul-
lary lamina of the thalamus to the anterior thalamic nuclei; 

following a thalamic lesion including the mammillothalamic 
tract of Vicq d’Azyr, the mammillary body retrogradely degen-
erates (see Clinical case 13.5); (2) the less conspicuous 
mammillotegmental tract, composed of collaterals of the 
mammillothalamic fibres. This tract projects to dorsal and 
ventral tegmental cell groups in the mesencephalon and the 
nucleus reticularis tegmenti pontis of Bechterew (Fry and 
Cowan 1972; Cruce 1977; Veazey et al. 1982; Ricardo 1983). 
These cell groups project back to the mammillary body via 
the mammillary peduncle (Nauta and Kuypers 1958; 
Cowan et al. 1964).
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13.3.3  The Stria Terminalis

The stria terminalis, i.e. the dorsal amygdalofugal path-
way, reciprocally connects the amygdaloid body and the 
medial hypothalamus (de Olmos and Ingram 1972; Lammers 
1972; Fig. 13.15). In the region of the anterior commissure, 
the stria terminalis divides into different components, which 
innervate the bed nucleus of the stria terminalis, the medial 
hypothalamus and other areas in the basal parts of the  forebrain. 
The stria terminalis is an important pathway for amygdaloid 
modulation of hypothalamic functions. The centromedial 
amygdala is also reciprocally related to the paraventricular, 
ventromedial and infundibular nuclei of the hypothalamus via 
the ventral amygdalofugal pathway (Price and Amaral 1981; 
Veening et al. 1984; see Chap. 14). The basolateral amygdala 
projects via the ventral amygdalofugal pathway to the lat-
eral preoptico-hypothalamic zone (Nauta 1961; Krettek and 
Price 1978).

13.3.4  The Medial Forebrain Bundle

The MFB is probably the most complex fibre bundle in the 
brain (Nieuwenhuys et al. 1982; Veening et al. 1982; Vertes 
1984a, b). At the junction of the diencephalon and the mes-
encephalon, the MFB fibres are rearranged into a smaller 
medial and a larger lateral stream (Holstege 1987). The medial 
fibre stream passes through the medial parts of the mesen-
cephalic and rhombencephalic tegmental areas close to the 
raphe nuclei. It contains descending fibres from several hypo-
thalamic centres to the raphe nuclei as well as ascending 
fibres from the raphe nuclei to the lateral hypothalamus and 
beyond (see Chap. 5). The lateral fibre stream sweeps later-
ally and caudally and descends through the mesencephalic 
central tegmental area to the lateral tegmental field of the 
pons and the medulla oblongata. It contains descending fibres 
from the central nucleus of the amygdala (Price and Amaral 
1981; see Chap. 14), the bed nucleus of the stria terminalis 

Fig. 13.14 Unilateral atrophy of the mammillary body due to damage of the mammillothalamic tract: (a) frontal section of the brain;  
(b) LFB-stained section (courtesy Akira Hori, Toyohashi)

Clinical Case 13.5 Unilateral Atrophy of the Mammillary 

Body Due to Damage of the Mammillothalamic Tract

Case report: A 74-year-old male patient became comatose 
after acute gastrointestinal haemorrhage and died after 4 
days. Six years before, he had a coronary bypass and had 
experienced left and right cardiac insufficiency several 
times. At autopsy, multiple infarctions were found, one of 

which was found in the right hypothalamus. This infarc-
tion included the mammillothalamic tract of Vicq d’Azyr 
(Fig. 13.14a, b). The right mammillary body was very atro-
phic and showed brown colouring, and histological exami-
nation showed extensive cell loss. The damage to the right 
mammillothalamic tract caused retrograde degeneration of 
neurons in the right mammillary body and, therefore, ipsi-
lateral atrophy of this structure.
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(Holstege et al. 1985) and several hypothalamic areas 
(Holstege 1987; Luiten et al. 1987). These descending fibres 
terminate in a variety of brain stem centres including the pars 
compacta of the substantia nigra, the parabrachial nuclei, the 
locus coeruleus, the noradrenergic cell groups A1, A2 and 
A5, the superficial ventrolateral reticular area and the dor-
sal vagal complex. Most of these projections are reciprocal 
(Vertes 1984a, b). Descending hypothalamic fibres mainly 
arise in the paraventricular nucleus and the posterolateral 
hypothalamus (Saper et al. 1976a). So, the hypothalamus can 
directly influence preganglionic sympathetic and parasym-
pathetic nuclei in the brain stem and the spinal cord (Saper 
et al. 1976a; Swanson and McKellar 1979; Swanson and 
Kuypers 1980; ter Horst 1986; Holstege 1987; Luiten et al. 
1987). The existence of a similar pathway in the human brain 
can be inferred from the presence of an ipsilateral sympa-
thetic deficit (Horner syndrome) following injury to the 
hypothalamus, the lateral brain stem tegmentum and the lat-
eral funiculus of the spinal cord (Nathan and Smith 1986; 
Marx et al. 2004).

The hypothalamus provides extensive projections to the 
cerebral cortex. Physiological studies suggest that the hypo-
thalamic projections to the cerebral cortex are essential for 
maintaining normal cortical arousal (Saper 1987; Risold 
et al. 1997). Hypothalamocortical projections arise mainly 
from the lateral tuberal nucleus and the posterior lateral 
hypothalamus. In an anterograde tracing study in rats, Saper 
(1985) showed that hypothalamocortical fibres pass via the 
MFB. In the preoptic area, one group of fibres turns laterally, 
ventral to the globus pallidus and the putamen, to enter the 
external capsule from which they are distributed to the neo-
cortex of the lateral wall of the hemisphere. The remaining 
hypothalamocortical fibres follow the MFB rostrally and 
split up into two bundles: (1) one bundle joins the fornix to 
innervate the hippocampus and (2) another bundle runs over 
the genu of the corpus callosum into the cingulum bundle 
from which its axons are distributed to the cortex of the 
medial wall of the cerebral hemisphere.

In several species of monkeys, retrogradely labelled neu-
rons have been found in the tuberal and posterior lateral 
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Fig. 13.15 Connections of the stria terminalis as 
demonstrated in anterograde degeneration studies in 
cats. ac anterior commissure, APA anterior preoptic 
area, B, C, Co, L, M basal, central, cortical, lateral and 
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 hypothalamus following injections into the frontal, parietal 
and occipital cortices (Kievit and Kuypers 1975; Porrino and 
Goldman-Rakic 1982; Mesulam et al. 1983; Tigges et al. 
1983; Rempel-Clower and Barbas 1998). The medial-to-lateral 
topography of the lateral hypothalamic projection to the cere-
bral cortex appears to be preserved in monkeys (Rempel-
Clower and Barbas 1998). It has been suggested that the neu-
rofibrillary degeneration of neurons in the brain stem and 
basal forebrain in Alzheimer disease may be due to retrograde 
transport of some pathogenetic agent from their terminals to 
the affected areas of the cerebral cortex (German et al. 1987; 
Saper et al. 1987). If this speculation is correct, then the dis-
tribution of NFTs in the hypothalamus may indicate that the 
hypothalamocortical projection in humans is organized in a 
manner similar to that in other mammalian species.

13.4  Hypothalamohypophysial Pathways

The hypothalamus is closely related to the hypophysis (see 
Fig. 13.3). The magnocellular neuroendocrine system is 
composed of axons from the large oxytocin- and vasopres-
sin-containing neurons in the supraoptic and paraventricular 
nuclei that terminate in the posterior lobe of the pituitary. 
The parvocellular neuroendocrine system contains neuro-
secretory fibres from smaller neurons in the arcuate nucleus 
and other periventricular parts of the hypothalamus. These 
neurosecretory fibres project to the median eminence, where 
they terminate on the basal layers that line the perivascular 

spaces surrounding the capillary loops of the hypophysial 
portal system.

13.4.1  The Magnocellular Secretory System

The magnocellular supraoptic and paraventricular nuclei form 
the supraoptico- and paraventriculohypophysial pathways 
(Fig. 13.16a). These neurons produce vasopressin (the antidi-
uretic hormone, ADH) and oxytocin. The output from the 
supraoptic nucleus is primarily restricted to the neurohypo-
physis, whereas the paraventricular nucleus projects not only 
to the posterior lobe of the pituitary but also to the median 
eminence and to several extrahypothalamic regions including 
autonomic centres in the brain stem and the spinal cord. In 
immunohistochemical studies, the vasopressinergic and oxy-
tocinergic pathways have been extensively studied (Swanson 
and McKellar 1979; Buijs et al. 1978; Sofroniew 1980). dia-
betes insipidus (DI) is characterized by polyuria and polydip-
sia. Thirst is the most prominent symptom of hypothalamic 
DI. Various types can be distinguished (see Swaab 2004): (1) 
familial central DI; (2) autoimmune Dl (3) pregnancy-induced 
DI; (4) as part of a midline developmental anomaly such as 
septo-optic dysplasia and holoprosencephaly (see Sarnat and 
Flores-Sarnat 2001) and (5) nephrogenic DI.

Familial hypothalamic DI is transmitted as an autosomal 
dominant gene. Affected individuals have low or undetect-
able levels of circulatory vasopressin and suffer from polyu-
ria and polydypsia but they respond to substitution therapy 
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with exogenous vasopressin or analogues. Members of a Dutch 
family suffering from this disease appeared to have a point 
mutation in one allele of the affected family members, based 
upon a G to T transversion at position 17 of the neurophysin 
encoding exon B on chromosome 20 (Bahnsen et al. 1992). 
Many other mutations were subsequently found (Rittig et al. 
1996). The few postmortem histological observations in other 
families with hereditary hypothalamic DI suggest severe cell 
loss in the supraoptic and paraventricular nuclei (Breverman 
et al. 1965; Nagai et al. 1984; Bergeron et al. 1991).

Wolfram syndrome (Wolfram 1938; or DIDMOAD) is a 
disorder involving the presence of DI, diabetes mellitus, 
slowly progressive atrophy of the optic nerve and deafness 
(Cremers et al. 1977). It is an autosomal recessive hereditary 
syndrome. Juvenile diabetes mellitus and atrophy of the optic 
nerve, chiasm and tracts are the symptoms that occur most 
frequently in Wolfram syndrome (Scolding et al. 1996). The 
supraoptic and paraventricular nuclei are affected and the 
posterior lobe of the pituitary is largely absent (Carson et al. 
1977). The vasopressin precursor is not processed in the 
hypothalamus of patients with Wolfram syndrome (Gabreëls 
1998; Gabreëls et al. 1998). The gene involved (WFS1 or 
Wolframin) encodes a putative transmembrane protein and 
was found on chromosome 4p16.1 (Inoue et al. 1998; Strom 
et al. 1998).

13.4.2  The Parvocellular Secretory System

The neurosecretory cells of the parvocellular secretory sys-
tem are scattered throughout the periventricular zone and the 
preoptic area (Fig. 13.16b). There is a distinct localization 
for each of the hypothalamic-releasing hormones or factors 
that influence the anterior pituitary (see Swaab 1997, 2003). 
These hormones are transported axonally to the median emi-
nence where they are released into the perivascular spaces 
surrounding the portal capillaries, formed by the superior 
hypophysial arteries (see Fig. 13.3). The portal capillaries 
join into the portal veins through which the hormones are 
transported to the vascular sinusoids in the adenohypophy-
sis. Here, they influence the secretion of the pituitary hor-
mones: TSH (thyroid-stimulating hormone or thyrotropin), 
ACTH, FSH, LH, GH (growth hormone or somatotropin) 
and PRL (prolactin).

Several releasing hormones have been localized immuno-
histochemically in the human brain. Thyrotropin-releasing 
hormone (TRH) cell bodies have been found in the paraven-
tricular nucleus (Fliers et al. 1994). TRH is released in the 
median eminence as the major hypothalamic stimulating hor-
mone of thyroid function, acting on TSH cells in the pituitary. 
Growth hormone-releasing hormone (GRH) has a rather 
 limited distribution to the infundibular or arcuate nucleus in 
particular (Bloch et al. 1984; Pelletier et al. 1986). Neurons 

immunoreactive for LHRH are found mainly in the periven-
tricular and arcuate nuclei (Barry 1977; Dudas et al. 2000). 
Additional LHRH-immunoreactive cells are found extending 
rostrally through the periventricular preoptic area as far as the 
lamina terminalis and up into the septum and caudally into 
the premammillary area and into the rostral midbrain. LHRH-
immunoreactive fibres are found in the tubero-infundibular 
tract, ending on portal vessels in the median eminence and 
among the capillaries of the vascular organ of the lamina 
terminalis (Barry 1977). Corticotrophin-releasing hormone 
(CRH)-immunoreactive neurons are found primarily in the 
paraventricular nucleus (Pelletier et al. 1983). In humans and 
other primates, somatostatin (SOM)-immunoreactive neurons 
are not only found in the arcuate and periventricular nuclei 
with fibres extending into the neurohaemal contact zone in 
the median eminence but are also far more widely distributed 
(Bouras et al. 1987). SOM-immunoreactive neurons are found 
in the medial septal/diagonal band nuclei and nucleus basalis, 
the striatum and the bed nucleus of the stria terminalis as well 
as in the amygdala, the periaqueductal grey (PAG) and the 
brain stem reticular formation.

13.5  Functional Organization 
of the Hypothalamus

The hypothalamus receives a wide variety of different affer-
ent inputs, which modulate specific drive states. It controls 
autonomic, endocrine and behavioural outputs. A key role in 
this circuitry is played by the SCN, the brain’s biological 
clock. In Fig. 13.17, the major pathways are shown that 
translate the output from the SCN into circadian rhythms of 
sleep, feeding, corticosteroid secretion and body temperature 
(Saper et al. 2005a, b). The SCN sends the bulk of its output 
into a column that consists of the SPZ and the dorsomedial 
hypothalamic nucleus. Relays from the dorsal SPZ are nec-
essary for organizing the circadian regulation of body tem-
perature, which is controlled by the medial preoptic region. 
The ventral paraventricular zone, which is important for reg-
ulation of circadian rhythms of sleep and wakefulness as 
well as for locomotor activity, projects to the DMN. The 
DMN is critical for organizing circadian rhythms of sleep 
and wakefulness, feeding, locomotor activity and corticos-
teroid secretion. Feeding-related signals such as leptin or 
grelin influence circadian rhythm organization. These feed-
ing cues enter the hypothalamus via the median eminence 
and are relayed by the ventromedial and arcuate nuclei to the 
SPZ and the DMN. Some aspects of hypothalamic control of 
feeding, reproduction, thermoregulation and sleep are dis-
cussed below. The role of the magnocellular secretory sys-
tem has been discussed in Sect. 13.4.1. For the role of the 
hypothalamus in stress response, see de Kloet et al. (2005).
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13.5.1  Feeding

In 1901, Alfred Fröhlich observed the combination of obe-
sity and lack of sexual maturation and suggested a role of the 
hypothalamus in feeding (Fröhlich 1901). These patients 
have pituitary tumours impinging on the medial basal hypo-
thalamus. Fourty years later, Hetherington and Ranson 
(1942) placed stereotaxic lesions in the rat medial basal 
hypothalamus. They showed that lesions in a region, includ-
ing the ventromedial, arcuate, dorsomedial and ventral pre-
mammillary nuclei, produced hyperphagia and obesity. This 
became known as the VMN syndrome, although lesions 
restricted to the ventrolateral part of the VMN do not cause 
hyperphagia or obesity (Elmquist et al. 1999). An example is 
shown in Clinical case 13.1. Lesions in the LHA dramati-
cally reduce feeding (Hetherington and Ranson 1942).

These early observations have been explained by the dis-
covery of a gene defect in the obese mouse as a functional 
deletion of the hormone leptin (Halaas et al. 1995; Elmquist 
et al. 1999). Leptin is released by white adipose tissue dur-
ing times of metabolic substrate availability. Absence of lep-
tin causes profound hyperphagia, reminiscent of the VMN 
syndrome. Leptin receptors have been found in highest con-
centrations in a group of nuclei, consisting of the arcuate 

nucleus, the dorsomedial part of the VMN, the posterior 
DMN and the ventral premammillary nucleus (Elmquist 
et al. 1998), in precisely the same region in which Hetherington 
and Ranson found the lesions that cause hyperphagia and 
obesity. Systemic leptin enters the CNS via the median emi-
nence and binds in this same region (Banks et al. 1996; see 
Fig. 13.17). Elias et al. (1999, 2000) showed that leptin stim-
ulates neurons in the arcuate nucleus that contain a-MSH/
CART and inhibits neurons that contain neuropeptide Y 
(NPY) and agouti-related protein (AgRP). The a-MSH neu-
rons are important for suppressing feeding as demonstrated 
by the hyperphagia and obesity found in rats that lack the 
melanocortin-4 receptor (Huszar et al. 1997). The a-MSH- and 
AgRP-containing neurons in the arcuate nucleus project to 
overlapping terminal fields in the paraventricular nucleus 
and the LHA (Elias et al. 1998), where they are believed to 
have mutually antagonistic effects. The paraventricular 
nucleus is thought to be important in promoting feeding. 
Also in rats, Gert ter Horst studied the projections of the 
paraventricular nucleus to the pancreas (ter Horst 1986; 
Luiten et al. 1987; Fig. 13.18b). The hypothalamus appears 
to control the hormone release from the pancreas not only by 
a direct autonomic modulation of the hormone-producing 
islet cells but also by way of an autonomic regulation of the 
blood stream in the pancreas.

The LHA contains two populations of neurons that express 
orexin/hypocretin and MCH (Elias et al. 1998). Both the 
orexin/hypocretin and the MCH neurons in the LHA are 
involved in feeding and metabolism. Both populations of neu-
rons are innervated by the a-MSH/CART and the AgRP/NPY 
neurons in the arcuate nucleus (Elias et al. 1998; Broberger 
1999). It seems likely that these rodent data can also be applied 
to humans. Elias et al. (1998) showed similar projections from 
the a-MSH/CART and AgRP/NPY neurons in the arcuate 
nucleus to both the orexin/hypocretin and the MCH neurons 
in the human lateral hypothalamus. These data provide strong 
evidence for the conservation of circuitry regulating feeding 
and body weight among mammals (Saper 2004).

13.5.2  Reproduction

Evidence from the leptin system also suggests that reproduc-
tive pathways are highly conserved between humans and 
other mammals (Saper 2004). Animals lacking leptin or its 
receptor are hyperphagic and hypogonadotropic, similar to 
the original description of Fröhlich syndrome (Elmquist 
et al. 1999). Physiological studies in rats and monkeys indi-
cate that the sexually dimorphic medial preoptic nucleus 
is critical for male sexual performance (Arendash and Gorski 
1983; Lloyd and Dixson 1988; for Fos-data, see Coolen 
1995). Functional MRI data suggest that the same holds 
true for humans (Ferretti et al. 2005; Brunetti et al. 2008; 
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Fig. 13.19). For human PET data, see Holstege and Georgiadis 
(2003, 2004).

In rats, the medial preoptic nucleus is reciprocally con-
nected with the ventrolateral part of the VMN, the ventral 
premammillary nucleus and the PAG (Simerly and Swanson 
1988; Canteras et al. 1994). Recordings from the VMN in 
female monkeys demonstrate that neuronal firing increases 
during sexual stimulation (Auo et al. 1988). Lesions in the 
ventrolateral part of the VMN disrupt lordosis behaviour in 
female rats (Pfaff and Sakuma 1979). This response is 
thought to be mediated by projections from the VMN to the 
PAG in the midbrain (Simerly and Swanson 1988; Canteras 
et al. 1994; Kow and Pfaff 1998). In rodents, the caudolateral 
part of the PAG is involved in reproductive behaviour. In 
female rats, lordosis can be evoked by stimulation of this 
zone (Shipley et al. 1996). In cats, the caudal PAG receives 

spinal afferents from the contralateral lower lumbar and 
upper sacral spinal segments (VanderHorst et al. 1996). 
These projections arise in the area of termination of primary 
afferents from the vagina or penis, the pelvic floor and the 
peri-anal skin. In cats (VanderHorst and Holstege 1996) and 
monkeys (VanderHorst et al. 2000a, b), a compact group of 
neurons in the lateral PAG densely innervates the nucleus ret-
roambiguus. This compact nucleus in the caudal medulla is 
not only involved in the control of respiration (see Chap. 12) 
but also projects to a distinct set of motoneurons in the lum-
bosacral cord that participates in producing female and male 
mating procedures (VanderHorst and Holstege 1995, 1996; 
VanderHorst et al. 2000a, b). In cats, this projection shows a 
remarkable dimorphism. Its density appears to depend on the 
estrogen cycle: it was almost nine times greater in estrous than 
in non-estrous females (VanderHorst and Holstege 1997).
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ventromedial (VM) and dorsomedial (DM) hypothalamic nuclei and (b) 
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arrows indicate neural autonomic connections to the various sympa-
thetic and parasympathetic cell groups that innervate the gastrointesti-
nal tract and related organs, here represented by the pancreas and the 
adrenal medulla (AG). The neuroendocrine connections to the adrenal 
cortex are indicated by open arrows and include releasing factors and 
hormonal circuits via the median eminence (Em) and the posterior pitu-
itary gland (Pit). Other abbreviations: A, B-cell types in the pancreas, 
ACh acetylcholine, NA noradrenaline (after ter Horst 1986; courtesy 
Gert ter Horst, Groningen)
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Fig. 13.19 fMRI data on the dimorphic brain region in the medial preoptic area of a human male: (a) axial section, (b) coronal section, showing 
bilateral hypothalamic activation (after Brunetti et al. 2008; courtesy Marcella Brunetti, Chieti)

Clinical Case 13.6 Pallister–Hall Syndrome

Pallister–Hall syndrome is a developmental disorder con-
sisting of hypothalamic hamartoma, pituitary dysfunction, 
polydactyly and visceral malformations. This syndrome 
was first reported in infants (Clarren et al. 1980; Hall et al. 
1980). It consists of hamartoblastomas of the hypothala-
mus with primitive, undifferentiated neurons. The disorder 
is inherited as an autosomal dominant trait with incom-
plete penetration, variable expressivity or gonadal or 
somatic mosaicism (Penman Splitt et al. 1994) and has 
been mapped to chromosome 7p13. Most cases are spo-
radic (Kuo et al. 1999). Hamartoblastomas probably arise 
in the fifth week of pregnancy and seem to be part of a 
complex pleitrophic congenital syndrome that includes 
absence of the pituitary, craniofacial abnormalities, cleft 
palate, malformations of the epiglottis or the larynx, con-
genital heart defects, hypopituitarism, short-limb dwarf-
ism with postaxial polydactyly, anorectal atresia, renal 
anomalies and abnormal lung lobulation and hypogenital-
ism (see Case report).

Case report: Twins, born at the 35th week of gestation, 
both died shortly after birth. The first died on the second 
postnatal day with multiple malformations as the second 
child, but no autopsy was performed. The second child 
 presented with multiple malformations such as facial 

 dysmorphism, heptasyndactyly of the hands, hexadactyly 
of the feet and imperforate anus and died 6 days later due 
to anuria. At autopsy, other urogenital malformations were 
found including renal hypoplasia, ureter atresia and genital 
hypoplasia. Neuropathological examination revealed a 
large hamartoma of the hypothalamus and complete agen-
esis of the pituitary gland (Fig. 13.20). A diagnosis of 
Pallister–Hall syndrome was made. Histological examina-
tion showed ‘matrix cell’ aggregation with varying differ-
entiation and a few ganglion-like cells.
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13.5.3  Thermoregulation

The medial preoptic region in rats and monkeys is enriched 
in neurons that respond to local brain temperature (Hori et al. 
1987; Griffin and Boulant 1995). The importance of the 
medial preoptic region in thermoregulation in humans is sug-
gested by the rare disorder paroxysmal hypothermia (Plum 
and Van Uitert 1978). This disorder consists of intermittent 
attacks of decreased body temperature to as low as 27°C. It 
typically occurs in individuals who have had a developmen-
tal lesion of the anterior wall of the third ventricle including 
the medial preoptic region. In rats, the descending pathways 
from the preoptic area, that regulates thermogenesis, may 
involve projections through the ventrolateral part of the LHA 
to the PAG (Zhang et al. 1997; Chen et al. 1998). The PAG 
innervates the medullary raphe nuclei, which have a pro-
found effect on thermoregulation (Morrison 1999).

13.5.4  Sleep

A role for the hypothalamus in the control for wakefulness 
and sleep has been known since Constantin von Economo’s 
studies on patients with encephalitis lethargica (see Chap. 5). 
Von Economo (1920, 1930) predicted that the rostral hypo-
thalamus contains sleep-promoting neurons, whereas the 
posterior hypothalamus contains neurons that promote wake-
fulness. His observations on the sleep-producing effects of 
injuries to the posterior lateral hypothalamus were repro-
duced by lesion studies in rats and monkeys (Ranson 1939; 
Nauta 1946). The lateral hypothalamus contains at least 
three populations of neurons that contribute to the regulation 
of wakefulness (Saper et al. 2001, 2005a, b). Neurons in the 
perifornical group producing orexin (Sakurai et al. 1998), 
also known as hypocretin (de Lecea et al. 1998), project to 
the cerebral cortex, the basal forebrain and the brain stem 

Fig. 13.20 Basal view (a) and median section (b) of a foetal brain with Pallister–Hall syndrome. The hamartoma of the hypothalamus (d) 
showed “matrix cell” aggregation (c; courtesy Akira Hori, Toyohashi)
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arousal system (Peyron et al. 1998). These neurons co-express 
glutamate and maintain normal wakefulness (Estabrooke et al. 
2001; Sakurai 2007). Lateral hypothalamic neurons that con-
tain MCH have similar projections, but are most active dur-
ing REM sleep (Saper et al. 2005a, b). Cell-specific lesions 
of the lateral hypothalamus cause severe sleepiness that is 
not seen in knockout mice of both orexin and MCH (Chemelli 
et al. 1999; Gerashchenko et al. 2003). Therefore, additional 
neurons in the lateral hypothalamus probably help to pro-
mote wakefulness.

In rats, Sherin et al. (1996, 1998) described a sleep-pro-
moting region in the ventrolateral preoptic area (VLPO) 
of the rostral hypothalamus. The VLPO neurons produce 
GABA and the inhibitory peptide galanin. Saper et al. (2001) 
identified a corresponding cell group, containing galanin, in 
monkeys and humans. A histaminergic arousal system orig-
inates in the TMN and innervates the entire forebrain as well 
as brain stem regions that are involved in behavioural state 
control (Lin et al. 1996; Sherin et al. 1996; Saper et al. 2001). 
The rostral, galaninergic sleep-promoting and the caudal, 
orexinergic arousal-promoting regions of the hypothalamus 
are thought to be mutually inhibitory (Saper et al. 2001): the 
sleep-switch for hypothalamic control of sleep and wakeful-
ness (see Chap. 5). During wakefulness, orexinergic neurons 
are active, stimulating monoaminergic nuclei, which causes 
arousal and inhibits the VLPO to prevent sleep. During sleep, 
the VLPO inhibits the monoaminergic groups and the orex-
inergic neurons, thus preventing arousal.
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14.1  Introduction

The term “limbic” was first used in 1664 by Thomas Willis 
to describe the cortical structures on the medial side of the 
cerebral hemisphere, surrounding the brain stem. Two centu-
ries later, Paul Broca noticed that the cingulate gyrus and the 
parahippocampal gyrus form a border (limbus) around the 
corpus callosum and the brain stem (Broca 1878; Schiller 
1992). Broca subdivided his grand lobe limbique into inner 
(the hippocampus) and outer (the cingulate and parahip-
pocampal gyri) rings. During the last decades of the nine-
teenth century and the first decades of the twentieth century, 
it was generally believed that most if not all structures of 
Broca’s limbic lobe were dominated by olfactory input, and 
therefore form part of the rhinencephalon. In 1937, James 
Papez proposed that these structures are involved in a closed 
circuit (Papez 1937). The circuit of Papez includes projec-
tions from the hippocampus via the fornix to the corpus 
mammillare, then via the mammillothalamic tract of Vicq 
d’Azyr to the anterior thalamic nucleus, from here to the cin-
gulate gyrus, and as last step from the cingulate gyrus back 
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to the hippocampus (Fig. 14.1). Papez suggested that his cir-
cuit formed the anatomical basis for emotions. In 1952, Paul 
MacLean included the circuit of Papez with the amygdala 
and the hypothalamus into his limbic system (MacLean 
1952), supposed to be responsible for emotional behaviour 
(the “visceral” or “emotional” brain). Walle Nauta extended 
the limbic system to the midbrain, his limbic midbrain area 
(Nauta 1958). Rudolf Nieuwenhuys extended the limbic axis 
even further to include various structures in the brain stem, 
and suggested the term greater limbic system (Nieuwenhuys 
1996; Voogd et al. 1998; Nieuwenhuys et al. 2007). Lennart 
Heimer and co-workers promoted an anatomical viewpoint 
for an expanded version of the classic limbic lobe of Broca, 
which contains all non-isocortical parts of the cerebral hemi-
sphere together with the laterobasal-cortical amygdaloid 
complex, with several output channels in the basal forebrain 
(Heimer et al. 1999, 2008; Heimer and Van Hoesen 2006). 
Thus defined, the limbic lobe contains all of the major corti-
cal and amygdaloid structures known to be especially impor-
tant for emotional and behavioural functions. Experimental 
studies in the early 1970s identified the output channels of 
the limbic lobe in the basal forebrain. These include the ven-
tral striatopallidal system, the extended amygdala and the 
basal nucleus of Meynert (Heimer et al. 2008).

Both the amygdala and the hippocampal formation are 
involved in memory processing and memory disorders. Almost 
all severe amnesias occur after bilateral involvement of limbic 

structures (Signoret 1985). Association and limbic structures 
suffer the blunt of damage in dementia (Van Hoesen and 
Damasio 1987; Braak and Braak 1991; Grabowski and Damasio 
2004). In this chapter, following a brief discussion of the con-
cept of the limbic system (Sect. 14.2), the olfactory system 
(Sect. 14.3), the basal forebrain (Sect. 14.4), the amygdala 
(Sect. 14.5), neuropsychiatric disorders such as schizophrenia 
in which the amygdala, among other structures, is involved 
(Sect. 14.6), the hippocampus (Sect. 14.7) and memory and 
memory disorders (Sect. 14.8) will be discussed. Section 14.9 
includes a survey of the neuroanatomical basis of memory 
impairment in Alzheimer disease (AD). The primary degenera-
tive dementias will be more extensively discussed in Chap. 15.

14.2  The Concept of the Limbic System

Broca (1878) introduced the terms outer and inner rings, 
for the cortical structures surrounding the corpus callosum 
described by Meynert (1872) as the fornicate gyrus (see 
Fig. 14.1). The outer ring consists of the subcallosal, cingu-
late and parahippocampal gyri. The retrosplenial cortex and 
a narrowed lobule, the isthmus, join the cingulate and para-
hippocampal gyri behind and below the splenium of the cor-
pus callosum. The parahippocampal gyrus consists of two 
parts: (1) a narrow posterior segment, the flat superior surface 
of which, the subiculum, is separated from the hippocampus 
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Fig. 14.1 Overview of the 
human limbic system. A anterior 
thalamic nucleus, AC anterior 
commissure, BL basolateral 
amygdala, C cortical amygdala, 
CA cornu Ammonis, CC corpus 
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by the hippocampal sulcus; and (2) a more voluminous ante-
rior part, the piriform lobe, comprising the uncus, where the 
amygdala is hidden and the entorhinal area. The inner ring 
includes an anterior or precommissural segment in the sub-
callosal region (the prehippocampal rudiment of Elliot Smith 
1897), a superior, supracommissural segment (the indusium 
griseum), situated on top of the corpus callosum, and a large 
inferior segment (the retrocommissural part of the hippocam-
pus or hippocampus proper).

The concept of the limbic system was proposed by Paul 
MacLean (MacLean 1949, 1952, 1990) and was based on his 
own studies of temporal lobe epilepsy and James Papez’s 
emotional circuit (Papez 1937). Following Klüver and Bucy’s 
experimental findings on lesions of the monkey amygdala 
(Klüver and Bucy 1937), MacLean included the amygdala 
and the septum in his “visceral brain” (MacLean 1949), but 
soon changed the name to the more neutral term limbic sys-
tem (MacLean 1952). Paul Yakovlev developed a functional-
anatomical theory that is in some aspects similar to the 
concept of MacLean (Yakovlev 1948, 1972). Yakovlev’s 
studies of the limbic lobe supported the inclusion of the orb-
itofrontal cortex and the insula in the concept of the limbic 
system. MacLean (1958) expanded his limbic system by 
including the midbrain periaqueductal grey and surrounding 
parts of the reticular formation, placing emphasis on the 
medial forebrain bundle (MFB) as a major line of communi-
cation between the limbic lobe and the hypothalamus and 
midbrain (Fig. 14.2a). Walle Nauta described direct and indi-
rect hippocampal connections to cell groups in the midbrain, 
including the ventral tegmental area (VTA), the mesenceph-
alic periaqueductal grey, the dorsal and median raphe nuclei, 
and other cell groups in the pontomesencephalic tegmentum 

such as the dorsal and ventral tegmental nuclei of Gudden 
(Nauta 1958). Collectively, these nuclei became known as 
Nauta’s “limbic midbrain area”. Central to Nauta’s exten-
sion are direct and indirect, reciprocal connections between 
the limbic forebrain (the orbitofrontal cortex, the cingulate 
gyrus, the hippocampus, the amygdala and the septum) and 
his limbic midbrain area (Fig. 14.2b), usually referred to as 
the “limbic forebrain-midbrain circuit”.

Rudolf Nieuwenhuys (1996) expanded the limbic system by 
adding extensive medial and lateral tegmental areas throughout 
the brain stem to the “greater limbic system” (Fig. 14.3), includ-
ing monoaminergic (A2, A5–A7) structures and a number of 
brain stem regions from which behavioural and emotional 
responses can be elicited, such as the vagal-solitary complex, the 
parabrachial nucleus and other regions of the mesopontine teg-
mentum. These limbic brain stem regions are characterized by 
thin, unmyelinated fibres. Nieuwenhuys’ contribution to the lim-
bic system greatly expanded Nauta’s ideas on the caudal exten-
sion of the limbic system. Holstege’s “emotional motor system” 
is an integral part of the greater limbic system (Holstege 1992; 
Nieuwenhuys 1996; see also Chap. 9). These components of the 
central autonomic nervous system are discussed in Chap. 12.

Lennart Heimer and co-workers discussed the current dis-
satisfaction with the limbic system concept, reflecting a desire 
to move beyond the limbic system to explain key facets for 
emotional and motivational behaviour (Heimer et al. 1999, 
2008; Heimer and Van Hoesen 2006). They promoted a lim-
bic lobe, containing all of the major cortical (the hippocam-
pal formation and the orbitofrontal, cingulate and insular 
cortices) and cortical-like amygdaloid structures known to be 
especially important for emotional and behavioural functions, 
with output channels in the basal forebrain.
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Fig. 14.2 (a) MacLean’s limbic system (after MacLean 1958); (b) 
Nauta’s limbic midbrain area (after Nauta 1958). In (b), broken arrows 
indicate collateral projections from the circuit to central and lateral 

regions of the midbrain tegmentum (shaded). HL lateral hypothalamic 
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14.3  The Olfactory System 
(The Rhinencephalon)

The rhinencephalon is the part of the telencephalon involved 
in processing chemosensory information and is composed of 
the main olfactory system, the accessory olfactory system 
and the terminal nerve (Gastaut and Lammers 1961; Lohman 
and Lammers 1967; Stephan 1975; Voogd et al. 1998). Humans 
are microsmatic with a relatively poorly developed olfactory 
system compared to that of other mammals (Shipley et al. 
1995; Price 2004).

14.3.1  The Main Olfactory System

Olfactory fibres originate in the olfactory epithelium and 
pass as fila olfactoria through the cribiform plate of the 
 ethmoid to contact the olfactory bulb (Fig. 14.4). The periph-
eral olfactory receptor neurons are situated in the human 
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olfactory epithelium, which is found in the posterodorsal 
recess of the nasal cavity, some 7 cm deep to the nostril 
(Jafek 1983; Nakashima et al. 1984). The central part of the 
main olfactory system comprises the olfactory bulb and  
the targets of its projections within the telencephalon, i.e. the 
retrobulbar region or anterior olfactory nucleus, the olfactory 
tubercle, the prepiriform, periamygdaloid and entorhinal 
cortices, and the cortical and medial nuclei of the amygdaloid 
complex (Fig. 14.5). In macrosmatic mammals, all of these 
structures are well developed and together occupy most of 
the basal surface of the telencephalon (Stephan 1975; Shipley 
et al. 1995). Primates are in general microsmatic and the 
human olfactory system is to be considered rudimentary 
(Voogd et al. 1998; Price 2004; Zilles 2004). Normally, 
olfactory function decreases significantly after 70 years of 
age (Doty et al. 1984). In AD, the olfactory bulb (ter Laak 
et al. 1994) and olfactory areas of the brain are severely 
affected (Pearson et al. 1985). Olfactory deficits are already 
present in an early stage of AD (see also Sect. 14.9). The 
olfactory bulb is also involved in early stages of Parkinson 
disease (Braak et al. 2003; see Chap. 11).

The olfactory bulb arises as an evagination of the rostral 
telencephalon and receives primary olfactory fibres from 

neurons in the olfactory epithelium. The primary olfactory 
fibres synapse in specialized structures called glomeruli on 
the dendrites of glutaminergic projection neurons (the mitral 
cells). Many thousands of olfactory receptor cells synapse 
with the dendritic branches of one or only a few mitral cells 
within the glomerulus, resulting in a high degree of conver-
gence of olfactory receptors onto mitral cells (Shepherd and 
Greer 1990). A large number of inhibitory, GABAergic 
interneurons are present in the olfactory bulb, the most com-
mon of which are the granule and periglomerular cells. The 
axons of the mitral cells form the large olfactory stalk.

The target areas for the olfactory bulb projections in 
humans are shown schematically in Fig. 14.5c, which is 
based on normal-anatomical studies of the human brain (e.g., 
Klingler 1948; Stephan 1975), extrapolations from experi-
mental studies in monkeys (Meyer and Allison 1949; Heimer 
1969; Turner et al. 1978; Heimer et al. 1977, 1999; Takagi 
1986; Carmichael et al. 1994) and a single degeneration 
study in the human brain (Allison 1954). Many secondary 
olfactory fibres from the olfactory bulb terminate in the 
 anterior olfactory nucleus (the retrobulbar region of 
Rose 1935; see Stephan 1975; Zilles 2004), where the olfac-
tory peduncle attaches to the orbital surface. The secondary 
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 olfactory fibres that project beyond the retrobulbar area turn 
lateralwards and continue as the lateral olfactory stria or 
tract rostral to the anterior perforated substance towards the 
limen insulae, distributing fibres to the frontal piriform  cortex 
and the anterior perforated substance (Carmichael et al. 
1994; Heimer et al. 1999). Although a superficially situated, 
macroscopically visible bundle is depicted as medial olfac-
tory stria or tract in most textbooks, there is no indication of 
a medially directed bundle of olfactory bulb fibres, reaching 
beyond the anterior olfactory nucleus (Heimer 1969; Heimer 
et al. 1977; Sakamoto et al. 1999; Price 2004). The medial 
olfactory stria consists of fibres between both anterior olfac-
tory nuclei, crossing in the anterior commissure. The region 
between the medial and lateral olfactory striae is known as 
the anterior perforated substance. The rostral part of this 
area is the homologue of the olfactory tubercle of macros-
matic mammals. Its caudal part is traversed by numerous 
fibres, connecting the septum with the periamygdaloid cor-
tex, and is known as the diagonal band of Broca (see 
Stephan 1975; Voogd et al. 1998).

At the level of the limen insulae (the insular threshold), the 
olfactory tract fibres fan out in different directions: (1) to the 
anteroventral agranular, olfactory part of the insula; (2) 
towards the dorsal surface of the parahippocampal gyrus, inclu-
ding parts of the perirhinal and entorhinal areas (Takagi 1986; 
Amaral et al. 1987; Insausti et al. 1995; Price 2004); (3) ros-

tralwards over the olfactory part of the temporal lobe and (4) 
to cortical amygdaloid structures. The latter projections appear 
to be restricted to the amygdalopiriform transition area and to 
the anterior cortical amygdaloid nucleus located in the ante-
rior part of the semilunar gyrus. The piriform or primary 
olfactory cortex is a trilaminar structure and extends from the 
retrobulbar region rostrally to the entorhinal cortex caudally. 
The piriform cortex can be subdivided into a prepiriform 
cortex and a periamygdaloid cortex. In primates, the prepiri-
form cortex is represented by a small area situated on the basal 
surface of the frontal lobe, just lateral to the anterior perfo-
rated substance. It accompanies the lateral olfactory stria to 
the dorsomedial aspect of the temporal lobe where it passes 
over into the periamygdaloid cortex. In humans, most of the 
prepiriform and periamygdaloid cortical fields are represented 
in a small convolution, the gyrus semilunaris, and in a narrow 
strip of the adjacent gyrus ambiens (Stephan 1975; Voogd 
et al. 1998). Positron emission tomography (PET) and func-
tional magnetic resonance imaging (fMRI) data show that the 
perception of odorants is mediated by a set of core regions. 
The hypothalamus seems to be the target region for putative 
pheromones (Savic 2002). Anosmia may be congenital (see 
ten Donkelaar et al. 2006) or acquired, due to infectious, trau-
matic or other causes. A case of an olfactory groove menin-
gioma is shown as Clinical case 14.1.

Clinical Case 14.1 Olfactory Groove Meningioma

Olfactory groove meningiomas arise in the midline along the 
dura of the cribriform plate and the frontosphenoidal suture, 
and account for some 10% of all intracranial meningiomas 
(Ojemann 1991; Al-Mefty 1993). These slowly growing 
lesions may reach a large size before producing symptoms 
(Gazzeri et al. 2008). A variety of alterations in personal-
ity and cognitive functioning may be observed in patients 
with meningiomas in the frontal area. Anosmia is an early 
 symptom of olfactory groove meningiomas, but only few 
patients complain of problems with their smell. The decline 
of olfactory function is gradual, similar to that in the elderly, 
and in the beginning only one side is affected. The most com-

mon reason for seeking medical attention in these patients is 
failing vision (Gazzeri et al. 2008; see Case report).

Case report: A 75-year-old female was referred by an 
ophthalmologist because of papiloedema and blurred vision 
of the right eye. Initially, there was no loss of smell. There 
were no other neurological signs or complaints. MRI showed 
a large mass extending from the cranial base along the 
course of the olfactory nerve (Fig. 14.6). The diagnosis 
meningioma was confirmed after neurosurgical resection. 
After the resection, there was complete loss of olfaction but 
no visual or psychic complaints.

This case was kindly provided by Peter van Domburg 
(Department of Neurology, Orbis Medical Centre, Sittard, 
The Netherlands)
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14.3.2  The Accessory Olfactory System

The accessory olfactory system, also known as the vomero-
nasal system, comprises the vomeronasal organ of Jacobson, 
the accessory olfactory bulb and some nuclei of the amygdaloid 
complex (Halpern 1987; Shipley et al. 1995). The accessory 
olfactory bulb is primarily involved in the regulation of repro-
ductive behaviour, elicited by pheromones, chemical messen-
gers from other members of the same species (Dulac and 
Toledo 2003). In humans, the vomeronasal system is estab-
lished during embryonic development (Fig. 14.7) and regresses 
in the foetal period (Kreutzer and Jafek 1980; Nakashima et al. 
1985; Ortmann 1989; Kjaer and Fischer-Hansen 1996; Ashwell 
and Waite 2004), although as many as 850 cells may be present 
by 4 months after birth (Oelschläger et al. 1987). The human 
vomeronasal organ of Jacobson, a pocket lying in the nasal 
septum, opens into the vomeronasal pit.

Fig. 14.6 Axial (a) and sagittal (b) T1-weighted contrast-enhanced MRIs showing a large mass extending from the cranial base along the 
course of the olfactory nerve (courtesy Peter van Domburg, Sittard)
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Fig. 14.7 Development of the human vomeronasal and terminal nerves 
at embryonic stage 18. LP lateral olfactory plexus, MP medial olfactory 
plexus, NC nasal cavity, OE olfactory epithelium, OF olfactory field, 
TG terminal ganglion, T/VN terminal and vomeronasal nerves, VNG 
vomeronasal groove (from ten Donkelaar et al. 2006; after Ashwell and 
Waite 2004)
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14.4  The Basal Forebrain

The human basal forebrain has been notoriously difficult to ana-
lyze (Heimer 2000). Only in the last part of the twentieth century, 
its various components have come into sharper focus. Lennart 
Heimer and collaborators in particular demonstrated that the 
main parts of what was previously known as the substantia 

innominata belong to nearby and better defined systems (Alheid 
and Heimer 1988; Alheid et al. 1990; Heimer et al. 1991, 1997b; 
Heimer 2000; Heimer and Van Hoesen 2006): (1) the ventral 
striatopallidal system; (2) the extended amygdala and (3) the 
magnocellular basal nucleus of Meynert, and the closely related 
septum. These components of the basal forebrain are shown in 
four Weigert-stained sections of the famous Jelgersma Collection 
(Figs. 14.8 and 14.9) and more schematically in Fig. 14.10.

Fig. 14.8 Two Weigert-stained coronal sections from the Jelgersma 
Collection. (a) Coronal section through the rostral parts of the frontal 
and temporal lobes. The frontal horn of the lateral ventricle is bounded 
dorsally by the corpus of the corpus callosum, medially by the septum 
and laterally by the head of the caudate nucleus. Above the corpus cal-
losum is the cingulate gyrus. The caudate nucleus is flanked laterally by 
the internal capsule, which cleaves the striatum into the caudate nucleus 
medially and the putamen laterally. The cleavage is incomplete: ven-
trally, the caudate nucleus and the putamen meet each other in the 
nucleus accumbens. The darkly stained fiber band that surrounds the 
nucleus accumbens medially is part of the rostrum of the corpus callo-
sum. Ventral to the putamen and the nucleus accumbens lies the sub-
stantia innominata. Medial to the nucleus accumbens is the gyrus rectus. 
Lateral to the putamen lie the claustrum and the insula of Reil. Dorsal 
to the insula are the inferior, middle and superior frontal gyri. The infe-
rior frontal gyrus has expanded and forms Broca’s speech area. Ventral 
to the insula are the superior, middle and inferior temporal gyri. (b) 
Coronal section through the anterior commissure, the amygdala and the 

optic chiasm. The central part of the lateral ventricle is flanked dorsally 
by the corpus callosum and medially by the septum (above) and the 
columns of the right and left fornices (below). Dorsal to the corpus cal-
losum lies the cingulate gyrus. Between the fornix and the optic chiasm 
is the preoptic area, which is a rostral extension of the hypothalamus. 
The caudate nucleus is well developed. The putamen is joined medially 
by the globus pallidus with its external and internal segments, thus com-
pleting the lentiform nucleus. Immediately ventral to the putamen the 
inferior horn of the lateral ventricle can be observed. Medial to it the 
posterior limb of the anterior commissure courses towards the temporal 
lobe. Ventral to the inferior horn of the lateral ventricle the amygdala 
shows its fullest development. This nucleus is flanked medially by the 
parahippocampal gyrus. Lateral to the lentiform nucleus are, succes-
sively, the external capsule, the claustrum, the extreme capsule and the 
insula of Reil. Dorsal to the insula are the inferior, middle and superior 
frontal gyri and ventral to the insula are the superior, middle and infe-
rior temporal gyri (with permission from the Board of the Anatomical 
Museum of Leiden University Medical Centre)
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Both the ventral striatum and the extended amygdala  contain 
prominent collections of islands of small neurons described 
by Sanides (1957) as “insulae terminales” (Fig. 14.11), which 
have collectively been referred to as “interface islands” 
(Heimer et al. 1999; Sakamoto et al. 1999). Changes in the 
neuronal circuits related to the ventral striatopallidal sys-
tem, extended amygdala and basal nucleus of Meynert in 

all likelihood provide the anatomical substrate through 
which pathological activities in the medial temporal lobe 
and prefrontal-orbitofrontal structures are translated into 
disruption of a number of functions ranging from motor 
activities and basic drives, to personality changes involv-
ing stress, mood and higher cognitive functions (Heimer 
2000).

Fig. 14.9 Two Weigert-stained coronal sections from the Jelgersma col-
lection. (a) Coronal section through the rostral parts of the thalamus and the 
hypothalamus. The central part of the lateral ventricle is flanked dorsally by 
the corpus callosum, ventrally by the laterally situated nucleus caudatus 
and by the more medially situated most rostral portion of the nucleus ante-
rior thalami and medially by the septum and the column of the fornix. 
Dorsal to the corpus callosum is the cingulate gyrus. The nucleus dorsal 
and medial to the internal capsule is the ventral anterior thalamic nucleus. 
The grey matter that borders the third ventricle beneath the columna forni-
cis represents the hypothalamus. The oval fibre bundle inside the hypo-
thalamus is the fornix descending towards the mammillary bodies. Very 
notable in this section is the characteristic appearance of the lentiform 
nucleus. Ventral to it and dorsal to the inferior horn of the lateral ventricle 
are the caudal portion of the amygdala (above) and the rostral tip of the 
hippocampus (below). Lateral to the hippocampus and the amygdala is the 
outflow of the anterior commissure towards the temporal lobe of the cere-
bral hemisphere. Dorsal to the sulcus lateralis which marks the insula of 
Reil are the precentral gyrus and the middle and superior frontal gyri. 
Ventral to the sulcus are the superior, middle and inferior temporal gyri and 

the parahippocampal gyrus. (b) Coronal section through the thalamus and 
the subthalamic nucleus. Of the nuclei of the thalamus present in this sec-
tion, the round lateral dorsal nucleus lies beneath the central part of the 
lateral ventricle. Ventral and medial to it is the mediodorsal nucleus and 
lateral to the mediodorsal nucleus are the ventral lateral nucleus (above) 
and the ventral posterior complex (below). The internal capsule extends to 
the base of the diencephalon, where it becomes the cerebral peduncle. 
Overlying the peduncle is the subthalamus: first the subthalamic nucleus of 
Luys and then a fibre plexus called the H fields of Forel comprising chiefly 
the ansa lenticularis (the efferents of the globus pallidus). Just medial to the 
caudate nucleus courses the stria terminalis. The putamen and the globus 
pallidus are getting smaller. Ventromedial to the globus pallidus is the optic 
tract. Vertromedial to the inferior horn of the lateral ventricle lies the hip-
pocampus separated from the adjoining and superficially located entorhinal 
area by the hippocampal fissure. Dorsal to the sulcus lateralis are the gyrus 
precentralis and the middle and superior frontal gyri; ventral to the sulcus 
are the superior, middle and inferior temporal gyri and the lateral occipito-
temporal gyrus (with permission from the Board of the Anatomical 
Museum of Leiden University Medical Centre)
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Fig. 14.10 Diagrams of a series of frontal sections through the human 
basal forebrain, showing its components, the extended amygdala in par-
ticular from rostral to caudal (a–d). Comparable structures are indicated 
in various colours. Transition areas are indicated as parts of the striatum, 
but do show some amygdaloid features. The large dots indicate the large, 
cholinergic cells of the basal nucleus of Meynert (BM). ac anterior com-
missure, BL basolateral amygdala, BST bed nucleus of the stria  terminalis, 

Cd  caudate nucleus,  Ce central amygdala, cho chiasma opticum, Cl 
claustrum, Db diagonal band of Broca, f fornix, GP globus pallidus, GPe, 
GPi external and internal parts of globus pallidus, Hip hippocampus, In 
insula, M medial amygdala, ot optic tract, Put putamen, S septum, Th 
thalamus, VP ventral pallidum, VS ventral striatum (after Heimer et al. 
1991; from ten Donkelaar et al. 2006)
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14.4.1  The Septum

The septum forms the medial part of the subpallial region 
(see Figs. 14.8 and 14.10). Dorsally and rostrally, it is bor-
dered by the rostral part of the corpus callosum and cau-
dally by the preoptic region. Ventrally, it borders on the 
nucleus accumbens. The dorsal part of the septum is drawn 
out into a thin plate, largely composed of glial cells, and 
known as the septum pellucidum. The septal grey matter 
consists of lateral and medial divisions (Swanson and 
Cowan 1979). The lateral division consists of dorsal, inter-
mediate and ventral parts, whereas the medial division 
comprises the medial septal nucleus and the nucleus of 
the diagonal band of Broca with dorsal and ventral 
limbs. This nucleus is embedded in a fibre bundle, the 
“bandelette diagonale” or diagonal band of Broca. The 
medial septal nucleus and the two  components of the 
nucleus of the diagonal band of Broca contain cholinergic 
neurons and form part of a continuum with the basal 
nucleus of Meynert in the substantia innominata (see 
Sect. 14.4.4). The septum is reciprocally connected with 
the hippocampus (see Sect. 14.7.2).

14.4.2  The Ventral Striatopallidal System

Just in front of the decussation of the anterior commissure, 
the caudate nucleus and the putamen are continuous with 
each other underneath the anterior limb of the internal cap-
sule (Figs. 14.8a and 14.10a). This broad continuity of striatal 
structures, which includes the nucleus accumbens, is some-
times referred to as the fundus striati, and corresponds to the 
ventral striatum (see also Chap. 11). The nucleus accumbens 
has been described by Theodor Meynert as a nucleus leaning 
against the septum (the nucleus accumbens septi; Meynert 
1872). In rodents, the nucleus accumbens is composed of 
an outer shell and a central core which differ greatly in their 
 projections as well as immunohistochemically (Heimer et al. 
1997a). Accumbens projections to the lateral hypothalamus 
and midbrain arise in the shell. The shell contains the major-
ity of neurons expressing dopamine D3 receptors. Moreover, 
the shell rather than the core seems to be an important target 
for the action of antipsychotic drugs. In the human brain, 
Meredith et al. (1996) showed that the ventromedial part of 
the caudal accumbens, identified on the basis of low calbin-
din immunohistochemistry and moderate-to-high opiate and 
dopamine D1 receptor binding (Voorn et al. 1996), is likely to 
represent the shell of the human accumbens.

The ventral striatum has some distinctive features which 
set it apart from the dorsal striatum. It is characterized by its 
cortical input from olfactory, orbitofrontal and anterior cin-
gulate cortices (see Chap. 11), the hippocampus, the entorhi-
nal cortex and association areas in the temporopolar and 
inferior temporal cortices as well as from the laterobasal 
complex of the amygdala. The ventral striatum is cytoarchi-
tectonically and histochemically quite heterogeneous. This 
is related to the fact that the neurons in the ventral striatum 
have a greater tendency to irregular clumping than in the dor-
sal striatum, and to the intermingling of large pallidal neu-
rons with the medium-sized striatal neurons, particularly at 
caudal levels. The ventral pallidum has been characterized 
by the use of pallidal markers as part of the substantia innom-
inata (Heimer et al. 1982, 1991; Alheid et al. 1990), situated 
between the anterior perforated substance ventrally and the 
anterior commissure dorsally.

One of the most intriguing heterogeneities in the ventral 
striatum is the presence of the interface islands. Sanides 
(1957) drew attention to this most characteristic morphologi-
cal feature of the ventral striatum, i.e. islands of small neu-
rons, which he termed “terminal islands” (Fig. 14.11). He 
suggested that these small cells might be progenitor cells 
arrested in development. Small-celled islands are especially 
prominent in the shell, but are also present in other parts  
of the ventral striatum and in the extended amygdala. 
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Fig. 14.11 Sanides’ “insulae terminales” in the fundus striati (Fu.str.) 
or accumbens nucleus (from Sanides 1957)
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Considering the great  variability in morphology of individual 
neurons in these islands and since they are more numerous in 
early life, Meyer et al. (1989) suggested that transformation 
from one type of cell to another might take place postnatally. 
Some of the islands contain predominantly very small “glia-
like” or granular neurons similar to those in the islands of 
Calleja in the olfactory tubercle of macrosmatic mammals. 
For such islands, Heimer et al. (1999) used the term granular 
islands. Other islands contain somewhat larger neurons, 
many of which are still smaller than the regular, medium-
sized striatal neurons. These were named parvicellular 
islands. The ventral striatum receives an extensive dopamin-
ergic innervation from the VTA (Heimer et al. 1999). The 
interface islands may play a role in schizophrenia (Heimer 
2000; Heimer et al. 2008).

14.4.3  The Extended Amygdala

In 1923, J.B. Johnston noted in studies on human embryos 
and lower vertebrates that the centromedial amygdala and 

the bed nucleus of the stria terminalis form a continuum 
(Johnston 1923). He also found that columns or islands of 
cells forming a partly interrupted continuum are still evident 
in the stria terminalis of adult mammals, including humans. 
In 1972, José de Olmos rediscovered this concept and identi-
fied a histochemically distinct continuum in adult mammals, 
comprising the centromedial amygdala, the bed nucleus of 
the stria terminalis and similarly organized neural tissue 
extending between them within the sublenticular region (de 
Olmos 1972; de Olmos and Ingram 1972). The extended 
amygdala has many distinct anatomical and histochemical 
characteristics, which distinguish it from surrounding areas 
(Heimer et al. 1999; de Olmos 2004). It appears to form a 
ring encircling the internal capsule (Figs. 14.10 and 14.12) 
and consists of two subdivisions, a central and a medial divi-
sion, based on their relation with the central and medial 
amygdaloid nuclei, respectively.

14.4.4  The Magnocellular Basal Forebrain 
System

The basal nucleus of Meynert forms part of a widely dis-
persed, more or less continuous collection of cholinergic 
(Ch4) and non-cholinergic neurons (Fig. 14.10). Since most 
of the neurons are larger than the cells in the surrounding 
areas, the entire system is often referred to as the magnocel-
lular basal forebrain complex (Mesulam et al. 1983; Mesulam 
and Geula 1988; Saper 1990). The neurons of this system, 
which also includes cells in the medial septum (Ch1) and in 
the nuclei of the vertical (Ch2) and horizontal (Ch3) limbs of 
the diagonal band of Broca, are hyperchromatic which facili-
tates their recognition in Nissl-stained sections. Most of the 
neurons are located in compact clusters (the “compact part” 
of Brockhaus 1942), whereas others are scattered in neigh-
bouring structures such as the basal ganglia, the extended 
amygdala, the anterior commissure, the internal capsule and 
the medullary laminae of the globus pallidus (the “diffuse 
part” of Brockhaus). The large majority of the cells in the 
basal nucleus of Meynert are cholinergic and project to the 
cerebral cortex (Divac 1975; Kievit and Kuypers 1975; 
Mesulam and Van Hoesen 1976; Mesulam et al. 1983, 1986). 
Others project to the laterobasal complex of the amygdala, 
the mediodorsal and reticular thalamic nuclei and some even 
to the basal ganglia (Woolf and Butcher 1982; Mesulam et al. 
1992). The cholinergic neurons in the septum and the nucleus 
of the vertical limb of the diagonal band of Broca project 
primarily to the hippocampus and the cingulate gyrus, 
whereas those in the horizontal limb nucleus and the basal 
nucleus of Meynert project to the laterobasal amygdala and 
in a roughly mediolateral and anteroposterior topography to 
the rest of the cerebral cortex. Šimić et al. (1999) found that 
the subputaminal subdivision of Ayala of the basal nucleus 
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Fig. 14.12 Overview of the amygdala and extended amygdala. The 
centromedial nuclei and the extended amygdala are indicated in red, 
and the basolateral amygdala (BL) and cortical amygdala (Co) in light 
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Fig. 14.13 Series of six Nissl-stained frontal sections of the human 
amygdala. AA anterior amygdalar area, AB accessory basal nucleus, 
ac anterior commissure, B basal nucleus, BM basal nucleus of Meynert, 
C central nucleus, CC cauda of caudate nucleus, Cl claustrum, Co corti-
cal nucleus, cata cortico-amygdalar transient area, EN entorhinal 

 cortex, GP globus pallidus, Hip hippocampus, L lateral nucleus, M 
medial nucleus, ot optic tract, Paa pre-amygdalar area, pp pediculus 
putaminis, Put putamen, ss semilunar sulcus, st stria terminalis, tasa 
transient amygdalostriate area, Un uncus, vCl ventral claustrum

preferentially innervates the cortical speech area in the infe-
rior frontal gyrus (see Chap. 5).

14.5  The Amygdala

The amygdala is a highly differentiated and heterogeneous 
structure located in the medial part of the temporal lobe 
(Figs. 14.8b and 14.9a). The name amygdala is derived from the 
Greek word for almond to which Karl Burdach compared its 
macroscopical shape in a brain section (Burdach 1819–1826). 
The amygdala is involved in a wide variety of functions ranging 
from attention to emotion. The amygdala is neither a structural 
nor a functional unit (Swanson and Petrovich (1998) but rather 
a region where distinct structures belonging to different systems 
are in close contact to each other. Amygdaloid nuclei can be 
classified into four functional systems: accessory olfactory, 
main olfactory, autonomic and frontotemporal cortical.

14.5.1  Subdivision

In most mammals, the amygdala or amygdaloid complex 
forms the floor of the telencephalon between the olfactory 
tubercle and the hippocampus. The amygdaloid complex com-
prises several irregularly shaped subdivisions, which gives it a 

thalamic appearance (Amaral 1987). The cytoarchitectonic 
organization of the amygdaloid complex has been extensively 
studied, beginning with the studies of Volsch (1906, 1910) 
on insectivores and primates. Brockhaus (1938) subdivided 
the human amygdala into numerous small subdivisions. Most 
recent studies follow the American school of comparative neu-
rology (Johnston 1923; Crosby and Humphrey 1941; Lauer 
1945), according to which the amygdaloid complex is divided 
into a few nuclei only, including a corticomedial (the cortical, 
central and medial nuclei) and a basolateral (the basal and lat-
eral nuclei) group. In contrast, extensive quantitative compara-
tive studies led Stephan and Andy (1977) to separate the 
cortical amygdaloid nucleus from the corticomedial group and 
to assign it to the basolateral group. [3H]-Thymidine data on 
the time of neuron origin in rodents and rhesus monkeys sup-
port such a subdivision of the amygdala (ten Donkelaar et al. 
1979; Bayer 1980; McConnell and Angevine 1983; Bayer and 
Altman 1987; Kordower et al. 1992). Braak and Braak (1983) 
studied the neuronal types in the human basolateral amygdala. 
For intersubject variability, see Amunts et al. (2005).

The amygdala is composed of pallial and subpallial 
parts (Lammers 1972; Stephan and Andy 1977; Amaral 
1987; Heimer et al. 1991; de Olmos 2004). The basolateral 
part and the associated cortical amygdala form the pallial 
part, whereas the central and medial amygdaloid nuclei form  
the subpallial part (Fig. 14.13). The centromedial amygdala 
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Fig. 14.13 (continued)

forms a  continuum with the bed nucleus of the stria termina-
lis, known as the extended amygdala (Alheid and Heimer 
1988; Heimer et al. 1997b; de Olmos 2004). The centrome-
dial amygdala and the rest of the extended amygdala contain 
a rich assortment of peptides and neurotransmitters (Price 
et al. 1987; Amaral et al. 1992; de Olmos 2004). The baso-

lateral group lacks the dense innervation by peptidergic 
fibres of the centromedial amygdala. The amygdala has a 
role in emotions through participation in two key functions: 
(1) processing signals about the emotional significance of 
the environment, and (2) interfacing with autonomic motor 
systems for the expression of emotions (LeDoux 2000a). 
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These functions are processed along distinct pathways, link-
ing the amygdala with orbitofrontal, medial prefrontal and 
anterior temporal cortices, and central autonomic structures 
(Sect. 14.5.3).

Johnston (1923) argued that the bed nucleus of the stria 
terminalis forms a continuum with the central and medial 
amygdaloid nuclei. Much later, the similarities between the 
bed nucleus of the stria terminalis and the centromedial 
amygdala were rediscovered in tract-tracing studies by José de 
Olmos (de Olmos 1972; de Olmos and Ingram 1972) and in 
immunohistochemical studies (see de Olmos 2004). Cell  
columns accompany the stria terminalis along its dorsal course. 
De Olmos and collaborators appreciated that such cell col-
umns also accompany the ventral amygdalofugal pathway 
along its course through the sublenticular part of the sub-
stantia innominata into the ventral forebrain. The whole 
continuum, i.e. the centromedial amygdala with its extensions 
both alongside the stria terminalis and through ventrally 
located cell columns in the substantia innominata, has been 
labelled the extended amygdala. The extended amygdala has 
been further subdivided into the central extended amygdala 
and the medial extended amygdala (Alheid et al. 1995; 
Heimer et al. 1997b; de Olmos 2004). In Fig. 14.13 , series of 
six Nissl-stained frontal sections of the human amygdala are 
shown.

14.5.2  Fibre Connections

Extensive intrinsic connections exist within the amygdaloid 
complex. The central nucleus receives the largest intra-
amygdaloid projection, mainly from the lateral, basal and 
accessory basal nuclei (Amaral 1987; Pitkänen and Amaral 
1991; Amaral et al. 1992; Pitkänen et al. 1995; Savander 
et al. 1995, 1996; Pitkänen 2000). Through these intrinsic 
connections, sensory stimuli from the environment reach the 
centromedial amygdala, i.e. the main output channel of the 
amygdaloid complex.

Three large fibre bundles, the lateral olfactory tract, the 
stria terminalis and the ventral amygdalofugal pathway, 
connect the amygdala with other parts of the brain 
(Fig. 14.1). The lateral olfactory tract carries secondary 
olfactory fibres to the cortical and medial amygdaloid 
nuclei (see Sect. 14.3). Walle Nauta studied the fibre 
degeneration following lesions of the amyg daloid complex 
in Macaca mulatta (Nauta 1961). He confirmed the pres-
ence of two major amygdalosubcortical fibre systems, 
namely, a relatively diffuse ventral amygdalofugal path-
way, and a compact stria terminalis (Fig. 14.14). The stria 
terminalis, i.e. the dorsal amygdalofugal pathway, 

emerges from the caudomedial aspect of the amygdala, 
from where it runs a long course to the anterior commis-
sure. Immediately dorsocaudal to that commissure, it splits 
up into precommissural, commissural and postcommis-
sural components. The stria terminalis contains both 
amygdalofugal and amygdalopetal fibres. The ventral 
amygdalofugal pathway is a large assembly of rather 
loosely arranged fibres which extend from the amygdaloid 
complex to the diencephalon. It contains also amygdalo-
petal fibres from the brain stem. Most of the extrinsic con-
nections of the amygdala are reciprocal, with the exception 
of those to the striatum, the mediodorsal thalamic nucleus 
and several cortical fields. The extrinsic connections of the 
amygdala were discussed in several extensive reviews 
(Amaral 1987; Price et al. 1987; Amaral et al. 1992; 
Pitkänen 2000; de Olmos 2004). The amygdaloid complex 
is connected with the brain stem, the hypothalamus, the 
thalamus, the basal forebrain, the striatum, the hippocam-
pus and the cerebral cortex:
 1. Brain stem connections to the amygdala arise in the peri-

aqueductal grey, the substantia nigra pars compacta, the 
VTA, the dorsal raphe nucleus, the locus coeruleus, the 
lateral parabrachial nucleus and the nucleus of the soli-
tary tract (Norgren 1976; Veening 1978b; Aggleton et al. 
1980; Mehler 1980; Norita and Kawamura 1980; 
Russchen 1982b; de Lacalle and Saper 2000). Most of 
these projections reach the amygdala via the ventral 
amygdalofugal pathway. Serotonergic and noradrenergic 
fibres also pass via the stria terminalis. The lateral 
parabrachial nucleus is by far the most important brain 
stem source of amygdalar afferent connections (Mehler 
1980; Norita and Kawamura 1980). The central 
amygdaloid nucleus gives rise to a large projection to the 
brain stem via the ventral amygdalofugal pathway 
(Hopkins 1975; Hopkins and Holstege 1978; Price and 
Amaral 1981; Veening et al. 1984; Mizuno et al. 1985; 
Fig. 14.15). The caudalmost fibres of this amygdaloteg-
mental projection even reach the cervical cord (Mizuno 
et al. 1985). The brain stem connections of the bed 
nucleus of the stria terminalis are virtually identical to 
those derived from the central amygdaloid nucleus 
(Holstege et al. 1985).

2. Hypothalamic connections. The paraventricular, ven-
tromedial and infundibular nuclei as well as the lateral 
 hypothalamic area project to the centromedial amygdala 
(Saper et al. 1976a, b; Veening 1978b; Norita and Kawa-
mura 1980; Russchen 1982b). Most amygdaloid nuclei 
project to the hypothalamus and the bed nucleus of the 
stria terminalis (de Olmos 1972; Dong et al. 2001). The ba-
solateral amygdala projects via the ventral  amygdalofugal 
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Fig. 14.14 (a–f) Fibre degeneration 
observed in Macaca mulatta 
following an amygdaloid lesion (in 
black). Coarse dots indicate 
degenerating fibres of passage, fine 
stipple preterminal and terminal 
degeneration. AC anterior commis-
sure, AV, AM anterior medial and 
anterior ventral thalamic nuclei, Cl 
claustrum, DMm medial part of 
dorsomedial thalamic nucleus, F 
fornix, FU fasciculus uncinatus, GP 
 globus pallidus, GR gyrus rectus, 
NAP nucleus ansae peduncularis, NC 
nucleus caudatus, ND nucleus of the 
diagonal band, NST bed nucleus of 
the stria terminalis, NSt subthalamic 
nucleus, Pp prepiriform cortex, Put 
putamen, ST stria terminalis, TO 
tractus opticus, T.Ol tuberculum 
olfactorium, VL ventrolateral 
thalamus (after Nauta 1961)
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pathway to the lateral preoptico-hypothalamic zone (Nau-
ta 1961; Krettek and Price 1978).

3. Thalamic connections. Thalamic nuclei that project to the 
amygdala include the midline nuclear complex, the para-
fascicular nucleus and the perigeniculate belt area of the 
medial geniculate body, all of which project predominantly 

to the central amygdaloid nucleus (Veening 1978b; Aggle-
ton et al. 1980; Mehler 1980; Norita and Kawamura 1980; 
Russchen 1982b; LeDoux et al. 1985, 1990a). The amygda-
la projects to both the mediodorsal thalamic nucleus and its 
cortical projection area, the prefrontal cortex (Nauta 1961; 
Aggleton and Mishkin 1984; Russchen et al. 1987).
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4. Basal forebrain connections. The bed nucleus of the stria 
terminalis receives a heavy, topographically organized 
innervation from the amygdaloid complex (Krettek and 
Price 1978; Price and Amaral 1981; Dong et al. 2001). 
The amygdaloid complex also projects heavily to the 
substantia innominata and to magnocellular cell groups 
such as the horizontal limb of the nucleus of the diag-
onal band of Broca and the basal nucleus of Meynert 
(Krettek and Price 1978; Price and Amaral 1981; Zábor-
sky and Heimer 1984; Russchen et al. 1985b). The sub-
stantia innominata gives rise to a prominent projection 
to the amygdala, particularly to the basal nucleus (Woolf 
and Butcher 1982; Carlsen et al. 1985; Russchen et al. 
1985b).

5. Striatal connections. The amygdaloid complex projects to 
both the “limbic” or ventral striatum (the nucleus accum-
bens and the striatal-like zones of the olfactory tubercle) 
and the dorsal striatum (Krettek and Price 1978; Kelley 
et al. 1982; Russchen et al. 1985a; Pitkänen 2000; Fudge 

et al. 2002). The amygdalostriatal projection appears to 
be topographically organized. The basolateral amygdala 
is the main source of amygdaloid fibres to the striatum. 
The amygdalostriatal projection overlaps the striatal pro-
jection from the prefrontal cortex, the VTA and the mes-
encephalic raphe nuclei. Like the amygdalostriatal projec-
tion, all of these striatal inputs avoid the anterodorsolateral 
striatal sector that forms the main region to which, in rats, 
the sensorimotor cortex projects.

6. Hippocampal connections. Prominent, and often bidi-
rectional, projections have been found between several 
fields of the hippocampal formation and the amygdaloid 
complex (Krettek and Price 1978; Veening 1978a; 
 Amaral and Cowan 1980; Van Hoesen 1981; Amaral 
1986; Room and Groenewegen 1986; Witter and Groe-
newegen 1986; Petrovich et al. 1996; Pitkänen et al. 
2002; see Fig. 14.16). The basal amygdaloid nucleus 
projects to the pyramidal cell layer of the subiculum, 
whereas the lateral nucleus and the periamygdaloid cor-
tex innervate the lateral entorhinal cortex. The heaviest 
projection from the amygdaloid complex to the entorhi-
nal cortex arises from the lateral amygdaloid nucleus 
and innervates the rostrally situated entorhinal fields. 
The subiculum projects to the basal nucleus, whereas 
the entorhinal cortex projects to both the lateral and 
basal amygdaloid nuclei.

 7. Cortical connections. The amygdaloid complex projects 
to a greater number of cortical regions than those from 
which it receives projections (Amaral 1987). The primate 
amygdaloid complex has the most extensive connections 
with the neocortex (Fig. 14.17). In rats, the major known 
cortical projections to the amygdala arise in a distinct zone 
along the rhinal sulcus, the medial frontal lobe and in the 
piriform cortex (Veening 1978a; Ottersen 1982; Russchen 
1986; Swanson and Petrovich 1998; Pitkänen 2000). Each 
of these regions has reciprocal connections with the 
amygdala. The amygdalocortical projections arise primar-
ily from the basal amygdaloid nucleus (Krettek and Price 
1974, 1977; Swanson and Petrovich 1998). In cats, the 
amygdaloid complex receives projections from the piri-
form cortex, the perirhinal cortex, the medial prefrontal 
cortex and the anterior and posterior sylvian gyri (Druga 
1970; Russchen 1982a, 1986). The amygdaloid complex 
projects to much of the frontal cortex, including the motor 
and premotor cortices (Llamas et al. 1977) as well as to 
primary and secondary somatosensory and auditory corti-
ces (Macchi et al. 1978).
In primates, the frontal (especially the cingulate cortex), 

temporal and insular cortices project to the amygdaloid com-
plex (Whitlock and Nauta 1956; Pandya et al. 1973; Herzog 
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Fig. 14.15 Overview of the efferent connections of the central 
amygdaloid nucleus (in red), based on an anterograde tracing study 
in Macaca fascicularis. The main targets are indicated in light red. 
BL basolateral amygdala, BNST bed nucleus of the stria terminalis, 
Ce central amygdaloid nucleus, CM central medial thalamic 
nucleus, DMN dorsomedial hypothalamic nucleus, LHA lateral 
hypothalamic area, NBM basal nucleus of Meynert, NDB nucleus of 
the diagonal band, PAG periaqueductal grey, Pb parabrachial 
nucleus, PMN paramammillary nucleus, Rd nucleus raphes dorsa-
lis, Sol nucleus of the solitary tract, VLM ventrolateral medulla, 
Xdm dorsal motor nucleus of the vagus nerve (based on Price and 
Amaral 1981)



650 14 The Limbic System

and Van Hoesen 1976; Leichnetz and Astruc 1977; Aggleton 
et al. 1980; Turner et al. 1980; Mufson et al. 1981; Van 
Hoesen 1981; Stefanacci and Amaral 2000; Ghashghaei and 
Barbas 2002; Yukie 2002). The anterior half of the temporal 
lobe gives rise to the largest component of the cortical input 
to the amygdaloid complex. The amygdala receives input 
from the modality-specific association areas one or more 
steps removed from the primary sensory areas (Turner et al. 
1980). The major amygdalar targets are the following: for 
vision, the anterodorsal parts of the lateral, basal and basal 
accessory nuclei; for audition, the posterior parts of the lat-
eral and basal accessory nuclei; for taste, the medial parts of 
the lateral and basal nuclei; for olfaction, the cortical and 
medial nuclei.

Amygdalocortical projection fields include vast areas of 
the frontal, temporal, insular and occipital cortices 
(Jacobson and Trojanowski 1975; Tigges et al. 1982, 1983; 
Amaral and Price 1984; Iwai and Yukie 1987). Amaral and 
Price (1984) showed that all major subdivisions of the tem-
poral neocortex receive a projection from the amygdaloid 
complex, with the most prominent projections ending in 
the cortex of the temporal pole and the rostral superior tem-
poral gyrus. They also found a strong projection to peristri-

ate regions of the occipital lobe. The amygdala appears to 
receive projections from all modalities in the primate brain, 
but the visual system appears to provide the major sensory 
input. In Macaca fascicularis, Amaral et al. (2003) studied 
the topography of amygdaloid projections to the visual cor-
tices with fluorescent tracers (see also Freese and Amaral 
2005). The projections are rostrocaudally organized in such 
a fashion that projections to caudal visual areas originate 
from dorsal and caudal parts of the magnocellular division 
of the basal nucleus, whereas the entire rostrally situated 
visual areas receives projections from more rostral and 
ventral parts of the basal nucleus (Fig. 14.18). These data 
confirm that the amygdala gives rise to feedback projec-
tions to all levels of the “ventral stream” visual pathway 
(see Chap. 8).

14.5.3  Functional Aspects

Anatomically, the amygdala is a complex and heteroge-
neous structure. The basolateral amygdaloid complex is 
directly connected with many cortical structures and 
receives visual, auditory, somatosensory and gustatory 
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Fig. 14.16 Amygdalohip pocampal 
projections in the monkey brain. 
ABmg ABpc magnocellular and 
parvocellular parts of accessory 
basal nucleus, Bmg Bpc magnocel-
lular and parvocellular parts of basal 
nucleus, CA1 hippocampal field,  
Cel Cem lateral and medial parts 
of the central nucleus, DG dentate 
gyrus, EN entorhinal cortex, 
L lateral nucleus, M medial nucleus,  
Pac  peri-amygdaloid cortex, Pas 
parasubiculum, Prs  presubiculum, 
Sub  subiculum (after Amaral 1987)
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input (Turner et al. 1980; McDonald 1998; Swanson and 
Petrovich 1998; Aggleton and Saunders 2000; Martínez-
García et al. 2008). Olfactory and, if present vomeronasal, 
input is restricted to the cortical and medial amygdaloid 
nuclei and the nuclei of the lateral and accessory olfactory 
tracts.Through the extensive intrinsic connections within 
the amygdaloid complex, these sensory stimuli reach the 
centromedial amygdala. The extended amygdala (the cen-
tromedial amygdala, the bed nucleus of the stria  terminalis 
and related structures) gives rise to a highly organized sys-
tem of pathways to many hypothalamic and brain stem 
areas and forms the main output channel of the amygdaloid 
complex. The extended amygdala is ideally suited to gener-
ate endocrine, autonomic and somatomotor aspects of emo-
tional and motivational states (Heimer et al. 1997b; Heimer 
and Van Hoesen 2006).

Electrical stimulation of a variety of loci in the amygdaloid 
complex of cats, the central nucleus in particular, initially 
leads to an orienting response, which is followed either by 
flight or defence behaviours (Kaada 1972). The following 
motor and autonomic concomitants of this stimulation were 
noted: arrest of spontaneous behaviour followed by search-
ing movements, retracting of the nictitating membrane and 
pupillary dilatation, pilo-erection, micturition, growling, 
hissing, posturing for attack, elevation of blood pressure with 
bradycardia, respiratory alterations, changes of gastric motil-
ity and secretion, and masticatory movements with sniffing. 
The defence reaction is elicited most easily by stimulation of 
the basomedial amygdaloid nuclei (Hilton and Zbrozyna 
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Fig. 14.17 Diagrams of lateral (left) and 
medial (right) surfaces of the brains of (a) 
the monkey, (b) the cat and (c) the rat. 
Areas that project directly to the 
amygdaloid complex are indicated by 
shading. Routes by which sensory 
information reaches these areas are 
indicated by arrows. A auditory,  
O olfactory, Ss somatosensory, V visual, 
Vs viscerosensory, numbers refer to 
cortical areas according to Brodmann 
(after Russchen 1986)

Bmg

Bi

Bpc

V4
V1

V2
TEO

TE

L AB

Fig. 14.18 The major organizational features of the amygdaloid pro-
jections to the macaque visual cortex. Projections to rostral visual areas 
are shown in light red, those to caudal visual areas in red and projec-
tions to the rostral and medial parts of the inferomedial temporal cortex 
(TE) in light grey. AB accessory basal nucleus, Bi Bmg Bpc intermedi-
ate, magnocellular and parvocellular parts of basal nucleus, L lateral 
nucleus, TE TEO inferior temporal cortex, V1–V4 visual cortical areas 
(after Amaral et al. 2003)
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1963). Hilton and co-workers found a column of effective 
sites for elicitation of the defence reaction or its autonomic 
correlates, which extends from the amygdala through the 
hypothalamus and into the pontomedullary brain stem as far 
as the level of the dorsal motor nucleus of the vagus nerve 
(Abrahams et al. 1962; Hilton and Zbrozyna 1963; Coote 
et al. 1973).

The amygdala also plays an important role in motiva-
tion, memory and visual recognition (Aggleton 1992; 
LeDoux 1992, 2000b). Functional imaging studies in nor-
mal humans showed that visual, auditory, olfactory and 
gustatory stimuli all appear to engage the amygdala when 
signalling unpleasant and arousing emotions (Morris et al. 
1996; Phillips et al. 1997, 1998; Zald and Pardo 1997; Zald 
et al. 1998; Dolan 2000). Monkeys with lesions of the 
amygdala are insensitive to stimuli that normally arouse 
intense fear (Klüver and Bucy 1937, 1939; Weiskrantz 
1956) and cannot be conditioned to associate stimuli with 
fear (LeDoux et al. 1988, 1990b; Davis 1992a, b). Both the 
monkey (Leonard et al. 1985; Rolls 1992, 2000; Bachevalier 
2000) and human (Adolphs et al. 1995, 1999; Adolphs and 
Tranel 2000; Adolphs 2008) amygdala contain neurons 
that respond selectively to faces. The behavioural impair-
ments of amygdalectomized monkeys are most severe in 
the wild, resulting in the death of an animal if left unat-
tended by the troop (Kling and Brothers 1992). Neurons 
within the amygdala are active during social interactions 
(Kling et al. 1979) and social communication (Jürgens 
1982). The integration of complex sensory information, 
such as the recognition of faces with the motivational 
valence of the stimulus, is especially important to recog-
nize social intentions and social status and to guide behav-
iour on the basis of social cues, such as threats, warnings 
and submissive gestures (Kling and Brothers 1992). The 
amygdala is strongly activated during rapid eye movement 
(REM) sleep (Maquet et al. 1996) and its volume is reduced 
in patients with narcolepsy (Brabec et al. 2010).

The amygdala plays a role in the processing of long-
term memory in concert with the hippocampal formation 
(Fig. 14.19). In monkeys, Mishkin (1978, 1982) demon-
strated that bilateral ablation of the amygdala or the 
 hippocampal formation does not markedly impair the ani-
mal’s performance on visual recognition memory tests. When 
the amygdala and the hippocampal formation were conjointly 
ablated, however, the animals showed a very severe memory 
impairment, which is apparent in both visual and tactile 
modalities (Murray and Mishkin 1984; Zola-Morgan and 
Squire 1984). The amygdaloid complex appears to be particu-
larly important for learning associations of stimuli in different 
modalities (Murray and Mishkin 1985). The amygdala is 

severely affected in AD, especially those nuclei projecting to 
the hippocampus (Brady and Mufson 1990; Kromer Vogt 
et al. 1990; Unger et al. 1991; Vereecken et al. 1994; Chow 
and Cummings 2000; Hořinek et al. 2005; see also Sect. 14.9), 
frontotemporal lobe dementia, dementia with Lewy bodies 
and Parkinson disease (Braak et al. 1994; Chow and Cummings 
2000; Harding et al. 2002).

14.5.4  Lesions of the Amygdala

Lesion studies in monkeys have provided some of the most 
compelling evidence for the involvement of the amygdala 
in emotional and social behaviour (Aggleton 1992, 1993). 
Bilateral removal of the amygdala produces a permanent 
disruption of social and emotional behaviour as part of the 
Klüver–Bucy syndrome (Klüver and Bucy 1937, 1939; 
Fig. 14.20). Selective amygdala damage is very rare in 
humans. The large majority of cases come from surgery for 
epilepsy, behavioural disturbances or both. Since many of 
these cases involved subtotal lesions of an amygdaloid 
region that may well have been abnormal prior to surgery, 
it is not surprising that some cases show no overt change in 
emotion, whereas in others a decrease in aggression or an 
increase in placidity and indifference were found (Aggleton 
1992). Clearly, amygdala damage can alter emotionality in 
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Fig. 14.19 Lateral view of the monkey brain showing one route for the 
cortical processing of visual information from the striate cortex (OC) to 
the inferotemporal cortex (TE). Area TE, like other higher-order corti-
cal sensory areas, projects to the amygdala (Am) and to the hippocam-
pus (Hip) via the hippocampal gyrus and perirhinal cortex. The fact that 
medial temporal lobe lesions, which include the hippocampus and the 
amygdala, cause amnesia but save many premorbid memories suggests 
that the saved memories are stored upstream of the lesion, i.e. in the 
neocortex (after Mishkin 1982)
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humans, but it need not produce the dramatic changes 
observed in monkeys. The extreme hypo-emotionality of 
the Klüver–Bucy syndrome is only observed in humans 
when there is a combination of cortical and subcortical 
temporal damage (Aggleton 1992). Recently, Kile et al. 
(2009) reported a case of AD with Klüver–Bucy syndrome 
symptoms due to abundant Alzheimer pathology in the lat-
eral amygdala. Behavioural changes including mood disor-
ders, anxiety,  psychosis and non-epileptic seizures often 
occur after temporal lobectomy (Blumer et al. 1998) but 
delusional disorders such as the Capgras syndrome are rare. 
Lipson et al. (2003) reported a case of a man who selec-
tively lost emotional attachments to family members after a 
right temporal lobectomy. A case of a partial Klüver–Bucy 

syndrome due to herpes encephalitis is shown in Clinical 
case 14.2.

The human amygdala has been studied rather extensively 
with regard to its involvement in recognition of certain emo-
tions in facial expressions, fear in particular. In several lesion 
studies, it has been demonstrated that bilateral damage to the 
amygdala impairs recognition of emotions in facial expres-
sions (Adolphs et al. 1995, 1999; Young et al. 1995; Broks 
et al. 1998; Adolphs 2008). The most consistent impairment 
appeared to be an inability to recognize fear. The amygdala 
is subject to bilateral degeneration in Urbach–Wiethe dis-
ease, a rare, autosomal recessive disorder (Markowitsch 
et al. 1994; Adolphs et al. 1995, 1999; Adolphs and Tranel 
2000; see Clinical case 14.3).

14.6  Anatomy of Neuropsychiatric Disorders

Several psychiatric disorders such as bipolar disorder, schizo-
phrenia and autism are highly heritable but identifying their 
genetic basis has been challenging (Abrahams and Geschwind 
2008; Burmeister et al. 2008). Autism is a heterogeneous 
group of syndromes, called the autism spectrum disorders 
(ASDs) that occurs in 1 in 150 children, defined by impair-
ments in three domains: social interaction, language and 
range of interests (Kanner 1943). Post-mortem and MRI 
studies have highlighted the frontal lobes, the amygdala and 
the cerebellum as pathological in autism (Sparks et al. 2002; 
Amaral et al. 2008) but no clear and consistent pathology has 
emerged. Only a few post-mortem studies have been pub-
lished on its cortical neuropathology (Kemper and Bauman 
1993; Bailey et al. 1998). Casanova and colleagues found 
minicolumn abnormalities in autism (Casanova et al. 2002, 
2006). The amygdala appears to be enlarged in children but 
not in adolescents with autism (Sparks et al. 2002; Schumann 
et al. 2004; Schumann and Amaral 2006). The autisms may 
result from disconnection of brain regions that are highly 
evolved in humans and that are involved in higher-order 
associations (Courchesne and Pierce 2005; Geschwind and 
Levitt 2007; Amaral et al. 2008). Therefore, the ASDs may 
form a developmental disconnection syndrome (Geschwind 
and Levitt 2007). Pugliese et al. (2009) tested this hypothesis 
in a diffusion tensor imaging (DTI) tractography study in 
Asperger syndrome. They found differences in the limbic 
white matter anatomy of people with Asperger syndrome as 
compared to healthy controls in those tracts connecting the 
anterior temporal lobe and the orbitofrontal cortex, in par-
ticular the cingulum.
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Fig. 14.20 Diagram of the extent of the lesion in Klüver and Bucy’s 
case (from Klüver and Bucy 1937)
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Clinical Case 14.2 Partial Klüver–Bucy Syndrome

The Klüver–Bucy syndrome comprises a number of symp-
toms, including: visual agnosia, oral tendencies, absence of 
emotional behaviour, a striking increase in sexual activities 
and conspicuous changes in dietary habits, attributed to bilat-
eral injury of the medial temporal lobes (Klüver and Bucy 
1937, 1939). In humans, it is characterized by placidity, 
hyperorality and altered dietary habits. Less consistent fea-
tures include visual agnosia, altered sexual activity, aphasia 
and dementia (Lilly et al. 1983). In humans, the Klüver–Bucy 
syndrome has been described after bilateral temporal lobec-
tomies, trauma, viral encephalitis (see Case report), AD, 
Pick disease and sporadic amyotrophic lateral sclerosis (ALS) 
(Terzian and Dalle Ore 1955; Cummings and Duchen 1981; 
Lilly et al. 1983; Dickson et al. 1986; Kile et al. 2009).

Case report: A 38-year-old female presented with high 
fever (39.8°) and vomiting. Only a tonsillitis was noted. The 
next day, fever did not subside and the patient had a noctur-
nal delirium for 2 days during hospitalization. In the follow-
ing week, she was comatose in the morning and delirious in 
the afternoon. Laboratory investigation showed a herpes 
simplex encephalitis. She recovered from this acute phase in 
the next week and her laboratory data normalized within a 
month. However, she became mute, although she responded 
to questions on examination. Amnesia and disorientation 
was prominent. Three months after the first symptoms, she 
was heavily demented and could not recognize her husband 
and daughter anymore. Neurological examination showed 
bilateral contractures of the upper and lower extremities and 
pathological reflexes. She was hyperactive, could not walk 
and showed polyphagia, even eating her own excrement. 
This was followed by increasing oral tendencies, incontinence, 

visual hallucinations and nocturnal delirium. She was easily 
agitated and took off her cloths. Her oral tendencies as part 
of a partial Klüver–Bucy syndrome could not be controlled 
and, after eating several pieces of soap, she died from suffo-
cation, 1 year and 3 months after the first symptoms.

At autopsy, the brain showed necrosis of both temporal 
lobes, the cingulate gyri and the olfactory bulbs as clearly 
visible in macroscopical slices (Fig. 14.21a–c). Histologically, 
the necrosis was found to extend widely into the neigbour-
ing white matter. In HE- and LFB-stained sections, the dam-
aging effect of the herpes encephalitis was most abundant in 
the temporal lobes, especially the amygdala and the hip-
pocampal formation, the left insula and the cingulate gyri 
(Fig. 14.21d, e).
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Fig. 14.21 (a–c) Frontal slices of the brain of a case of herpes sim-
plex encephalitis; note the bilateral necrosis of the medial temporal 
lobes; (d and e) HE- and LFB-stained frontal sections of the  cerebrum, 

showing the extensive bilateral necrosis of the temporal lobe, the 
amygdala in particular, and of the cingulate gyri (courtesy Akira Hori, 
Toyohashi, Japan)
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Clinical Case 14.3 Bilateral Degeneration of the Amygdala

The amygdala is subject to bilateral degeneration in 
Urbach–Wiethe disease, a rare, autosomal recessive disor-
der that affects primarily epithelial tissue (Hofer 1973). 
This disease is also known as lipoid proteinosis and is 
characterized by thickened skin and vocal cords. In nearly 
half the patients, avascular and atrophic mineralization of 
medial temporal lobe tissue develops. Based on the clini-
cal observations in three patients (see Case report) and 
experiments in which people were imaged with fMRI 
while viewing faces of varying emotional valence, Adolphs 
et al. (1995, 1999) suggested that the amygdala is involved 
in the social appraisal of the emotional state of others, 
especially for negative emotions, but also is implicated in 
a broader spectrum of social attributions, related to value 
judgements such as trustworthiness, and other complex 
social emotions. Through its widespread reciprocal con-
nections with the neocortex, the amygdala can set the level 
of sensitivity of the individual to incoming environmental 
events, attaching emotional colour to sensory stimuli. A 
PET study of two other patients was presented by 
Markowitsch et al. (1994).

Case report: Patient SM-046, a 32-year-old woman, 
suffered from Urbach–Wiethe disease and had nearly 
complete bilateral amygdala lesions, which led to bilat-
eral calcification and atrophy of her amygdalae (Tranel 
and Hyman 1990; Adolphs et al. 1994). She has an IQ in 
the low average range and a high school education. She 
has intact visual fields and normal acuity, can read and 
write fluently, has no impairments of memory, language 
or perception but borderline olfactory recognition (Tranel 
and Hyman 1990). She has an inadequate ability to make 
decisions regarding personal and social matters and an 
inappropriate social behaviour. Faces showing fear were 
judged as less intense expressions of that emotion. She 
judged surprised and angry faces as less surprise or anger 
than did controls. MR scans showed damage restricted to 
the amygdalae, with the possible inclusion of the ante-
rior entorhinal cortex, but sparing the hippocampus 
(Fig. 14.22).

Fig. 14.22 MRIs of the brain of SM-046. From top to bottom: coro-
nal section at the level of the hippocampus; coronal section at the level 
of the amygdala; and horizontal section at the level of the amygdala. 
SM-046 has extensive and bilateral damage (arrows) restricted to the 
amygdala (from Adolphs et al. 1995; courtesy Ralph Adophs, Iowa 
City; with permission from the Society for Neuroscience)
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Structural abnormalities are found in the brains of 
schizophrenics. They affect preferentially medial temporal 
lobe structures (the parahippocampal gyrus, the hippocam-
pus and the amygdala), and are found in all subtypes of 
schizophrenia (Bogerts et al. 1985, 1993a, b; Roberts 1990; 
Powers 1999; Talbot and Arnold 2002; Fig. 14.23). These 
medial temporal lobe structures play a crucial role in the 
integration and processing of the output from the associa-
tion cortices. It seems likely that all schizophrenics have 

abnormalities in the medial temporal lobe that differ in 
degree but not in kind. Dysfunction of this system could 
result in the clinical symptoms that form the core of the 
schizophrenia syndrome (Roberts 1990). The changes in 
brain structure do not result from neurodegenerative or 
destructive lesions but suggest a disturbance in normal 
brain development (Falkai et al. 1988, 2000; Raedler et al. 
1998; Talbot and Arnold 2002; Winterer and Weinberger 
2004), such as heterotopia and laminar disorganization in 

Data for this case were kindly provided by Ralph 
Adolphs, Department of Neurology, University of Iowa 
Medical College, Iowa City, IA
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Fig. 14.23 (a) MRI of hippocampus hypoplasia in a young adult with 
schizophrenia; (b) schizophrenia-like symptoms may be due to an 
organic brain syndrome as exemplified by this MRI of a 42-year-old 

female, diagnosed as hebephrenic, and caused by a meningioma in the 
left temporal lobe (kindly provided by Bernhard Bogerts, Magdeburg)
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the parahippocampal region, especially in the entorhinal 
cortex (Jakob and Beckmann 1986, 1994; Falkai et al. 2000; 
Talbot and Arnold 2002).

Shrinkage of the parahippocampal gyrus in schizo-
phrenics was discovered by Bernhard Bogerts and collab-
orators who studied tissue sections from the Vogt Institute 
in Düsseldorf (Bogerts et al. 1985). By chance, almost all 
the brain series appropriate for volume estimation were 
from the left hemisphere. They found a 44% mean reduc-
tion in volume of the parahippocampal gyrus, a decrease 
greater than observed in any other brain structure they 
studied in the same cases such as the amygdala and the 
hippocampus (see also Bogerts et al. 1993b). More 
recently, McDonald et al. (2000) confirmed parahippocam-
pal shrinkage and, moreover, observed that the volume of 
the parahippocampal gyrus was larger in the left than in 
the right hemisphere. The normal asymmetry was reversed 
in both their male and female schizophrenic cases. In sev-
eral MRI studies, the left parahippocampal gyrus was also 
found to be smaller in schizophrenics (Becker et al. 1990; 
Shenton et al. 1992, 2001; Kawasaki et al. 1993; Ohnuma 
et al. 1997; Razi et al. 1999), even before neuroleptic 
treatment and within a few months of initial psychotic epi-
sodes (Ohnuma et al. 1997). Kreczmanski et al. (2007) 
studied volume, neuron density and total neuron number 
in five subcortical regions in schizophrenia. They found a 
reduced cell volume of the putamen and a reduced total 
neuron number in the caudate nucleus, the putamen and 
the lateral amygdala.

14.7  The Hippocampus

The term hippocampal formation is usually applied to an 
ensemble of relatively simple and cytoarchitectonically dis-
tinct structures including the dentate gyrus, the hippocampus 
proper or Ammon’s horn, the subicular complex and the ento-
rhinal cortex. The major justification for grouping them 
together is that they are functionally interconnected by a 
series of powerful associational projections (Amaral 1987). 
The arbitrariness of this definition of the hippocampal forma-
tion becomes evident, however, for the fields between the hip-
pocampal formation and the temporal neocortex. The most 
prominent of these transition areas is composed of Brodmann 
areas 35 and 36 and is known as the perirhinal cortex 
(Brodmann 1909; Van Hoesen 2002; Suzuki and Amaral 
2003a, b). But, despite the fact that the perirhinal cortex pro-
vides a major input to the hippocampal formation and in turn 
receives projections from the subiculum and the entorhinal 
cortex, it is not generally regarded as part of the hippocampal 
formation. The entorhinal cortex is the most complex and 
differentiated subdivision of the hippocampal formation. It 

largely corresponds to Brodmann areas 28a and 28b. The 
Vogts divided the human entorhinal cortex into at least ten 
different fields (Vogt and Vogt 1919). Rose (1927a, b) even 
distinguished 23 divisions of the monkey and human entorhi-
nal cortex. Amaral et al. (1987) introduced a subdivision of 
the monkey entorhinal cortex into 7 subfields. For the human 
entorhinal cortex, Braak and Braak (1992) simplified Rose’s 
subdivision. Insausti et al. (1995) subdivided the human ento-
rhinal cortex into eight subfields, based largely on their con-
nectivity as deduced from extensive research in primates 
(Insausti et al. 1987a, b; Mikkonen et al. 1997; Insausti and 
Amaral 2008; see Fig. 14.26).

Recently, the term parahippocampal region was advo-
cated (Witter 2002), defined as comprising the pre- and 
parasubiculum, the entorhinal as well as the perirhinal cor-
tices and the postrhinal (in non-primate mammals) or para-
hippocampal cortex (in primates including humans). In the 
human brain, the parahippocampal region is a cortical area 
that forms the temporal portion of the limbic lobe, spanning 
the area from the retrosplenial and posterior parts of the cin-
gulate gyrus to the temporal incisure and the limen insulae 
(Amaral and Insausti 1990; Insausti 1993; Duvernoy 1998; 
Insausti et al. 1998a; Van Hoesen 2002). Many alterations in 
the parahippocampal region have been found in neurologi-
cal and psychiatric diseases ranging from schizophrenia 
(Sect. 14.6) to AD (Sect. 14.9). The medial border of the 
parahippocampal region is always formed by the invariant 
hippocampal fissure, but its lateral boundary  varies consid-
erably because of the highly variable rhinal and collateral 
sulci. In most mammals, including monkeys and the anthro-
poid apes, the rhinal sulcus extends posteriorly and later-
ally, also providing a lateral boundary for the entorhinal part 
of the parahippocampal region (Stephan 1975). In the human 
brain, however, in 50% of over 200 specimens, a rhinal sul-
cus per se did not exist, and in its place a shallow groove or 
a mere flattening was found (Van Hoesen 1995, 2002). The 
remaining 50% had a discernible rhinal sulcus with clearly 
medial and lateral banks, although its depths may not be 
great. The long and deep collateral sulcus courses from the 
lingual region of the occipital lobe towards the temporal 
pole, spanning 12–15 cm. In many brains, it is uninterrupted 
and marks the lateral boundary of the parahippocampal 
gyrus.

14.7.1  Subdivision

The hippocampal formation or formatio hippocampi 
develops from the medial pallium (see Fig. 1.50). During 
the outgrowth of the cerebral hemispheres, first caudal-
wards and subsequently ventralwards and rostralwards, the 
retrocommissural part of the hippocampal formation 
becomes situated in the temporal lobe. Rudiments of the 
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supracommissural hippocampus can be found on the medial 
side of the hemisphere above the corpus callosum: the 
indusium griseum, a thin cell layer, flanked by the stria 
longitudinalis medialis and the stria longitudinalis latera-
lis of Lancisi. The hippocampal formation is composed of 
three, originally adjacent, cortical areas: the dentate gyrus, 
the cornu Ammonis and the subiculum (Klingler 1948; 
Stephan 1975; Braak 1980; Amaral and Insausti 1990; 
Braak et al. 1996; Duvernoy 1998). The extent of the 
human hippocampus is shown in a sagittal Weigert-stained 
section (Fig. 14.24). In Fig. 14.25, a series of six frontal 
Nissl-stained sections through the hippocampus is shown. 
For a more complete series of sections, see Duvernoy 
(1998).

The U-shaped cornu Ammonis consists of three fields 
(CA1–CA3). Within the hilus of the dentate gyrus some-
times a CA4 field is distinguished, following Lorente de 
Nó’s (1934) subdivision. Field CA4 appears to correspond 
most closely to the polymorph zone of the dentate gyrus, 
and therefore, is not a field of the hippocampus at all 
(Blackstad 1956; Amaral 1978, 1987). Since CA3 pyra-
midal cells extend far into the hilus of the dentate gyrus, 
Amaral and Insausti (1990) suggested the term CA3h (see 

also Lim et al. 1997a, b). The Roses divided the hip-
pocampus proper into five subfields H1–H5 (Rose 1927a, 
1938). Their nomenclature is still in use in neuropathol-
ogy. The H1 or CA1 field and the adjacent subiculum are 
also known as Sommer’s sector (Sommer 1880). In 
Sommer’s sector, the pyramidal cells are especially sensi-
tive to anoxia and other metabolic substances and are 
often affected in temporal lobe epilepsy (see Sect. 14.7.4). 
The C-shaped dentate gyrus is adjacent to the CA1 field, 
and is separated from the subiculum by the sulcus hip-
pocampi. The subicular complex borders on the entorhi-
nal cortex (area 28) of the mesocortical parahippocampal 
gyrus. It comprises three subdivisions: the subiculum 
proper, the presubiculum and the parasubiculum. The 
border region between the subiculum proper and the CA1 
field is also known as the prosubiculum (Lorente de Nó 
1933). The hippocampus proper (CA1–CA3) is com-
posed of three layers (Fig. 14.25): a polymorph layer (the 
stratum oriens), a pyramidal layer (the stratum pyrami-
dale) and a molecular layer, composed of the stratum 
radiatum, the stratum lacunosum and the stratum molecu-
lare. The dentate gyrus is also composed of three layers 
(Amaral et al. 2007; Seress 2007): a polymorph hilus, a 

Fig. 14.24 A sagittal section of the human brain showing the extent of the hippocampal formation (modified from a section of the Jelgersma 
Collection; with permission from the Board of the Anatomical Museum of Leiden University Medical Centre)
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Fig. 14.25 Series of six Nissl-stained frontal sections of the hippocampal 
formation. AG ambient gyrus, AM amygdala, bG band of Giacomini, 
CA cornu Ammonis, CC cauda of caudate nucleus, CGL corpus genicula-
tum laterale, DG dentate gyrus, EN entorhinal cortex, ff fimbria fornicis, 

HH head of hippocampus, ot optic tract, Put putamen, Pas parasubicu-
lum, pl plexus choroideus, Prs presubiculum, Pul pulvinar, S subiculum, 
ss semilunar sulcus, Un uncus, us uncal sulcus
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granular layer (the stratum granulosum) and a molecular 
layer (the stratum moleculare), which is continuous with 
the molecular layer of the hippocampus. The subiculum 
proper also has 3 layers: an external plexiform or molecu-
lar layer, the primary or pyramidal cell layer and a deep 
polymorph cell layer. With diffusion tensor microscopy, it 
is possible to identify the different laminae of the human 
hippocampus (Shepherd et al. 2007).

The entorhinal cortex is a multilayered cortical area 
that varies regionally in complexity (Amaral et al. 1987). 
The entorhinal territory consists of entorhinal and 
transentorhinal (German terminology) or perirhinal (Anglo-
Saxon terminology) cortical areas found over the ambient 
gyrus and the rostral part of the parahippocampal gyrus 
(Braak and Braak 1992; Insausti et al. 1995; Solodkin and 
Van Hoesen 1996; Suzuki and Amaral 2003a, b). The 
transentorhinal region is located between the proper ento-
rhinal region and the adjoining temporal isocortex, and is 
largely buried within the rhinal sulcus (Braak and Braak 
1992). The surface of the entorhinal cortex exhibits small, 
macroscopically visible wart-like elevations, the verrucae 
hippocampi (Fig. 14.25), first described by Gustav Retzius 
(Retzius 1896), that are produced by clusters of neurons in 
layer II (or layer Pre-a). In primates and humans, the ento-
rhinal cortex shows morphological modifications along 
rostrocaudal and mediolateral gradients (Amaral 1987; 
Insausti et al. 1995; Insausti and Amaral 2008). Its more 
“primitive” levels are located rostrally, below the 
amygdaloid complex. This part of the entorhinal cortex 
receives secondary olfactory projections. In monkeys, only 
about 10% of the entorhinal cortex receives a direct projec-
tion from the olfactory bulb (Turner et al. 1978; Amaral 
et al. 1987), whereas in rats and cats most of the entorhinal 
cortex receives a direct olfactory input (Kosel et al. 1981; 
Room et al. 1984). Progressing caudally, the monkey ento-
rhinal cortex becomes more clearly laminated and the cells 
are organized into distinct columns. At least six cell and 
fibre layers can be distinguished in the entorhinal cortex. 
The cortex consists of a molecular layer, an external prin-
cipal layer, a cell-sparse lamina dissecans, an internal prin-
cipal layer and, within the white matter, a profound cellular 
layer (Rose 1927a; Braak and Braak 1992). The principal 
layers can each be divided into three layers Pre-a, b, g, and 
Pri-a, b and g. In experimental studies in monkeys, how-
ever, mostly Amaral and Insausti’s (1990) subdivision into 
six layers is used, of which layer 1 is the molecular layer, 
layer 2 Pre-a, layer 3 Pre-b and Pre-g, layer 4 the lamina 
dissecans, layer 5 Pri-a, and layer 6 Pri-b and Pri-g. The 
human entorhinal cortex has been subdivided into eight 
different subfields (Insausti et al. 1995; Fig. 14.26). The 
olfactory subfield, the rostralmost field, is little laminated. 
This parcellation of the human entorhinal cortex parallels 
that in monkeys.

14.7.2  Fibre Connections

The hippocampus receives most of its input from the entorhi-
nal cortex. Through the adjacent perirhinal cortex, much corti-
cal information reaches the entorhinal cortex (Van Hoesen and 
Pandya 1975a; Van Hoesen et al. 1975). The entorhinal cortex 
projects topographically to the hippocampus, its medial and 
lateral parts innervate the rostral and caudal hippocampus, 
respectively (Insausti et al. 1987a; Witter et al. 1989; Witter 
and Amaral 1991; Witter 2007; Insausti and Amaral 2008).
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Fig. 14.26 Insausti’s subdivision of the human entorhinal cortex. cas 
collateral sulcus, EC caudal part of entorhinal cortex, ECl caudolateral 
part, EL Elc ELr lateral part and caudal and rostral subdivisions, EMi 
middle part, EO olfactory part, ER rostral part (after Insausti et al. 1995)
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Intrinsic connections. The major intrinsic connections 
of the hippocampus are summarized in Fig. 14.27. The 
superficial cell clusters in the entorhinal cortex give rise to 
the perforant path, which innervates the granule cells of 
the dentate gyrus (Van Hoesen and Pandya 1975b; Witter 
and Groenewegen 1984; Witter 2007; Kondo et al. 2008, 
2009). Mossy fibres from the granule cells excite the pyra-
midal cells in the CA3 field, which in turn, via the Schaffer 
collaterals, innervate the pyramidal cells in CA1. A direct 
projection from CA1 to the entorhinal cortex closes this tri-
synaptic, basic circuit of the hippocampus. Witter and 
Amaral (1991) studied the entorhinal input to the various 
parts of the hippocampal formation (Fig. 14.28). Different 
portions of the entorhinal cortex project to different regions 
of the dentate gyrus: the medial portion of the entorhinal 
cortex projects to the rostral dentate gyrus; the intermediate 
portion of the entorhinal cortex projects to the intermediate 

dentate gyrus; and the lateral portion of the entorhinal cortex 
projects to the caudal dentate gyrus. Lim et al. (1997a, b) 
studied the intrinsic connections of the human hippocampal 
formation in in vitro slice preparations from tissue removed 
during surgery for intractable epilepsy. The human mossy 
fibre pathway shows little difference from that in monkeys. 
Although this simplified circuit diagram represents the hip-
pocampal formation as a closed loop, all of the hippocam-
pal fields, except for the dentate gyrus, give rise to extrinsic 
connections as well. The hippocampus projects to the lat-
eral septal nuclei, whereas the subicular complex projects 
to the amygdaloid complex, the septal complex, the nucleus 
accumbens, the anterior thalamus, the mammillary com-
plex and several cortical fields. The perforant path has also 
been visualized with DTI (Kalus et al. 2006; Augustinack 
et al. 2010).

Extrinsic connections. Until the mid-1970s, the prevail-
ing view of the extrinsic connections of the hippocampal 
formation was that the hippocampus receives sensory infor-
mation from a variety of cortical regions, and that the hip-
pocampus funnels this sensory information through the 
fornix to the mammillary body, where it can generate appro-
priate emotional responses (Papez 1937). The application of 
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Fig. 14.27 Intrinsic circuitry hippocampal formation. CA1-CA3 cornu 
Ammonis fields (in light red), Ctx cortex, DG dentate gyrus (in red), EN 
entorhinal cortex (in light grey), F fornix, pp perforant path, SUB subic-
ulum (after ten Donkelaar et al. 2007b)
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Fig. 14.28 Summary diagram representing the differential laminar 
origin in the entorhinal cortex (EN) of the projections to the hippocam-
pal subfields. The projections from layer II (cell islands) are shown in 
red, whereas the projections from layers II and VI to the dentate gyrus 
(DG) and the projections from layers III and V to CA1 and the subicu-
lum (Sub) are represented by different shading. Other abbreviations: 
CA1–CA3 cornu Ammonis fields, Pas parasubiculum, Prs presubicu-
lum (after Witter and Amaral 1991)
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tract-tracing techniques to the circuitry of the hippocampal 
formation showed that the subiculum, rather than the hip-
pocampus proper, gives rise to the postcommissural fornix to 
the mammillary complex (Swanson and Cowan 1975, 1977; 
Amaral 1987; Amaral and Insausti 1990). The hippocampus 
proper gives rise to the precommissural fornix to the septal 
complex. The fornix is not the sole output pathway of the 
hippocampal formation. Both the subiculum and the entorhi-
nal cortex project to neighbouring cortices such as the per-
irhinal cortex and the parahippocampal gyrus and to more 
distant regions such as the orbitofrontal cortex. In the pri-
mate hippocampal formation, the subiculum and the entorhi-
nal cortex receive projections from several regions of the 
temporal, frontal and parietal lobes as well as from the 
insula. The dentate gyrus and the hippocampus proper 
receive little or no direct cortical input.

Subcortical afferents. All fields of the hippocampal 
formation receive a variety of afferent subcortical projec-
tions. Most prominent among the subcortical structures 
that project to the hippocampal formation are the septal 
complex and the supramammillary area (Amaral and 
Cowan 1980; Insausti et al. 1987b). The amygdaloid 
complex also projects to several fields of the hippocam-
pal formation but mainly to the subicular complex and 
the entorhinal cortex (see Sect. 14.5.3 and Fig. 14.16). 
The septohippocampal projection is at least partly cho-
linergic (Mesulam et al. 1983; Wainer et al. 1985; de 
Lacalle et al. 1994). The medial septal nucleus and the 
nucleus of the diagonal band give rise to the cholinergic 
innervation of the hippocampal formation. Many cells, 
especially within the medial septal nucleus, that project 
to the hippocampal formation are non-cholinergic. Septal 
projections pass largely via the fornix. The major hypo-
thalamic projection to the hippocampal formation arises 
from large cells around the mammillary nuclei in the 
supramammillary area (Amaral and Cowan 1980; Veazey 
et al. 1982; Insausti et al. 1987b). These project to the 
hippocampal formation through the fornix as well as 
through a ventral route. The medial and lateral mammil-
lary nuclei receive a prominent projection from the subic-
ular complex. Thalamic projections to the hippocampal 
formation arise in all divisions of the anterior thalamic 
complex and the associated lateral dorsal nucleus (Amaral 
and Cowan 1980). Brain stem inputs to the hippocampal 
formation arise in the midbrain, pontine and medullary 
reticular formation, the VTA of Tsai, the periaqueductal 
grey and the dorsal tegmental nucleus of Gudden. The 

most prominent brain stem projections to the hippocam-
pus arise in the locus coeruleus (Lindvall and Björklund 
1974; Pasquier and Reinoso-Suarez 1977) and in the 
raphe nuclei (Conrad et al. 1974; Moore and Halaris 
1975; Köhler and Steinbusch 1982). These noradrenergic 
and serotonergic nuclei project to most of the hippocam-
pal fields, most densely to the dentate gyrus. The hip-
pocampal projection from the VTA is dopaminergic 
(Swanson 1982).

Subcortical efferents. The fornix is the most distinct 
hippocampal efferent system, through which various regions 
of the hippocampal formation project to subcortical struc-
tures. In humans, the fornix contains some 1.2 million fibres 
(Powell et al. 1957), in monkeys about 0.5 million (Daitz and 
Powell 1954). The precommissural fornix, which mainly 
innervates the lateral septal nucleus, arises predominantly 
from cells of the hippocampus proper and to a lesser extent 
from the subiculum (Siegel et al. 1974, 1975; Swanson and 
Cowan 1977). CA3 cells project bilaterally to the septal 
complex and are the same cells that give rise to the Schaffer 
collaterals to CA1 and to the commissural projections to the 
contralateral hippocampus (Swanson et al. 1981). The subic-
ulum and the entorhinal cortex also project to the nucleus 
accumbens, the caudate nucleus and the putamen (Swanson 
and Cowan 1977; Groenewegen et al. 1982; Kelley and 
Domesick 1982; Sørensen 1985). The subicular complex, 
rather than the hippocampus proper, is the origin of the post-
commissural fornix (Swanson and Cowan 1975). This fibre 
bundle arises mainly in the presubiculum and innervates the 
anteromedial, anteroventral and laterodorsal thalamic nuclei 
(Saunders et al. 2005). Fibres from both the subiculum 
and the presubiculum innervate the mammillary complex 
(Simpson 1952; Raisman et al. 1966; Chronister et al. 1975; 
Meibach and Siegel 1975; Swanson and Cowan 1975, 1977; 
Rosene and Van Hoesen 1977; Irle and Markowitsch 1982). 
Some anatomical variants of the human fornix were described 
by Hori (1997; Hori and Stan 2004). In Clinical case 14.4, 
transneuronal atrophy of the mammillary body following 
lesions of the hippocampus is shown. In Clinical case 14.5, 
a case of diffuse infiltrative growth along hippocampal pro-
jections is shown.

Commissural connections. Although Ramón y Cajal 
(1909–1911) and Lorente de Nó (1934) were quite aware of 
the prominent hippocampal commissures, their organization 
was not unravelled until Theodor Blackstad’s studies with 
the Nauta technique in rats (Blackstad 1956). He demon-
strated a massive commissural system that interconnects 



664 14 The Limbic System

most of the fields of the two sides of the hippocampal forma-
tion, composed of ventral and dorsal hippocampal commis-
sures also known as the ventral and dorsal psalterium. In 
monkeys, only the dorsal hippocampal commissure is pres-
ent, which connects the rostral (uncal) part of the hippocam-
pus and the associated part of the dentate gyrus with the other 
side (Amaral et al. 1984; Demeter et al. 1985, 1990). The 
marked reduction of the ventral hippocampal commissure in 
primates has led to the generalization that the human hip-
pocampal commissures are vestigial and non-functional. 
Especially, evoked potential studies in epileptic patients with 
depth electrodes implanted bilaterally in medial temporal 
structures have suggested this absence (Wilson et al. 1990, 
1991). In the human hippocampus, however, Gloor et al. 
(1993) showed that the dorsal hippocampal commissure is 
rather well developed and crosses the midline under the ros-
tral portion of the splenium and the caudal part of the body 
of the corpus callosum.

Cortical projections. Gary Van Hoesen and co-work-
ers extensively described the connections of the entorhi-
nal cortex in macaque monkeys (Van Hoesen and Pandya 
1975a, b; Van Hoesen et al. 1975; Van Hoesen 2002). 
From their anterograde degeneration studies, they con-
cluded that all major fields of the temporal lobe, except 
the superior temporal gyrus (area TA), project to the per-
irhinal cortex and to the portion of the entorhinal cortex 
that lines the medial bank of the rhinal sulcus (their pro-
rhinal cortex). These two regions in turn were found to 
project to more medial divisions of the entorhinal cortex. 
Moreover, the entorhinal cortex was found to receive pro-
jections from the caudal parahippocampal gyrus (areas 
TF and TH) and from the caudal orbitofrontal cortex. In a 
retrograde tracer study, Insausti et al. (1987a) identified 
several additional cortical fields that project directly to 
the entorhinal cortex. In Macaca fascicularis, they found 
retrogradely labelled cells in several areas of the frontal 
and temporal lobes, the insula and the cingulate cortex 
(Fig. 14.29). Therefore in monkeys, substantial sensory 
information converges onto the entorhinal cortex through 
its connections with the perirhinal and parahippocampal 
cortices (Van Hoesen and Pandya 1975a, b; Insausti et al. 
1987a; Suzuki and Amaral 1994a; Ding et al. 2000; 
Kobayashi and Amaral 2003, 2007; Insausti and Amaral 
2008). Polymodal association input is provided primarily 
by the parahippocampal cortex. This cortex receives its 

primary input from caudal visual association areas as well 
as from visuospatial areas. It receives additional heavy 
inputs from the retrosplenial cortex and from the polysen-
sory regions located on the dorsal bank of the superior 
temporal gyrus. This situation is much the same in rodents 
(Burwell and Amaral 1998; Burwell and Witter 2002).

Cortical projections to the entorhinal cortex generally 
have spatially restricted terminal fields within the entorhi-
nal cortex (Insausti and Amaral 2008). Although the projec-
tions arising from each cortical region terminate in more 
than one layer of the entorhinal cortex, the layer with the 
heaviest density of fibre and terminal labelling varies con-
siderably. Some cortical areas terminate predominantly in 
layers I–III that contain most of the neurons giving rise to 
the perforant path projections. Other cortical areas termi-
nate predominantly within layers V and VI that give rise to 
the major cortical and subcortical projections of the ento-
rhinal cortex. There exists a rather extensive network of 
intrinsic connections within the entorhinal cortex (Chrobak 
and Amaral 2007).

Rosene and Van Hoesen (1977) showed that the monkey 
subicular complex projects to several non-hippocampal 
fields, including the perirhinal cortex, the caudal cingulate 
gyrus and medial frontal and medial orbitofrontal cortices. 
More recent studies showed that CA1 also participates in 
the non-entorhinal neocortical output of the hippocampal 
formation (Barbas and Blatt 1995; Blatt and Rosene 1998; 
Yukie 2000). The monkey entorhinal cortex also innervates 
various cortical fields, including the perirhinal cortex, the 
cortex of the temporal pole, the caudal parahippocampal 
gyrus and the caudal cingulate gyrus (Baleydier and 
Mauguière 1980; Kosel et al. 1982; Suzuki and Amaral 
1994a, b; Lavenex et al. 2002). Through these connections, 
the hippocampal formation is able to influence the associa-
tion areas of the temporal, parietal, occipital and frontal 
lobes (Van Hoesen 1982). Specifically, the parahippocam-
pal gyrus has been shown to project to area 19 of the prestri-
ate cortex and to area TE of the temporal lobe (both visual 
association areas), to the cortex of the superior temporal 
gyrus (area TA, an auditory or polysensory area) and to 
parts of the parietal cortex that subserve somatosensory and 
visual modalities (Fig. 14.30). The parahippocampal gyrus 
also projects to the cingulate cortex, the medial frontal cor-
tex and to areas 9 and 46 of the dorsolateral frontal cortex 
(Van Hoesen 1982).
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Fig. 14.29 (a and b) Summary 
diagrams of the major cortical 
projections to the subdivisions of the 
monkey entorhinal cortex. The 
orbitofrontal and insular cortices tend to 
project to rostral levels of the entorhinal 
cortex, whereas the cingulate cortex and 
the superior temporal gyrus project 
more heavily to caudal regions. The 
various subdivisions of the perirhinal 
and parahippocampal cortices project 
more widely within the entorhinal 
cortex. CG cingulate gyrus, Ec-Er 
subdivisions of entorhinal cortex, IN 
insula, OF orbitofrontal cortex, PH 
parahippocampal gyrus, PR perirhinal 
cortex, STG superior temporal gyrus 
(after Insausti et al. 1987a)

14.7.3  Some Functional Aspects

The activation of the hippocampus involves a trisynaptic uni-
directional circuit which originates in the entorhinal cortex. 
The entorhinal cortex receives inputs from cortical associa-
tion areas, subcortical structures, brain stem nuclei and other 
limbic structures, and projects to dentate granule cells via the 
perforant path (see Fig. 14.27). The next station of the circuit 
is a connection between the dentate granule cells and CA3 
pyramidal cells via the mossy fibres. The CA3 pyramidal 
cells are in turn in synaptic contact via the Schaffer collater-

als with CA1 pyramidal cells, which finally send their 
axons to the alveus and fimbria (Amaral and Insausti 1990). 
Glutamate is the neurotransmitter at these three excitatory 
synapses. The trisynaptic circuits seem to be organized in 
functional, thin parallel sections or lamellae, which are ori-
ented perpendicular to the long axis of the hippocampus 
(Andersen et al. 1971, 2000). The mossy fibre projection 
from the dentate granule cells to the CA3 pyramidal cells has 
a strictly lamellar distribution (Blackstad 1956). Extensive 
longitudinal association pathways have been demonstrated 
between the horizontal sections (Amaral and Witter 1989; 



666 14 The Limbic System

22

46 19

9

46

22
21

19

7

2424

32

2525

Sub
Sub

1313

38
38

2828

3535

TF 20

19TH
5151

2323
7

7

7

19

20TF

TH

9

a b

Fig. 14.30 Afferent (a) and efferent (b) projections of the parahippocampal gyrus. Sub subiculum, TF TH temporal cortical areas, numbers refer 
to Brodmann areas (after Van Hoesen 1982)

Clinical Case 14.4 Anterograde Transneuronal 

Atrophy of the Mammillary Body

Ipsilateral transneuronal atrophy of the mammillary body 
by a primary lesion of the hippocampal formation has been 
described by Schubert and Friede (1979). Two cases of 
transneuronal unilateral mammillary atrophy are presented 
as Case reports. The causative lesion was found not only 
in the hippocampus but also in the fornix, suggesting that a 
lesion of part of the Papez circuit may cause anterograde 
transneuronal mammillary degeneration. A unilateral lesion 
of the mammillothalamic bundle of Vicq d’Azyr may result 
in retrograde degeneration and atrophy of the ipsilateral 
mammillary body (see Chap. 13).

Case report 1: An 84-year-old male, known with a 
brain infarction with right hemiparesis 6 years before, suf-
fered acute myocardial infarction. Cardiac catheter exami-
nation revealed right ventricular hypertension. Because of 
septum rupture he died. At autopsy, a large infarction in 
the territory of the left posterior cerebral artery was found 
that resulted in extensive necrosis of the posterior portion 

of the left hemisphere, including the hippocampal forma-
tion (Fig. 14.31a, b). This led to atrophy of the left mam-
millary body (Fig. 14.31c).

Case report 2: A 58-year-old male was admitted two 
months prior to his death because of acute desorientation, 
somnolence and vomiting. Moreover, he had pancreatic 
insufficiency with diarrhoea, for which he received gastric 
tube nutrition. He had several periods of high fever and 
died of pneumonia. At autopsy, apart from a focal purulent 
pneumonia, generalized arteriosclerosis and unspecific 
colitis, atrophy of the pituitary and adrenal glands was 
found. Neuropathological examination of the brain revealed 
a fornix infarct that had led to unilateral atrophy of the 
mammillary body (Fig. 14.31d, e).

Selected Reference

Schubert T, Friede RL (1979) Transneuronal mamillary atrophy. 
J Neurol 221:67–72
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Fig. 14.31 (a–c) Atrophy of the left mammillary body (c) following a large infarct in the territory of the left posterior cerebral artery (a and b); 
(d and e) unilateral atrophy of the left mammillary body following a fornix infarct (courtesy Akira Hori, Toyohashi, Japan)
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Clinical Case 14.5 Diffuse Infiltrative Growth 

Along Hippocampal Projections

The main fibre connections of the hippocampal formation 
can sometimes be demonstrated by diffuse infiltrative 
growth of a glioblastoma along these tracts as shown in the 
Case report.

Case report: A 77-year-old male, known with a rapidly 
progressing dementia syndrome, possibly vascular in origin, 
died after sepsis and pneumonia. Although his brother died 
under a similar picture, in this case the post-mortem find-
ings were quite surprising. Neuropathological examination 
of the brain showed a diffuse infiltrative glioblastoma 

 multiforme, in particular in the left parieto-occipitotempo-
ral region (Fig. 14.32b, e). The tumour had spread to the 
occipital lobe, via the psalterium to the contralateral hip-
pocampus, via the fornix (Fig. 14.32a, c) and along the 
indusium griseum (Fig. 14.32d). The left fornix was greatly 
enlarged as far as the level of the anterior commissure 
(Fig. 14.32a, c). Microscopically, apart from the glioblas-
toma, the hippocampus and the adjacent neocortex showed a 
rather large number of neuritic plaques (NPs) with amyloid 
deposits as well as amyloid angiopathy.

This case was kindly provided by Pieter Wesseling 
(Department of Pathology, Radboud University Nijmegen 
Medical Centre).

Fig. 14.32 Diffuse infiltritative growth of a glioblastoma along hippocampal projections: (a, b) macroscopy; (c–e) details (courtesy Pieter 
Wesseling, Nijmegen)



66914.8 Memory and Memory Disorders

Kondo et al. 2008), although the GABAergic lateral inhibi-
tion from basket cells keeps these transverse hippocampal 
lamellae functionally separated (Sloviter 1994; Sloviter and 
Brisman 1995). Numerous local hippocampal circuits regu-
late and inhibit the main excitatory trisynaptic circuit. One of 
these is formed by the basket cells, i.e. GABAergic interneu-
rons found in the stratum oriens of the hippocampus proper 
and in the molecular and polymorph layers of the dentate 
gyrus (Lorente de Nó 1934; Amaral and Insausti 1990; 
Freund and Buzsaki 1996).

14.7.4  Temporal Lobe Epilepsy

The hippocampal formation is severely affected in temporal 
lobe epilepsy or TLE (Hanover and Meldrum 1996; Van 
Paesschen and Révész 1998; de Lanerolle et al. 2003; see 
Clinical case 14.6). This most common form of epilepsy 
was first associated with damage to the hippocampal forma-
tion by Sommer (1880), who conducted a post-mortem 
microscopic examination of a brain from a long-term epi-
leptic patient. In 1825, Bouchet and Cazauveilh had already 
described sclerotic atrophy of medial temporal lobe struc-
tures in the brains of  epileptic individuals (Van Paesschen 
and Révész 1998). Sommer noted a dramatic loss of neu-
rons in the hippocampal formation that was relatively selec-
tive and involved a region that is now known as CA1 and 
part of the subiculum (the vulnerable or Sommer’s sector). 
In approximately two-thirds of the cases of TLE, the hip-
pocampal formation is the only structure that shows patho-
logical modifications (Cavanagh et al. 1958; Hanover and 
Meldrum 1996; Van Paesschen et al. 1997; Van Paesschen 
and Révész 1998; de Lanerolle et al. 2003). Cell loss is most 
consistently found in the CA1 field of the hippocampus 
(Fig. 14.33a, b), but in many cases cell loss was also 
observed in the dentate gyrus, CA3 and part of the subicu-
lum adjacent to CA1 (Mouritzen Dam 1982; Babb et al. 
1984). The CA2 field is usually preserved and is also known 
as the resistant or Spielmeyer’s sector (Spielmeyer 1927), 
whereas the remainder of the hippocampal formation (the 
presubiculum, the parasubiculum and the entorhinal cortex) 
seems also much less susceptible to damage. A considerable 
portion of patients with TLE show alterations in the laminar 
organization of the granule cells of the dentate gyrus (Houser 
1990; Houser et al. 1992). The granule cell layer is wider 
than normal or may appear duplicated (Fig. 14.33c). The 
dispersed granule cells extend into the molecular layer to a 
variable degree and the boundaries of the layers become 
indistinct. Another consistent feature of hippocampal scle-
rosis is the extensive, aberrant mossy fibre innervation of 

the dentate gyrus. This can be demonstrated by Timm his-
tochemistry (Babb et al. 1991; Van Paesschen and Révész 
1998; Fig. 14.33d, e) and dynorphin immunohistochemistry 
(Houser et al. 1990; Maglóczky and Freund 2005; Sutula 
and Dudek 2007). This mossy fibre sprouting may contrib-
ute to seizure onsets in damaged human epileptic hip-
pocampi (Van Paesschen and Révész 1998; Dudek and 
Sutula 2007). Seizure activity influences dentate granule 
cell neurogenesis (Parent 2007).

In some cases of long-term epilepsy, cell loss is so strik-
ing that the gross appearance of the hippocampus is shrunken 
for which the term Ammon’s horn sclerosis is used (Bruton 
1988; Hanover and Meldrum 1996; Van Paesschen et al. 
1997; Van Paesschen and Révész 1998; Blümcke et al. 
2002; Thom et al. 2002), detectable by MRI (Kuzniecky 
et al. 1987; Hogan et al. 2000). For cellular changes, see 
Blümcke et al. (1999) and Thom et al. (2002). Sclerosis 
confined to the dentate gyrus is defined as endfolium scle-
rosis (Bruton 1988). Amygdaloid sclerosis may occur in the 
absence of hippocampal sclerosis (Hudson et al. 1993; Wolf 
et al. 1997; Thom et al. 1999).

14.8  Memory and Memory Disorders

Vladimir Bechterew was among the first to suggest that mem-
ory impairment could occur following damage to the medial 
temporal lobe (Bechterew 1900). In a 60-year-old male patient 
who had suffered from severe memory problems during 
the last 20 years of his life, he found bilateral softening of the 
medial temporal lobe covering an area that included the 
amygdaloid complex and the hippocampal formation. Half a 
century later, the first case reports were published on vascular 
accidents that bilaterally damaged the hippocampal formation 
and the parahippocampal gyrus (Grünthal 1947; Glees and 
Griffith 1952), and in 1954, William Scoville described a 
patient (HM) with severe anterograde amnesia resulting from 
bilateral surgical removal of the anterior medial temporal lobe 
that was intended to ameliorate intractable epilepsy (Scoville 
1954). In more recent studies of human amnesia and of ani-
mal models in rodents and monkeys, the anatomical compo-
nents of the neural system for memory have been identified in 
the medial temporal lobe (Markowitsch and Pritzel 1985; 
Squire 1987; Squire and Zola-Morgan 1991). This system 
consists of the hippocampus and adjacent closely related cor-
tices, including the entorhinal, perirhinal and parahippocam-
pal cortices. These structures, most likely by virtue of their 
widespread and reciprocal connections with neocortical struc-
tures (Sect. 14.7.2), are essential for long-term memory for 
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Fig. 14.33 (a and b) Cresylviolet/LFB-stained sections of the hip-
pocampus in a normal control (a) and a case of hippocampus sclerosis 
of the CA1-field (b); (c) granule cell dispersion in the dentate gyrus with 
a bilaminar pattern (cresylviolet/LFB-stain); (d and e) Timm-stained 

sections of a case of hippocampus sclerosis with extensive mossy fibre 
sprouting in the molecular layer (d) versus a control without mossy fibre 
sprouting (e). These photomicrographs were kindly provided by Maria 
Thom (London)

a b

c ed

Clinical Case 14.6 Temporal Lobe Epilepsy (TLE)

Temporal lobe epilepsy (TLE), is also known as psycho-
motor epilepsy, a term which emphasizes the psychic and 
motor accompaniments of disruption during the seizure. 
The main pathological abnormality is hippocampal or 
Ammon’s horn sclerosis (see Fig. 14.33). This may affect 
part or most of the hippocampus, unilaterally or bilater-

ally, in which gliosis and neuronal loss are present (Van 
Paess chen and Révész 1998; Thom et al. 2002). The 
pathology is maximal in the CA1 and subiculum regions, 
the so-called Sommer sector of the hippocampus. 
Hippocampal pathogenesis is still not understood but it is 
known to be associated with infantile convulsions 
(Blümcke et al. 2002), a herald in many cases to the later 
development of a localization-related epilepsy (TLE). 
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Hippocampal epilepsies account for some 70% of TLE, 
other noteworthy pathologies are tumours and vascular 
abnormalities such as angiomas. Dysem bryoplastic neu-
roepithelial tumours (DNET) may arise in the temporal 
lobe of children and young adults (Daumas-Duport et al. 
1988). These patients frequently present with a long-term 
intractable epilepsy (Schijns et al. 2010; see Case 
report).

Case report: A 61-year-old man presented with chronic 
intractable seizures since the age of four. He was found to 
have complex partial seizures arising from the left tempo-
ral lobe. The seizures started with an unforced, non-versive 
head turning to the left, followed by a dystonic posturing 
of the right hand. Impairment of consciousness and appre-
hension together with dysphagia occurred. Postictally, the 
dysphagia continued, and frequently there was nosewiping 
with the left hand. When the patient was considered a can-
didate for surgery, he had 1–2 seizures a month with a 
duration of 1 min. His medical and family histories were 
negative for epilepsy-associated risk factors. Neurological 
examination revealed no abnormalities. A 3 Tesla-MRI 
showed a partially cystic and partially solid cortical lesion 
in the medial and superior temporal gyri of the left anterior 
temporal lobe (Fig. 14.34a). Ictal and interictal EEG 
showed an epileptic focus in the left temporal lobe congru-
ent with the clinical semiology and the lesion on MRI. 
Surgical treatment  consisted of an awake craniotomy with 
a maximal left-sided temporal lobectomy plus amygdalo-
hippocampectomy and gross-total lesionectomy. The his-
tological diagnosis was a mixed ganglioglioma-DNET, 
WHO grade I (Fig. 14.34b, c). During the first two postop-
erative weeks, the patient had mixed speech disturbances 
most probably due to manipulation-induced oedema. Three 
weeks after the operation, these disturbances had disap-
peared. Twelve months after the operation, the patient is 
seizure-free.

This case was kindly provided by Olaf Schijns and Martin 
Lammens (Departments of Neurosurgery and Pathology, 
University Hospital Maastricht, The Netherlands).
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Fig. 14.34 (a) 3T-MRI of a partially cystic and partially solid corti-
cal lesion in the medial and superior temporal gyri of the left anterior 
temporal lobe (courtesy Olaf Schijns, Maastricht); (b and c) tumour 
with double components: (b) ganglioglioma composed of glial and 
disseminated neuronal cells with an important lymphocytic infiltrate; 
(c) a component resembling DNET with a mixture of several cell 
types including rows of oligodendroglia-like cells around a myxoid 
zone (in the middle; courtesy Martin Lammens, Nijmegen)
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facts and events (declarative memory). The medial temporal 
lobe memory system is needed to bind together the distrib-
uted storage sites in the neocortex that represent a whole 
memory. The role of this system is only temporary: as time 
passes after learning, memory stored in the neocortex gradu-
ally becomes independent of medial temporal lobe structures 
(Squire 1987; Squire and Zola-Morgan 1991; Squire and 
Bayley 2007). The posterior parietal cortex is often activated 
during memory retrieval (Cabeza et al. 2008).

Amnesia has diverse aetiologies, including closed head 
injuries, thiamine deficiency, cerebral anoxia, herpes enceph-
alitis, AD, ischaemic infarcts in the territory of the posterior 
cerebral artery or injury to the diencephalon. Some examples 
are shown in Clinical cases 14.7 to 14.11. An amnesic syn-
drome has two components: (1) an anterograde amnesia or 
inability to learn new information and (2) a retrograde amne-
sia or inability to recall information learned prior to the onset 
of the syndrome.

14.8.1  A Taxonomy of Memory

Three distinctions are usually made to describe memory 
(Squire 1987; Fig. 14.35): (1) a distinction between pri-
mary, working or short-term (recent) memory and long-
term (remote) memory; (2) a distinction between declarative 
and procedural memory, i.e. memory for facts and episodes, 
and memory for skills and other cognitive operations, 
respectively; (3) a subdivision of declarative memory into 
episodic and semantic memory. The distinction between 
declarative and procedural memory is based on the study of 
chronic global amnesia, a neurological syndrome charac-

terized by profound and pervasive deficits in learning and 
memory. Declarative memory is directly accessible to 
conscious recollection and concerns the facts and data 
acquired as the result of engaging in information process-
ing. Declarative memory can be expressed in either short-
term or long-term memory. By contrast, procedural 
memory is not accessible in memory as specific time-and-
place events but concerns skills and other cognitive opera-
tions. Procedural memory can be further subdivided into 
several categories such as motor skill learning, cognitive 
skill learning, priming and simple classic conditioning. 
Declarative memory can be further subdivided into episodic 
and semantic memory (Tulving 1972). Episodic memory 
refers to memory for the events in an individual’s past and 
accumulates as an individual’s autobiography (Squire 
1987). Semantic memory refers to one’s knowledge about 
the world. It represents facts, concepts, vocabulary and 
other organized information. Tulving and Markowitsch 
(1998) view episodic memory as an extension of semantic 
memory.

14.8.2  Brain Regions Damaged in Amnesia

Human amnesia can occur after damage to two regions of 
the brain, the medial temporal region and the diencephalic 
midline. The medial temporal region was first clearly 
linked with amnesia in the classic surgical case HM 
[Scoville 1954; Scoville and Milner 1957; for clinical 
course and neuropsychological findings, see Milner et al. 
(1968), Milner (1972), and Corkin (1984); for MRIs, see 
Corkin et al. (1997)]. Amnesia after damage to this region 
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has also been documented in cases of viral encephalitis 
(Rose and Symonds 1960; Damasio et al. 1985a), posterior 
cerebral artery occlusion (Benson et al. 1974) and after 
anoxia or ischaemia (Volpe and Hirst 1983; Zola-Morgan 
et al. 1986). The midline diencephalic region was first 
linked with amnesia by Sergei Korsakov in his clinical and 
neuropathological studies of the syndrome associated with 
thiamine deficiency named after him (Korsakoff 1889). In 
1881, Carl Wernicke had described a syndrome (Wernicke 
encephalopathy; see Clinical case 14.7) with similar aeti-
ology but related to nystagmus, confusion and ataxia that 
are sometimes associated with the Korsakoff syndrome 
(Wernicke 1881). Subsequent neuropathological studies of 
this syndrome have focussed on damage to the mammillary 
nuclei and the mediodorsal thalamic nucleus (Victor et al. 
1971; Brion and Mikol 1978; Mair et al. 1979). Diencephalic 
amnesia was also observed in patients with third ventricle 
tumours (Williams and Pennybacker 1954; McEntee et al. 
1976), infarctions involving the paramedian artery (Michel 
et al. 1982; Speedie and Heilman 1982, 1983; Winocur 
et al. 1984; von Cramon et al. 1985; Bogousslavsky et al. 
1988; Graff-Radford et al. 1990; van der Werf 2000; van 
der Werf et al. 2000, 2003; Schmahmann 2003; Carrera and 
Bogousslavsky 2006) and after accidental trauma (Teuber 
et al. 1968; Lehtonen 1973; Squire and Moore 1979; Dusoir 
et al. 1990).

The idea that the mammillary nuclei are important in the 
etiology of diencephalic amnesia is based largely on the fact 
that the mammillary body, its medial nucleus in particular, is 
consistently damaged in Korsakoff syndrome (e.g., Grünthal 
1939; Gruner 1956; Malamud and Skillicorn 1956; Kahn and 
Crosby 1972; Lehtonen 1973; Mair et al. 1979; Vann and 
Aggleton 2004; see Clinical case 14.8). Yet, in all those cases 
the mammillary nuclei were not the only site of damage. 

Victor et al. (1971) emphasized the role of the mediodorsal 
nucleus in their classic monograph on the Wernicke–
Korsakoff syndrome. They identified five cases in which the 
mammillary nuclei were damaged without obvious memory 
loss. All the cases in their series with memory loss had lesions 
of the mediodorsal thalamic nucleus in addition to damage to 
the mam millary nuclei. Studies in monkeys showed that mid-
line thalamic lesions can cause a severe amnesia that shows 
many of the characteristics of human diencephalic amnesia 
(Aggleton and Mishkin 1983a). The midline thalamic lesions 
included the anterior nucleus, the midline nuclei, the mam-
millothalamic tract of Vicq d’Azyr and the anterior portion of 
the mediodorsal nucleus. Moreover, as a result of damage to 
the anterior thalamic nucleus and the mammillothalamic 
tract, there was some retrograde degeneration of the mam-
millary nuclei. Subsequent studies showed that damage to 
the anterior portion of the mediodorsal nucleus and adjacent 
midline nuclei, without damage to the anterior nucleus and 
without degeneration of the mammillary nuclei, produces a 
moderate memory impairment and therefore contributes to 
the severe deficit produced by the larger midline lesions 
(Aggleton and Mishkin 1983b). Following lesions of the pos-
terior portion of the mediodorsal nucleus, monkeys were 
more impaired than after anterior mediodorsal lesions (Zola-
Morgan and Squire 1985). These findings show that damage 
to the mediodorsal nucleus alone is sufficient to produce an 
appreciable memory deficit. In monkeys, mammillary lesions 
also cause a memory impairment (Aggleton and Mishkin 
1985), but milder than the impairment after lesions of the 
mediodorsal nucleus (Aggleton and Mishkin 1983b; Zola-
Morgan and Squire 1985). In a human case, Kapur et al. 
(1996) found anterograde but not retrograde memory loss 
following combined mammillary body and medial thalamic 
lesions. Using unbiased stereological techniques, Harding 
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et al. (2000) compared patients with Korsakoff syndrome, 
Wernicke syndrome and alcoholism. They found that anterior 
thalamic nucleus pathology was the best predictor of memory 
loss. Medial mammillary pathology was found in both 
Korsakoff and Wernicke cases, and was not specifically 
linked with amnesia.

Two bizarre cases with damage to the mammillary bodies 
should be mentioned. In the first case, NA, a miniature fenc-
ing foil was pushed up his right nostril, resulting in bilateral 
loss of the mammillary bodies and more dorsal damage in 
the left thalamus (Teuber et al. 1968; Squire et al. 1989). He 
suffered from a marked anterograde amnesia. The second 
case, BJ, had a snooker cue pushed up his left nostril (Dusoir 
et al. 1990), resulting in bilateral damage to his mammillary 
bodies and some additional damage to adjacent hypotha-
lamic nuclei such as the supramammillary nuclei, the mam-
millothalamic tract and the pituitary. The pattern of memory 
loss of BJ was similar to that of NA. Moderate anterograde 
amnesia has also been described after tumour-associated 
damage to the region of the mammillary bodies (Tanaka et al. 
1997; Hildebrandt et al. 2001).

The existence of medial temporal amnesia became evi-
dent in the 1950s when bilateral resections of the medial 
temporal region were carried out in a series of patients in an 
effort to relieve intractable epilepsy (Scoville and Milner 
1957). The well-known HM was one of the two patients to 
sustain the largest of these resections, which extended poste-
riorly along the medial surface of the temporal lobes for a 
distance of 8 cm and included the amygdala, the uncus, the 
parahippocampal gyrus and the anterior two-thirds of the 
hippocampus. HM developed a severe and long-lasting 
amnesia as the result of the neurosurgery (Milner et al. 1968; 
Milner 1972; Corkin 1984). MRI findings were published in 
1997 (Corkin et al. 1997; see Clinical case 14.9). Two other 
patients (PB and FC) also developed severe amnesia after 
equally extensive resections of the left temporal lobe 
(Penfield and Milner 1958). For patient PB, the presumed 
pre-existing pathology was confirmed at autopsy in the right 
temporal lobe (Penfield and Mathieson 1974). The tradi-
tional view has been that hippocampal damage is responsi-
ble for the amnesia in these surgical cases. Five of six patients 
who sustained a less-extensive resection than HM, extending 
posteriorly only so far as to involve the anterior hippocam-
pus, had a less-severe amnesia. One patient whose resection 
included only the amygdala and uncus, sparing the hip-
pocampus, was not considered to be amnesic.

Over the years, some alternative explanations have been 
suggested:

 1. Horel (1978) proposed that the temporal stem, a band of 
white matter adjacent to the hippocampus, is the critical 
structure in medial temporal lobe amnesia. This possibil-
ity has been ruled out because monkeys with lesions lim-
ited to the temporal stem were not amnesic, whereas 
monkeys with medial temporal lesions excluding the tem-
poral stem were amnesic (Mahut et al. 1982; Zola-Morgan 
et al. 1982; Zola-Morgan and Squire 1984). The same 
conclusion was reached in a clinicopathological study of 
a patient who had become amnesic after a hypoxic–
ischaemic period (Cummings et al. 1984).

2. Mishkin (1978) suggested that conjoint damage to the 
hippocampus and the amygdala is needed to produce 
amnesia. All surgical cases with amnesia had damage 
to both structures. Studies in monkeys showed that hip-
pocampal lesions produced a significant impairment but 
that a combined hippocampal-amygdaloid lesion pro-
duced a larger deficit (Mishkin 1978; Mahut et al. 1982; 
Squire 1987).

3. Patient RB was the first reported case of human amnesia 
in which detailed neuropsychological analyses and post-
mortem neuropathological examination demonstrated 
that damage limited to the hippocampal formation is 
sufficient to produce anterograde memory impairment 
(Zola-Morgan et al. 1986; for three additional cases see 
Rempel-Clower et al. 1996 and Clinical case 14.10). 
Findings from these four cases demonstrated that: (a) bi-
lateral damage limited to the CA1 region is sufficient to 
produce moderately severe anterograde memory impair-
ment; (b) bilateral damage beyond the CA1 region, but 
still limited to the hippocampal formation, can produce 
more severe anterograde memory impairment; (c) exten-
sive temporally graded retrograde amnesia, covering 15 
years or more, can occur after damage limited to the hip-
pocampal formation. A case of unilateral damage to the 
rostral hippocampus and the amygdala is shown in Clini-
cal case 14.11.

 4. Spiers et al. (2001) reviewed available case studies of 
patients with medial temporal lobe lesions and resultant 
amnesia. They emphasized that the human lesion stud-
ies are consistent in their conclusion that hippocampal 
damage leads to anterograde amnesia. They were less 
consistent in providing support for the role of the rela-
tionship between hippocampal damage and retrograde 
amnesia, deficits in semantic memory or familiarity-
based recognition.
Mishkin (1982) discussed how medial temporal and dien-

cephalic structures function together as a memory system. 
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The critical structures are presumed to be the hippocampus 
and the amygdala and their diencephalic targets, the anterior 
and mediodorsal nuclei, respectively. This neuroanatomical 
perspective is compatible with a role in the same functional 
system for additional structures that have strong links with 
the medial temporal and medial thalamic structures, includ-
ing the mammillary nuclei projecting to the anterior nucleus 
and receiving substantial input from the hippocampal forma-
tion via the fornix, and the ventromedial frontal cortex receiv-
ing projections from both the anterior and the mediodorsal 
thalamic nuclei.

Memory disturbances after thalamic lesions can take dif-
ferent forms (Rousseaux 1994; van der Werf et al. 2000, 
2003): attentional disorders and cognitive slowing following 
paramedian thalamic infarctions versus “pure” amnesia after 
anteriorly located infarctions (see Clinical case 14.12). The 
structure crucial for such a “pure” amnesia, defined as an 
amnesic syndrome, observed in patients with thalamic infarc-
tions, seems to be the mammillothalamic tract of Vicq 
d’Azyr. Lesions of this tract are a sufficient and necessary 
condition for the development of an amnesic syndrome when 
the thalamus is involved. Fornix transection may also cause 

amnesia (Gaffan and Gaffan 1991; Park et al. 2000). 
Prominent amnesic syndromes have also been reported fol-
lowing basal forebrain lesions (Damasio et al. 1985a, b; von 
Cramon et al. 1993).

Amnestic syndromes, associated with lesions involving 
the parallel divergent output pathways of the medial temporal 
lobe to the prefrontal cortex for further cognitive processing, 
may involve four major anatomical pathways (Ross 2008):
 1. The uncinate fascicle or temporal stem (Horel 1978; Kier 

et al. 2004), connecting the anteromedial temporal lobe 
with the orbitofrontal cortex;

2. The fornix, connecting the hippocampal formation to the 
mammillary bodies and, via the tract of Vicq d’Azyr to 
the anterior thalamic nuclei, and from here to the orbitof-
rontal cortex;

3. The inferior thalamic peduncle, connecting the amygdaloid 
complex, the temporal neocortex and rhinal cortices to the 
dorsomedial thalamic nucleus and the medial pulvinar 
(Graff-Radford et al. 1990; Saunders et al. 2005); and

4. The longitudinal striae (Lancisi’s nerves) of the indu-
sium griseum which project to the septal nuclei (Di Ieva 
et al. 2007).
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Fig. 14.36 Multiple petechial bleedings in the periventricular zone of the thalamus (a and c) and of the midbrain (d–g). No abnormalities were 
noted in the mammillary bodies (b) in this case of acute Wernicke encephalopathy (courtesy Akira Hori, Toyohashi, Japan)

Clinical Case 14.7 Acute Wernicke Encephalopathy

Wernicke’s encephalopathy is an acute neuropsychiatric 
disorder, caused by thiamine deficiency, and can progress to 
a chronic amnesic state called Korsakoff syndrome (Victor 
et al. 1989; Harper and Scolyer 2004; Sechi and Serra 2007). 
Wernicke (1881) described three cases of “acute haemor-
rhagic polioencephalitis superior”, two of which died within 
a week after admittance in acute delirium. He did not men-
tion pathological changes in the mammillary bodies. A sim-
ilar case is described as Case report.

Case report: A 57-year-old female was found uncon-
scious on the street. On admittance, she was unconscious 
with a normal tension and anuria. A few hours later, she 
suddenly died without prodromal symptoms. Autopsy 
revealed subtotal stenosis of the interventricular branch of 
the left coronary artery and sclerosis of the left circumflex 
branch of the right coronary artery. No evidence for a head 
trauma was found. The brain weighed 1,300 g and showed 

no atrophy. In frontal sections of the brain, multiple pete-
chial bleedings were found in the periventricular parts of 
the thalamus, the midbrain and the rostral rhombencepha-
lon as well as in the colliculi of the midbrain (Fig. 14.36). 
No abnormalities were found in the mammillary bodies. 
This case may be identical with Wernicke’s original cases.
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Fig. 14.36 (continued)

Clinical Case 14.8 Chronic Wernicke Encephalopathy

The syndrome described in 1889 by the Russian psychiatrist, 
Sergei Korsakov (Korsakoff 1889) is characterized by confu-
sion and amnesia (both retrograde and anterograde). The 
Korsakoff syndrome is mostly seen in chronic alcoholism 
and the characteristic macroscopical lesion is shrinkage and 
brownish discolouration of the mammillary bodies (see Case 
report). Microscopically, the mammillary bodies show 
spongy degeneration and a relative access of small blood 
vessels. Harding et al. (2000) showed that degeneration of 
anterior thalamic nuclei differentiates alcoholics with amne-
sia. Neuronal loss in the anterior thalamic nuclei was found 
consistently only in alcoholic Korsakoff psychosis.

Case report: A 66-year-old male had been treated for 
2½ years in a psychiatric hospital for alcohol abuse. 

Detailed neuropsychological examination was not per-
formed. During the last 3 months, he was bedridden and 
admitted to the internal medicine department for hyperpy-
rexia, severe decubitus and spasticity of his lower extremi-
ties. He became disoriented, amnesic and showed cerebellar 
ataxia. Additionally, osteomyelitis of both femurs was 
found. Despite antibiotic therapy, he expired due to sepsis. 
At autopsy, chronic pancreatitis, purulent prostatitis and 
nephritis were found. Neuropathological examination 
revealed atrophy of the vermis and of both mammillary 
bodies (Fig. 14.37a). Histologically, the mammillary bod-
ies showed no neuronal loss but a high density of neurons 
(Fig. 14.37b). The subependymal zone of the third ventricle 
showed rarefaction of the tissue and intense fibrillary glio-
sis. The neuropathological diagnosis was chronic Wernicke 
encepha lopathy with alcohol-toxic vermis atrophy.
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a

b

Fig. 14.37 (a) Typical bilateral atrophy with brown colouring of the mammillary bodies but preserved nerve cells in the atrophic mammillary 
body (b) in a case of chronic Wernicke encephalopathy (courtesy Yoshio Hashizume and Akira Hori, Toyohashi, Japan)

Clinical Case 14.9 Case HM

At the 1953 meeting of the Harvey Cushing Society, William 
Scoville discussed two patients (one epileptic, HM, the other 
schizophrenic) in whom he had performed bilateral resec-
tion of the medial temporal lobe (Scoville 1954). He reported 
that both patients experienced a very grave loss of recent 
memory. Milner and Penfield (1955) found a similar impair-
ment in two patients after left temporal lobectomy. Scoville 
realized the importance of his findings for the understanding 
of human memory and invited the neuropsychologist Brenda 
Milner to examine his patients. The resulting paper (Scoville 
and Milner 1957) made it clear that a bilateral lesion of the 
medial temporal lobe placed recent memory functions at 
risk, and started five decades of experimental studies of HM 
(Milner et al. 1968; Corkin 1984, 2002) and led to the devel-
opment of animal models for human amnesia. The full extent 
of Scoville’s resection became only known after MRI stud-
ies of HM (Corkin et al. 1997; Salat et al. 2006). A summary 
is shown as Case report.

Case report: MRI studies (Corkin et al. 1997) indicated 
that the lesion was bilaterally symmetrical and included the 
medial temporal polar cortex, most of the amygdaloid com-
plex, most if not all of the entorhinal cortex and approximately 
half of the rostrocaudal extent of the intraventricular portion 
of the hippocampal formation (Fig. 14.38). The parahip-
pocampal cortex was largely intact. The rostrocaudal extent 
of the ablation was 5.4 cm (left) and 5.1 cm (right). The cau-
dal 2 cm of the hippocampus was intact, although atrophic. 

The mammillary bodies were shrunken due to anterograde 
transneuronal atrophy (see Clinical case 14.4) but the 
mediodorsal thalamic nuclei showed no obvious changes. 
The cerebellum showed marked atrophy, but the lateral tem-
poral, frontal, parietal and occipital lobe cortices appeared 
normal for the age of 66 years. These  findings reinforce the 
view that lesions of the hippocampal formation and adjacent 
cortical structures can produce global and enduring amnesia.

Data for this case were kindly provided by Suzanne 
Corkin, MIT, Cambridge, MA.
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Fig. 14.38 Series of T1-weighted coronal images arranged from ros-
tral to caudal through the rostral part of the temporal lobe of HM (a–c) 
and of a 66-year-old man who has served as a control subject in neu-
ropsychological studies (d–f). A amygdala, cs collateral sulcus, EC 

entorhinal cortex, H hippocampus, MMN medial mammillary nucleus, 
PR perirhinal cortex, V lateral ventricle (from Corkin et al. 1997; 
 courtesy Suzanne Corkin, Cambridge, MA)
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Clinical Case 14.10 Case WH

Bilateral damage restricted to the hippocampus was first 
reported for patient RB (Zola-Morgan et al. 1986). Patient 
RB had bilateral damage limited to the CA1 field of the hip-
pocampus and had moderately severe anterograde amnesia. 
Anterograde amnesia was subsequently reported in another 
case with well-documented post-mortem histological analy-
sis in which damage was limited to the hippocampal forma-
tion (Victor and Agamanolis 1990). Rempel-Clower et al. 
(1996) presented three additional patients, one of these is 
presented as Case report.

Case report: Patient WH, born in 1923, worked as a sys-
tems engineer. Before his amnesic period in 1986, he had a 
10-year history of mild, successfully treated hypertension. In 
February 1985, his wife found him unconscious in their home. 
After hospitalization, he was confused and amnesic regarding 
the events of the previous night’s episode of unconsciousness. 
He was treated for myocardial infarction and arrhythmias. 
Brain CT without contrast was normal. He apparently made a 
full recovery with no evidence of cognitive impairment, and 
he was promoted in his job the next year. After the episode in 
1986, his memory impairment remained stable for 7.5 years, 
during which time he was given a variety of neuropsychologi-
cal tests. He died in December 1993 from end-stage emphy-
sema at the age of 71. An MRI and a Nissl-stained section 
from the brain of WH are shown in Fig. 14.39a, b and a mag-
nification of the hippocampal formation and the entorhinal 
cortex in Fig. 14.39c.

Data for this case were kindly provided by Nancy Rempel-
Clower, Department of Psychology, Grinnell College, 
Grinnell, IA

MRI WH
a

Nisslb

c

Fig. 14.39 (a and b) Comparison of a coronal T1-weighted MRI (a) 
and a Nissl-stained histological section (b) from the brain of patient 
WH; note the enlarged ventricle adjacent to the hippocampus; (c) 
coronal section through WH’s rostral hippocampal formation show-
ing extensive pyramidal cell loss in the CA1 and CA3 fields and less 
substantial loss of CA2 pyramidal cells. The dentate gyrus appears 
very abnormal with dispersion of the granule cell layer (small arrow) 
and complete loss of polymorphic cells. A star indicates a hole in the 
hilar region that is apparent at many rostrocaudal levels of the hip-
pocampal formation. Patchy cell loss is evident in the subiculum and 
the entorhinal cortex. The large arrow indicates the border between 
the entorhinal and perirhinal cortices. CA1–CA3 cornu Ammonis 
fields, cs collateral sulcus, DG dentate gyrus, EC entorhinal cortex, 
f fornix, H hippocampus, PaS parasubiculum, PRC perirhinal cortex, 
PrS presubiculum, S subiculum, V lateral ventricle (from Rempel-
Clower et al. 1996; courtesy Nancy Rempel-Clower, Grinnell)
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Clinical Case 14.11 Unilateral Herpes Simplex Encephalitis 

of the Amygdala and the Rostral Hippocampus

Herpes simplex encephalitis often affects the temporal (see 
also Clinical case 14.2) and frontal lobes. The initial symp-
toms of this acute infection include headache, fever, a stiff 
neck and photophobia. This progresses over a few days to 
produce lethargy, mental status and personality changes, 
memory impairment, aphasia, focal neurological deficits, sei-
zures and eventually coma (Kapur et al. 1994; Schmutzhard 
2001). Frontal lobe injury may cause frontal release signs, dis-
inhibition, impulsivity, confabulation, psychomotor hyperac-
tivity and apathy, whereas temporal lobe damage often results 
in amnesia, and if bilateral, the Klüver–Bucy syndrome. 
Recovery may be complete or partial (see Case report).

Case report: A 47-year-old healthy male was referred 
to the first-aid post because of changes in his speech and 
behaviour. He only reported a feeling of pressure in his 
head, for which he wanted a painkiller, and he was not 
aware of any other disturbance. There were no focal signs 
and he was well oriented, but he did behave disinhibited 
towards the nurses. Apart from expressive aphasia, loss of 
judgement and decorum, there were no other gross cortical 
signs on examination. Cerebral MRI (Fig. 14.40), EEG and 
CSF (PCR) justified the diagnosis herpes encephalitis. His 
behavioural disturbances recovered, but he kept impaired 
learning abilities and short-term memory.

This case was kindly provided by Peter van Domburg 
(Department of Neurology, Orbis Medical Centre, Sittard, 
The Netherlands).

Fig. 14.40 Axial (a) and coronal (b) T2-weighted MRIs showing signal hyperintensity extending from the rostral medial temporal lobe to the 
insula in a case of herpes simplex encephalitis (courtesy Peter van Domburg, Sittard)
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Clinical Case 14.12 Thalamic Amnesia

Memory disturbances after thalamic lesions can take dif-
ferent forms (van der Werf 2000; van der Werf et al. 1999, 
2000, 2003): attentional disorders and cognitive slowing 
following paramedian thalamic infarctions versus “pure” 
amnesia after anteriorly located infarctions. Two of their 
cases are presented as Case reports. The structure crucial 
for such a “pure” amnesia observed in patients with thal-
amic infarctions seems to be the mammillothalamic tract of 
Vicq d’Azyr.

Case report 1: One morning, a 54-year-old farmer did 
not come out of his bed. His family had to awake him and 
noted that he lacked motor control of his left arm and was 
disoriented. For one month he stayed at the psychiatric 
warden of a regional hospital. Strong cognitive decline 
with memory and orientation problems were found with 
perseveration, confabulation and slowness, suggesting an 
organic psychosyndrome. MRI revealed a bilateral infarct 
in the anterior thalamus (Fig. 14.41a, b). Neurological 
examination revealed no other deficits. When he left the 
psychiatric warden, he came to a nursing home.

Case report 2: A 44-year-old male was referred to a 
general hospital for surgical treatment of lumbar disc her-
niation. The operation was uneventful and no postoperative 
complications occurred. His wife, however, immediately 
noted behavioural changes after the operation. He owned a 

flourishing company selling flower bulbs and occupied 
many board positions in this field. After the operation, he 
was unable to fulfil these activities, and currently, he does 
simple jobs at his company, which is now run by his wife. 
He is still a hard worker and continues the whole day with-
out complaining and without pausing to eat or drink. His 
wife described his behaviour as inflexible. When left to 
himself, he does not initiate any activity and has become 
apathetic and lethargic. MRI showed a lesion in the intrala-
minar nuclei (Fig. 14.41c, d).

Data for this case were kindly provided by Ysbrand van 
der Werf, VU Medical Centre, Amsterdam.
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Fig. 14.41 Examples of thalamic infarcts, leading to amnesia: (a 
and b) axial T2-weighted (a) and sagittal T1-weighted (b) images of 
a bilateral anterior thalamic infarct; (c and d) coronal T2-weighted 

(c) and axial T1-weighted (d) images of an infarct in the intralaminar 
nuclei (from van der Werf 2000; courtesy Ysbrand van der Werf, 
Amsterdam)
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14.9  Neuroanatomy of AD

14.9.1  A Few Notes on Dementia

In 1892, Arnold Pick described a patient with dementia and 
circumscribed atrophy of the left temporal lobe (Pick 1892). 
In 1907, Alois Alzheimer described the first patient, Auguste D, 
with the characteristic degenerative changes that became 
known as neurofibrillary tangles (NFTs) and senile plaques 
(SPs) (Alzheimer 1907). The term dementia refers to a clini-
cal syndrome of acquired intellectual disturbances. It is 
a frequent consequence of neurodegenerative diseases 
in volving the cerebral cortex (see Chap. 15). The widespread 
changes in brain structures and the multiple signs of cognitive 
impairment that result from such changes have led to a view 
of the degenerative dementias, especially AD, as diffuse 
pathological processes. However, the degenerative dementias 
do not affect the entire cerebral cortex equally. Instead, they 
are associated with a variety of profiles of anatomical involve-
ment, which has been tracked by quantitative histopathologi-
cal and neuroimaging techniques (Van Hoesen and Damasio 
1987; Braak and Braak 1991; Mesulam 2000; Grabowski 
and Damasio 2004). Association and limbic structures suffer 
the blunt of the damage. The most common cause of demen-
tia is AD. AD frequently presents itself with an insidious 
anterograde amnesia for factual material. Once manifest, the 
disease pursues a slowly progressive but relentless course 
over 8–10 years, without remission. Memory difficulties 
become more pronounced, visuospatial disorientation and 
impaired word-finding appear within the first 3 years, fol-
lowed by other cognitive deficits such as loss of semantic 
memory, aphasia, apraxia and executive impairment. Gait 
impairment and other motor signs do not appear until the 
final stage of the disease, when cognitive dysfunction is very 
severe. McKhann et al. (1984) suggested criteria for AD to 
be established by clinical examination, a brief mental status 
examination and neuropsychological testing: (1) deficits in 
two or more areas of cognition; (2) progressive worsening of 
memory and other cognitive functions; (3) no disturbance of 
consciousness; (4) onset between ages 40 and 90; and (5) 
absence of other systemic or neurological disorders suffi-
cient to account for the progressive cognitive decline. These 
criteria do not permit to separate AD from other frequent 
degenerative dementias such as frontotemporal lobe degen-
eration and dementia with Lewy bodies.

The only unequivocal diagnosis of AD can be made by 
post-mortem examination of the brain. A provisional clinical 
diagnosis can be made of probable AD, using the criteria 
developed by the Consortium to Establish a Registry for AD 
(Consortium to Establish a Registry for Alzheimer’s Disease 
or CERAD; Morris et al. 1989). The Clinical Dementia 
Rating (CDR) scale proved to be quite effective for staging 

mild-to-moderate impairments (Morris 1993). In psychogeri-
atric clinics, the concordance between the diagnosis of prob-
able AD and the post-mortem confirmation of AD is close to 
90% (Price et al. 1993; Rasmussen et al. 1996). Although pre-
viously neuropathologists gave equal prominence to plaques 
and tangles for reaching a diagnosis, the neuropathological 
criteria proposed by Khachaturian (1985) and the CERAD 
(Mirra et al. 1991) focussed exclusively on the distribution 
of plaques. The 1997 criteria proposed by the National 
Institute on Aging (NIA) and the Reagan Institute (RI) of 
the Alzheimer’s Association are more consistent with the 
classic approach (Hyman and Trojanowski 1997; Consensus 
Report 1998). According to these criteria, the likelihood that 
the clinical dementia is caused by AD is high if numerous 
(20–30 per 10× field) NFTs and NPs are present in the hip-
pocampal-entorhinal complex as well as in the neocortex; 
intermediate if the density of neocortical plaques and limbic 
NFTs is moderate (5–10 per 10× field); and low if both 
lesions display a relatively sparse density and remain con-
fined to the limbic system.

14.9.2  The Neuroanatomical Basis 
for Memory Impairment in AD

Although the disproportionate impairment of memory in AD 
was clearly known, it came to be explained by a subcortical 
abnormality in the cholinergic hypothesis (Bartus et al. 
1982). The basal nucleus of Meynert is involved in AD and 
related disorders (Whitehouse et al. 1981, 1982, 1983; Arendt 
et al. 1983; Vogels et al. 1990). Twenty-five years after its 
proposal, there is now consensus that cholinergic augmenta-
tion is modestly effective in improving attention, memory, 
concentration and psychiatric symptoms in AD. The distri-
bution of the pathological hallmarks of AD led to a well-
founded alternative for the cholinergic hypothesis: medial 
temporal lobe structures (Fig. 14.42).

The pathology of AD is characterized by the accumulation 
of insoluble fibrous material in intracellular and extracellular 
locations (Fig. 14.43). The intracellular pathology includes 
tau-positive neurofibrillary pathology (NFTs, neuropil threads 
(NTs) and dystrophic neurites), granulovacuolar changes and 
Hirano bodies. NFTs are composed primarily of accumula-
tions of paired 10 nm helical filaments composed of the 
microtubule-associated protein tau (Goedert 1993). The extra-
cellular deposits form diffuse and senile amyloid plaques. 
Neuronal loss appears to occur in the same cell populations 
that are vulnerable to NFT formation (see Gómez-Isla and 
Hyman 1997) and has been correlated with reductions in syn-
aptic immunostaining (see Masliah et al. 1997). The distribu-
tion of NFTs in AD may be accounted for on the basis of the 
connectivity of the involved structures (Saper et al. 1987; Van 
Hoesen and Damasio 1987), by the apparent spread of a 
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degenerative process from neuron to neuron across synaptic 
connections. For instance, NFTs were found in AD in nuclei 
that project to the cerebral cortex such as the locus coeruleus, 
the dorsal raphe nucleus, the paranigral nucleus and the mid-
line thalamic nuclei (German et al. 1987). In the dorsal raphe 
nucleus, Yamamoto and Hirano (1985) and Aletrino et al. 
(1992) found marked cell loss in AD brains.

The spatial and temporal distribution of AD changes 
has been studied by Brun and Gustafson (1976), Arnold et al. 
(1991) and Braak and Braak (1991). Arnold and co-workers 

surveyed the distribution of NFTs in AD and found the 
 greatest numbers in medial temporal lobe structures. NFTs 
become progressively less numerous in paralimbic, hetero-
modal association and unimodal association cortices. NPs 
tended to be more evenly distributed throughout the cerebral 
cortex than plaques. Heiko and Eva Braak devised a staging 
system for the hierarchical temporal and spatial pattern of 
involvement in AD (Braak and Braak 1991, 1997; Braak 
et al. 1997). They studied a total of 2,661 brains obtained at 
routine autopsies between 1986 and 1996. The Braak’s made 

Fig. 14.42 Frontal sections of the cerebrum in a patient with Alzheimer disease with extreme atrophy of the hippocampus (a) and an age-matched 
control (b; courtesy Pieter Wesseling, Nijmegen)

Fig. 14.43 Bodian-stained images of a neurofibrillary tangle (a) and an argentophilic plaque (b) of the cerebral cortex in a patient with Alzheimer 
disease (courtesy Pieter Wesseling, Nijmegen)
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the interesting suggestion that the development of Alzheimer-
related neurofibrillary changes in the neocortex inversely 
recapitulates cortical myelogenesis (Braak and Braak 1996). 
The Braak staging system is now widely used to document 
the extent of Alzheimer-related pathology (Figs. 14.44 and 
14.45). The first two stages are characterized by an either 
mild or severe alteration of the transentorhinal layer Pre-a 
(transentorhinal stages I–II). The two forms of limbic stages 
(stages III–IV) are marked by a conspicuous affection of 
layer Pre-a in both the transentorhinal region and the ento-
rhinal cortex. Moreover, CA1 is now mildly affected. The 
hallmark of the two isocortical stages (stages V–VI) is the 
destruction of virtually all isocortical association areas. 
Mesulam (2000) suggested four stages of NFTs as a contin-
uum from ageing to AD: the low limbic stage (similar to 
Braak stages I and II), the high limbic stage (similar to stages 
III and IV), a low neocortical stage (stage V) and a high neo-
cortical stage (stage VI). The number of NFTs is positively 
correlated with chronological age in demented as well as 
non-demented individuals. Nearly everyone above the age of 
60, whether demented or not, will develop NFTs in the brain 
(Arriagada et al. 1992a, b; Delacourte et al. 1999). However, 
the density of NFTs is much higher in patients with AD than 
in non-demented age-matched individuals. Whenever a brain 

contains very few tangles, these are always confined to parts 
of the limbic system. Neocortical NFTs emerge only after 
the limbic NFT burden becomes very high, and the appear-
ance of NFT clusters in the neocortex is almost always asso-
ciated with clinical dementia. Recently, Lace et al. (2009) 
defined six hippocampal tau anatomical stages.

In MRI studies, an interaction between hippocampal vol-
ume and cognitive impairment was found (Rusinek et al. 
2003). Hippocampal volume loss is closely linked with AD 
pathology (deToledo-Morrell et al. 1997; Fox and Freeborough 
1997; Jack et al. 1998; Laakso et al. 2000; Gosche et al. 2002; 
van de Pol et al. 2006; Schuff et al. 2009; Fig. 14.46), but 
decreases in hippocampal volume may also result from other 
types of pathology (Jack et al. 2002, 2005). Fox and Free-
borough (1997) noted an annual progression rate for 
 hippo campal atrophy of up to 8% in individuals who actually 
developed dementia during the follow-up period. Laakso et al. 
(2000) estimated the average hippocampal volume reduction 
during a 3-year period to be 8.3% in AD and 3% in healthy 
controls. Amygdalar volume loss in patients with probable 
AD was found to be between 16% and 49% (Callen et al. 
2001; Hořinek et al. 2005; Teipel et al. 2006). Medial tempo-
ral lobe atrophy (MTA) is also sensitive for AD (Scheltens 
et al. 1992; Jack et al. 1997), but also occurs in dementia with 

Fig. 14.44 Distribution pattern of neurofibrillary changes (neurofibril-
lary tangles and threads). Six stages can be distinguished: (a) stages I–II 
show alterations which are virtually confined to a single layer of the 
transentorhinal region (transentorhinal I–II); (b) the key characteristic 
of stages III–IV is the severe involvement of the entorhinal and 

 transentorhinal layer Pre-a (limbic III–IV); (c) stages V–VI are marked 
by isocortical destruction (isocortical V–VI). Increasing density of 
shading indicates increasing severity of neurofibrillary changes (from 
Braak and Braak 1991; courtesy Heiko Braak, Ulm)
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Lewy bodies, frontotemporal dementia and hippocampal scle-
rosis (Barber et al. 1999; Barkhof et al. 2007). Therefore, an 
abnormal MTA appears to be indicative of primary neurode-
generative pathology in the medial temporal lobe but not 
 specific for Alzheimer-type pathology (Gosche et al. 2002; 
Barkhof et al. 2007). Juottonen et al. (1998) measured the vol-
umes of the entorhinal, perirhinal and temporopolar cortices 
on MR images (Fig. 14.47). They found that the entorhinal 
cortex was the most severely involved brain region studied, 
with a volume loss of 40%. Entorhinal volume loss was 
 evident already in mild AD (see also Insausti et al. 1998b; 

deToledo-Morrell et al. 2004, 2007; Pennanen et al. 2004). 
With high-resolution MRI, local hippocampal changes in AD 
and normal aging may be mapped (Mueller et al. 2007; Frisoni 
et al. 2008; Theysohn et al. 2009).

The transentorhinal or low-limbic stages appear to rep-
resent an asymptomatic preclinical phase of AD. Braak and 
co-workers inferred that this phase may last for decades 
(Ohm et al. 1995). A few cases of early AD coming to 
autopsy were reported (Hyman et al. 1991; Hof et al. 1992). 
Hyman and co-workers reported a patient whose neuropsy-
chological examination showed evidence of early AD and 
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STAGE IV

STAGE V

STAGE VI

Uncus

parasubic

presubic subiculum

entorhin.
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trans
entorhin.
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Fig. 14.45 Summary diagrams of cortical neurofibrillary changes seen 
in stages I–VI of Alzheimer disease. Mild and severe destruction of the 
transentorhinal layer Pre-a characterizes the transentorhinal stages I 
and II. The two forms of limbic stages (III and IV) are marked by con-
spicuous involvement of layer Pre-a in both the transentorhinal region 

and the proper entorhinal region. The hallmark of the two forms of 
isocortical stages (V and VI) is a severe destruction of isocortical asso-
ciation areas. The large arrows point to the leading characteristics and 
smaller arrows to additional features (from Braak and Braak 1991; 
courtesy Heiko Braak, Ulm)
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who expired of another cause 7 weeks later. At autopsy, 
NFTs were found in the entorhinal cortex, the hippocampus, 
the amygdala, the dorsal raphe and the inferior temporal 
gyrus. Alz-50-positive SPs were limited to limbic areas, but 
b-amyloid immunoreactive SPs were widespread in the 
 association cortex and the amygdala. Hof and collaborators 
reported post-mortem findings in an 82-year-old patient with 
incipient dementia at the time of death. NFT counts similar 
to those of AD patients were found only in the perirhinal 
cortex, layers II and IV of the entorhinal cortex and in the 
subiculum. NFTs were found in lesser numbers in the hip-
pocampus and in layers V and VI of the inferior temporal 

Fig. 14.47 (a and b) MRIs showing EC entorhinal cortex; PRC per-
irhinal cortex volume loss in early Alzheimer disease (from Juottonen 
et al. 1998; courtesy Hilkka Soininen, Kuopio; with permission from 
Elsevier)

a

b

Fig. 14.46 Coronal T2-weighted (a) and axial Flair (b) images of a 
patient with generalized atrophy of the brain, enlarged ventricles and 
severe medial temporal lobe atrophy, of the hippocampus in particular 
(courtesy Ton van der Vliet, Groningen)
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cortex. Garcia-Sierra et al. (2000, 2001) found that the num-
bers of tangles in entorhinal neurons correlated with both 
Braak staging and the deterioration of cognition. Gold et al. 
(2000) studied the relationship of the Braak stages to CDR 
scores in nonagenerians. They found that Braak stage IV was 
invariably associated with dementia of some degree and that 
some patients with stage III also had dementia. Therefore, it 
seems likely that the minimal lesion in AD encompasses the 
entorhinal cortex, CA1 and the neocortex of the inferior tem-
poral gyrus (Braak stages III–IV).

Early pathological changes in AD isolate the hippocam-
pus. The earliest AD changes may occur in the Pre-a layer of 
the transentorhinal/perirhinal cortex (area 35). At this stage, 
the condition is apparently asymptomatic. Involvement of lay-
ers II and IV of the entorhinal cortex correlates with the 
appearance of amnesia in AD. Layer II contains most of the 
cells of origin of the perforant pathway, whereas layer IV 
receives the subicular afferents that form the only cortical pro-
jections of the hippocampus. Hyman and collaborators dem-
onstrated the invariable involvement of the perforant pathway’s 
cells of origin and projections in AD (Hyman et al. 1986, 
1988). Profound loss of layer II entorhinal cortex neurons 
already occurs in very mild cases of AD (Gómez-Isla et al. 
1996). With quantitative imaging analysis, deToledo-Morrell 
et al. (2004, 2007) showed that the entorhinal cortex and the 
hippocampus show atrophy very early in AD and in indivi-
duals who are at risk of developing AD compared to age 

 appropriate controls. The extent and rate of atrophy of the 
entorhinal cortex can predict who among the elderly will 
develop AD. In a voxel-based morphometrical study, Stoub 
et al. (2006) demonstrated alterations in the parahippocampal 
white matter in the region that includes the perforant path. 
These changes could partially disconnect the dentate gyrus 
and other hippocampal subfields from incoming sensory infor-
mation. Such a partial disconnection could contribute to the 
memory dysfunction associated with the early stages of AD.

Certain nuclei of the amygdala are severely and consis-
tently affected in AD (Hyman et al. 1990; Kromer Vogt et al. 
1990). The most severely affected nuclei are the accessory 
basal and cortical nuclei: both nuclei project heavily to the 
hippocampus (see Fig. 14.16). The mediobasal nucleus is 
moderately affected, whereas the medial, lateral, laterobasal 
and central nuclei are relatively spared. The accessory basal 
nucleus is also one of the main sources of afferents to layer 
III of the entorhinal cortex. Hippocampal and entorhinal pro-
jections to the amygdala arise from layer IV of the entorhinal 
cortex, and from the CA1/subiculum zone, both of which are 
severely affected in AD. In conclusion, the cells of origin of 
most of the interconnecting projections of the entorhinal cor-
tex, the hippocampal formation and the amygdala are vulner-
able in AD and are marked by NFT formation. Specifically 
affected are the perforant pathway, the projection from the 
entorhinal layer IV to the amygdala and the projections from 
the prosubiculum to the entorhinal cortex and the amygdala.

Clinical Case 14.13 The Neuropathological Assessment of AD

Alzheimer disease (AD) – related pathology is characterized 
by NPs and NFTs and is commonly seen in aged  subjects, 
both neurologically unimpaired and demented (Tomlinson 
et al. 1968, 1970). The first consensus guidelines focussed 
on the quantitative assessment of both NPs and NFTs in rela-
tion to the age of the patient together with the clinical history 
(Khachaturian 1985), In daily practice, the quantification of 
the lesions proved to be more complicated than expected. 
Therefore, the CERAD launched revised instructions (Mirra 
et al. 1991), focussed mainly on NPs. Heiko and Eva Braak 
instead focussed on NFTs and NT pathology (Braak and 
Braak 1991; see Figs. 14.44 and 14.45). A Working Group 
of the NIA and the RI combined these two 1991 recommen-
dations (Consensus Report 1997). In these NIA-RI recom-
mendations, Braak stages (transentorhinal, limbic and 
isocortical) are combined with the NP scores according to 
CERAD (sparse, moderate and frequent), resulting in a 
 statement of likelihood (low, intermediate and high) that 

dementia is due to AD-related disease. Thus, in the NIA-RI 
recommendations both the extent and distribution of NFTs 
and NPs are important. Specific immunohistochemical 
(IHC) techniques were recommended. Braak et al. (2006) 
described that Braak staging of AD-related neurofibrillary 
lesions can also be carried out on IHC-stained  conventional 
5–7 mm sections. The immunolabelled AD-related neurofi-
brillary lesions vary, however, from those seen when using 
the Gallyas silver method. Silver methods stain insoluble 
fibrillary NFTs, whereas the IHC method labels the antigen 
(HP-tau) with both the soluble and the insoluble forms of the 
protein. Therefore, the extent of the pathology is more pro-
nounced when using IHC methods and, moreover, the pre-
dominant lesions in IHC-stained sections are NTs rather than 
NFTs. The progress of cortical  neurofibrillary pathology, as 
seen in paraffin sections immunostained for hyperphospho-
rylated tau, is shown in Fig. 14.48.

Molecular classifications will form the basis for the neu-
ropathological diagnosis of primary degenerative dementias 
(see also Chap. 15). Thus, for the diagnosis of AD, brains 
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should be assessed for the occurrence of hyperphosphory-
lated tau (HP-tau), a protein found both in its soluble (pre-
tangles and NTs) and insoluble (NFTs and NTs) forms, and 
for b-amyloid (Ab) protein which is found in variform 
plaques in parenchyma and as cerebral amyloid angiopathy 
(CAA) in vessel walls (Alafuzoff et al. 2008). They proposed 
to use IHC-stained sections from four blocks, the occipital 
cortex, the temporal cortex, the anterior hippocampus and the 
posterior hippocampus.

Data for this case were kindly provided by Heiko Braak 
and Kelly Del Tredici-Braak, University Hospital, Ulm.
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Fig. 14.48 (a–z) Staging of Alzheimer disease-associated neurofi-
brillary pathology as seen in paraffin sections immunostained for 
hyperphosphorylated tau (AT8). (a and b) Control case displaying no 
AT8-immunoreactive (AT-ir) intraneuronal changes. (c and d) Stage 
I: The first AT-ir pyramidal cells are more easily detected in thick 
sections than in paraffin material; closer inspection of the predilec-
tion site (transentorhinal region in d, framed area in c), however, 
reveals the initial lesions. (e–g) Stage II: Many AT-ir projection neu-
rons are seen in the transentorhinal region accompanied by a well-
developed plexus of ir-neurites (f and g). The pathology also extends 
into the entorhinal layers Pre-a and Pri-a (arrowheads in e). (h–l) 
Stage III: The transentorhinal and entorhinal regions are more 
severely involved than in the preceeding stage, and the pathology now 
extends into the adjoining temporal neocortex of the occipitotempo-
ral and lingual gyri (h and j), as shown in higher magnification (k and 
l). The middle temporal gyrus remains uninvolved (i). m–q Stage IV: 
The disease process extends into the higher-order sensory association 

neocortex of the temporal lobe (temp) and includes the medial tempo-
ral gyrus (m–o). The peristriate region as well as the parastriate field 
and striate area of the occipital lobe (occ) still lack neurofibrillary 
pathology (q and p). r–v Stage V: Large numbers of neuritic plaques 
appear in the neocortex (s and t). Mild pathological changes are now 
present in premotor areas and first-order sensory association fields. In 
the occipital lobe (v), mainly the peristriate region shows varying 
degrees of affection (t); lesions occasionally develop in the parastri-
ate area but not in the striate area (u and v). w–z Stage VI: Drastic 
affection of the neocortex with involvement of almost all areas. 
Strong immunoreactivity is present even in premotor areas and first-
order sensory association areas such as the parastriate area (y) and 
primary neocortical areas such as the striate area (z). A key feature of 
stage VI is the involvement of the striate area (z), characterized by a 
dense neuritic mesh in layer V. The myelin-rich line of Gennari is 
virtually devoid of nurofibrillary pathology. From Braak et al. (2006; 
courtesy Heiko Braak and Kelly Del Tredici-Braak, Ulm)
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Fig. 14.48 (continued)
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Clinical Case 14.14 Alzheimer Disease

Alzheimer disease (AD) is characterized by two character-
istic morphological changes: accumulation of NPs extra-
cellularly in the brain and NFT formation in neurons. The 
consequence is neuronal loss, resulting in dementia.

Case report: A 75-year-old female, known with demen-
tia for more than 20 years, deceased after a pneumonia and 
came to autopsy. At the age of 52, she became forgetful and 
repeatedly had to correct her sewing work. Eight years 
later, she could not understand the time at the clock and 
became time disoriented, followed by place disorientation 
and behavioural changes such as urinating in the room. She 
began to walk around regardless of place and time and 
could not understand what she was spoken to. On admit-
tance to a nursing station at the age of 64, verbal communi-
cation was almost impossible. On the Mini-Mental Status 
Examination (MMSE) test, she scored zero points. She no 

longer walked spontaneously, had difficulty in swallowing 
and became bedridden two years later. The next years she 
was fed through a PEG. A series of CTs over the years is 
shown in Fig. 14.49.

At autopsy, the brain weighed 1,040 g and showed cortical 
atrophy in the frontal and temporal areas (Fig. 14.50a–e) and 
severe atrophy of the hippocampal formation (Fig. 14.50e). 
Histologically, neuron loss with gliosis was prominent in 
the entire neocortex (Fig. 14.51a). NFTs were observed in 
sections stained for tau-immunohistochemistry (AT8) and 
Gallyas silver staining (Fig. 14.51c), corresponding to Braak 
stage VI (severe dementia). NPs were studied with Gallyas 
silver staining (Fig. 14.51b) and estimated as CERAD C 
(definite AD). Argyrophilic grains or Lewy bodies were not 
found.

This case was kindly supplied by Hiroyasu Akatsu, Yoshio 
Hashizume and Akira Hori (Research Institute for Longevity 
Medicine, Fukushimura Hospital, Toyohashi, Japan).

Fig. 14.49 Chronological CTs at 64 (left), 69 (centre) and 75 (right) years of age in a patient with Alzheimer disease (courtesy Hiroyasu 
Akatsu, Toyohashi, Japan)
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Fig. 14.50 (a) Dorsal view of the brain in a patient with Alzheimer 
disase; note the gyral atrophy in the frontal and temporal lobes; (b–e) 
frontal slices of the brain demonstrating atrophy of the temporal pole, 

the superior temporal gyrus and frontal gyri (courtesy Yoshio 
Hashizume and Akira Hori, Toyohashi, Japan)
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Fig. 14.51 (a) Neuronal loss in the entorhinal cortex; (b) senile plaques 
in the neocortex; (c) neurofibrillary tangles in Gallyas-Braak staining 
(courtesy Yoshio Hashizume and Akira Hori, Toyohashi, Japan)
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Clinical Case 14.15 Argyrophilic Grain Disease

Argyrophilic grain disease (AGD) was first described by 
Braak and Braak (1987) and is an under-recognized disor-
der. Around 5–9% of autopsies for dementia may be due to 
AGD (Braak and Braak 1998). Generally, clinical symp-
toms of AGD are not uniform and variable. In early stages 
of AGD, some behavioural disturbances such as aggres-
sion, violence, asocial behaviour and personality changes 
may be more prominent than cognitive disturbances (Ikeda 
et al. 2000). A definite diagnosis can only be made histo-
logically. Characteristically, argyrophilic grains are found 
in the neuropil in limbic areas and coiled bodies in oligo-
dendrocytes. This disorder is one of the sporadic tauopa-
thies. Saito et al. (2004) proposed the following staging of 
severity of pathological changes:

Stage I: grains are seen in the entorhinal cortex, in the •	
cortical and basolateral nuclei of the amygdala and in 
the lateral tuberal nucleus of the hypothalamus.
Stage II: with additional involvement of the anterior part •	
of CA1, the presubiculum and the dentate nucleus.
Stage III: with additional involvement of the perirhinal •	
cortex, the dentate gyrus, CA2, CA3, the subiculum, 
other hypothalamic nuclei such as the mammillary body, 
anterior temporal, insular, anterior cingulate and orbital 
cortices, and the septal nucleus.
Stage IV: with additional involvement of the neocortex •	
and the brain stem.
Case report: An 87-year-old female was treated for a 

myocardiac infarct at the age of 85. A few months later, she 
developed oral and esophageal Candidiasis and a gastric 
ulcer, resulting in loss of appetite and weight loss. On 
admission to the hospital, 3 months before her death, she 

showed no neurological symptoms, had a good orientation 
in place but a disturbed orientation in time. She was bedrid-
den, seldomly spoke and became very slow. Therefore, it 
was not known whether she was demented. In this last 
stage, she suffered from renal insufficiency and expired 
shortly after a hematoptoe. CTs at the age of 84 and 87 are 
shown in Fig. 14.52. At autopsy, the brain weighed 1,000 g 
and showed no remarkable changes. In brain slices 
(Fig. 14.52c, d), slight cortical atrophy was seen, in partic-
ular of the frontal and temporal cortices. Histologically, 
abundant argyrophilic grains were found in the hippocam-
pal formation (Fig. 14.53b), the amygdala (Fig. 14.53a, c) 
and the lateral posterior temporal cortex. There were only a 
few NFTs and NPs, comparable to Braak stage II and 
CERAD A, respectively.

This case was kindly provided by Hiroyasu Akatsu, 
Yoshio Hashizume, Maya Mimuro and Akira Hori (Research 
Institute for Longevity Medicine, Fukushimura Hospital, 
Toyohashi, Japan).
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Fig. 14.52 (a and b) CTs at 84 (a) and 87 (b) years, showing progressive cortical atrophy; (c, d) in brain slices, slight cortical atrophy, in 
particular of the temporal region, is seen (courtesy Hiroyasu Akatsu, Yoshio Hashizume and Akira Hori, Toyohashi, Japan)
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Fig. 14.53 (a and b) Abundant argyrophilic grains and several neuro-
fibrillary tangles in Gallyas-stained (a) and AT8-stained (b) sections of 
the subiculum; (c) AT8-stained section of the amygdala with argyro-
philic grains ans one neurofibrillary tangle (courtesy Yoshio Hashizume 
and Akira Hori, Toyohashi, Japan)
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15.1  Introduction

The cerebral cortex can be divided into a large isocortex or 
neocortex, a smaller allocortex (the hippocampal formation 
and the olfactory cortex) and a transition zone (the mesocor-
tex) in between. The heterogeneous allocortex and the meso-
cortex have been discussed in Chap. 14. The various parts 
of the neocortex show large variations in the development 
of their constituent layers. The cortical areas that receive 
the primary sensory pathways via the thalamus form the 
granular cortex, in which layers II and IV are especially well 
developed. In the motor cortex, these layers are poorly devel-
oped (the agranular cortex), whereas the pyramidal layers III 
and V are well developed. Based on such differences in cyto-
architecture, Brodmann (1909), Vogt and Vogt (1919), von 
Economo and Koskinas (1925) and Sarkissov et al. (1955) 
published their brain maps (see Sect. 15.2). The various cor-
tical lobes and areas will be briefly discussed in Sect. 15.3. 
For a more extensive description, see the various volumes of 
“Cerebral Cortex”, edited by (Peters and Jones 1984–1994, 
Plenum Press, New York), the chapters on the cerebral cortex 
in Paxinos and Mai (2004) and Nieuwenhuys et al. (2007).

The neocortex is the end station of all sensory projections 
from the thalamus and has extensive corticofugal projections 
via the internal capsule to the basal ganglia, the thalamus, the 
brain stem and the spinal cord. These connections have been 
extensively discussed in previous chapters. In this chapter, 
emphasis is on corticocortical projections (Sect. 15.4), 
hemispheric differences (Sect. 15.5), language and the peri-
sylvian language networks (Sect. 15.6) and disorders of cor-
tical connectivity, known as disconnection syndromes 
(Geschwind 1965a, b; Catani and ffytche 2005; Catani and 
Mesulam 2008a; Sect. 15.7). The classic disconnection syn-
dromes were described in the late nineteenth century by 
Wernicke, Lissauer, Liepmann and Dejerine and include 
conduction aphasia, associative visual agnosia, apraxia and 
alexia without agraphia. In 1965, Norman Geschwind re-
introduced the disconnection paradigm and, more recently, 
other disorders such as visual amnesia and prosopagnosia 
have also been attributed to disconnection mechanisms. The 
hodological paradigm may be extended beyond the classic 
disconnection syndromes by including disorders of hyper-
connectivity (Catani and ffytche 2005). The term hodologi-
cal syndromes was introduced to refer to cognitive and 
behavioural dysfunctions arising from pathologies of white 
matter pathways, irrespective of whether the dysfunction is 
one of the hypoconnection, hyperconnection or a combina-
tion of the two. The final Sect. 15.8 contains a discussion of 
the neuroanatomical basis of cognitive impairment in the 
primary degenerative dementias.

15.2  Cortical Maps

The first real cortical maps were published at the beginning 
of the twentieth century. Alfred Campbell subdivided the cere-
bral cortex into 14 areas (Campbell 1905), whereas Grafton 
Elliot Smith arrived at a subdivision into about 50 areas (Elliot 
Smith 1907; see Braak 1980). The most famous and still 
widely used cortical map of the human brain was published in 
1909 by Korbinian Brodmann. He based his parcellation on 
the analysis of Nissl-stained preparations and subdivided the 
cerebral cortex into 52 areas (Brodmann 1909). Other subdivi-
sions and brain maps are those of Vogt and Vogt (1919), von 
Economo and Koskinas (1925), Bailey and von Bonin (1951) 
and Sarkissov et al. (1955). The brain maps of Brodmann, von 
Economo and Koskinas, and Sarkissov and co-workers are 
shown in Figs. 15.1 and 15.2. Brodmann also mapped the cor-
tical areas in a macaque brain (Fig. 15.3a), whereas Walker 
(1940) remapped the macaque cerebral cortex and defined 
many areas as “nearly homologous” to the similarly desig-
nated Brodmann areas in the human brain. For the macaque 
brain, however, currently the mapping system of von Bonin 
and Bailey (1947; Fig. 15.3b), which follows that of von 
Economo and Koskinas, and modifications by Deepak Pandya 
and co-workers are mostly used (e.g., Pandya and Seltzer 
1982a; Schmahmann and Pandya 2006). The brain maps of 
Brodmann and contemporaries were all based on the analysis 
of only one brain. Nowadays, atlases can combine data describ-
ing multiple aspects of brain structure or function at different 
scales from different subjects, the so-called multimodal maps 
(see Toga et al. 2006b). Receptor mapping of the human brain 
provides a novel and multimodal view of its anatomical, func-
tional and molecular organization (Zilles et al. 2004; Zilles 
and Amunts 2009).

Constantin von Economo and Georg Koskinas distin-
guished five fundamental types of isocortical structure (von 
Economo and Koskinas 1925; von Economo 1929; Fig. 15.4): 
type 1, the agranular motor cortex; type 2, frontal homotypi-
cal (frontal granular); type 3, parietal homotypical; type 4, 
polar, e.g. area 18; and type 5, hypergranular or koniocortex. 
Percival Bailey and Gerhardt von Bonin used terms such as 
agranular gigantopyramidal for area 4, dysgranular for areas 
6–9, homotypical for association cortices, and parakoniocor-
tex and koniocortex for secondary and primary sensory cor-
tices (Bailey and von Bonin 1951). Paul Flechsig showed 
that not all cortical areas myelinate at the same time and that 
the sequence of myelination follows a logical pattern 
(Flechsig 1920). The areas that showed stainable myelin 
before or at term, defined as primordial fields, correspond 
in general to the primary motor and sensory areas. The inter-
mediate fields, corresponding to association areas around 
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Fig. 15.1 The cortical maps of the 
lateral surface of the cerebral hemi-
sphere by (a) Brodmann (1909), (b) 
Sarkissov et al. (1955) and (c) von 
Economo and Koskinas (1925). The 
insert in (a) shows Brodmann’s 
parcellation of the insula
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Fig. 15.2 The cortical maps of the 
medial surface of the cerebral 
hemisphere by (a) Brodmann (1909), 
(b) Sarkissov et al. (1955) and (c) von 
Economo and Koskinas (1925)
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these primary zones, myelinate at approximately 6–12 post-
natal weeks. The terminal fields myelinate after the fourth 
postnatal month and correspond to the higher-order associa-
tion or integration areas partly surrounding different modal-
ity sensory association areas such as the prefrontal cortex 
(PFC) and the inferior parietal lobule (IPL) (for MRI data, 
see Toga et al. 2006a).

Marsel Mesulam introduced a more functional subdivi-
sion of the cerebral cortex. He proposed five functional sub-
types of the cerebral cortex (Mesulam 1985, 2000a): (1) 
primary sensory-motor; (2) unimodal (modality-specific) 
association; (3) heteromodal (higher-order) association; (4) 
paralimbic and (5) limbic. The paralimbic subtype or limbic 
association cortex can be divided into an olfactocentric 

 temporal-insular-orbitofrontal region and a hippocampocen-
tric division, composed of the cingulate and parahippocam-
pal gyri. This approach led to a subdivision of the isocortex 
into the following functional cortical areas (Fig. 15.5): 
(1) idiotypic or primary sensory fields, receiving projec-
tions from sensory relay nuclei in the thalamus, defined as S1 
(area 3,1,2), A1 (area 41) and V1 (area 17) and secondary 
sensory fields (S2 and area 42 or A2); (2) unimodal sensory 
fields such as areas 5 and 7 for further processing somato-
sensory information, area 22 for auditory information and 
areas 18 and 19 (V2–V5 fields) for visual information; (3) 
higher-order or heteromodal association areas, receiving 
information from several sensory modalities, including the 
parietotemporo-occipital, limbic and prefrontal association 
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type 4 = polar; (5) type 5 = granular koniocortex; (b and c) distribution 
of these five cortical types over the lateral (b) and medial (c) surfaces of 
the cerebral hemisphere (after von Economo 1929)

areas; (4) modality-specific or unimodal motor cortex, 
including the lateral premotor cortex (the lateral part of area 
6), the medial premotor area (the supplementary motor area 
or SMA, i.e. the part of area 6 on the medial aspect of the 
hemisphere) and the frontal eye field (FEF) (area 8) and (5) 
the primary motor cortex (area 4 or M1). The primary 

 sensory fields and the primary motor cortex form only a rela-
tively small part of the cerebral cortex as a whole.

In the late 1960s, the Nauta degeneration technique was 
used to determine the connections of primary sensory cor-
tices of the primate brain (Kuypers et al. 1965; Pandya and 
Kuypers 1969; Jones and Powell 1970). Jones and Powell 
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(1970) showed that several steps of the cascade of “sen-
sorifugal” connections from the primary sensory cortex 
were entirely unimodal (Fig. 15.6). Yet, at successively 
“higher” levels of processing, the topographical organiza-
tion of the projections weakened, resulting in convergence 
of information in heteromodal association cortices (see also 
Pandya and Seltzer 1982b). Each group of unimodal areas 
conveys modality-specific information to the limbic system 
(for emotion and memory), the PFC (for working memory 
and other executive functions), the perisylvian cortex (for 
language functions), the temporal cortex (for object recog-
nition), the dorsal parietal cortex (for spatial attention) and 

the premotor cortex (for the sensory guidance of movement 
and praxis).

Mesulam (2000a) distinguished at least five large-scale 
neurocognitive networks: a dorsal, parietofrontal network 
for spatial orientation, a limbic network for emotion and 
memory (see Chap. 14), a perisylvian network for language, 
a ventral, occipitotemporal network for face and object rec-
ognition, and a prefrontal network for  executive function and 
comportment. Diffusion tensor imaging (DTI) tractography 
allows the mapping of functional areas in the human cortex 
based on the connectivity through association fibres (Hua 
et al. 2009; see Sect. 15.4.1).

Sassa

b

Aass

S1
M1

LPA

S2
PTO

V1

Vass
LB

PF

G

GA2

A1

SMA
M1

S1

Sass

V2−5

V1

Vass

PF

LB

Fig. 15.5 Localization of functions on the human 
cerebral cortex in lateral (a) and medial (b) views of the 
brain. The insular cortex is stippled. Arrows indicate the 
central and parieto-occipital sulci. Aass auditory 
association cortex (broken line vertical hatching), A1, A2 
primary (bold vertical hatching) and secondary (light 
vertical hatching) auditory cortices, G gustatory cortex, 
LB limbic association cortex (grey), LPA lateral premotor 
area (light stippling), M1 primary motor cortex (heavy 
stippling), PF prefrontal association cortex, PTO 
parietotemporo-occipital association cortex, Sass 
somatosensory association cortex (light horizontal 
hatching), SMA supplementary motor area (light 
stippling), S1, S2 primary and secondary somatosensory 
cortices (bold horizontal hatching), Vass visual association 
cortex in temporal lobe (vertical hatching), V1 primary 
visual cortex (bold vertical hatching), V2–V5 visual 
association cortex in occipital lobe (vertical hatching; 
after Mesulam 1985 and other sources; from ten 
Donkelaar et al. 2006)
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15.3  The Isocortex

The isocortex shows a basic six-layered structure. The  isocortex 
contains primary areas, which are the targets of  sensory affer-
ents (somatosensory, auditory and visual), secondary sensory 
areas, motor areas and association areas. Based on the pigmen-
toarchitectonics of the human brain, Heiko Braak distinguished 
granulous cores, paragranulous belts, magnopyramidal regions, 
ganglionic cores and paraganglionic belts (Braak 1980). The 
core fields are the primary fields and are surrounded by belt or 

secondary areas (Fig. 15.7). Homotypical territories outside 
the core and belt areas are usually denoted as association areas. 
Each of the various lobes of the human brain contains a more 
or less extended magnopyramidal territory. Two magnopy-
ramidal regions can be distinguished in the frontal lobes: (1) a 
smaller one, the inferofrontal magnopyramidal region, found 
over portions of the frontal operculum immediately in front of 
the precentral gyrus; its location coincides with that of the 
speech area of Broca (Braak 1979); and (2) the very extended 
superofrontal magnopyramidal region over large portions of 
the superior frontal convolution, including the supplementary 
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Fig. 15.6 Summary diagram showing progression of connections 
from primary sensory cortices to unimodal association cortices and 
finally to higher-order association cortices. In each, projection origins 
are shown in red and termination sites in light red. In the somatosensory 
system (a), the primary somatosensory cortex (S) gives rise to projec-
tions to the motor cortex (4) and to the somatosensory association cor-
tex (5). Area 5, in turn, gives rise to projections to the premotor cortex 
(6) and to the posterior parietal cortex (7). The posterior parietal cortex 
projects to polysensory zones in the superior tempotal sulcus (STS), the 

cingulate gyrus and the perirhinal cortex (not shown). In the visual sys-
tem (b), area 17 projects to areas 8A and 20; area 20, in turn, projects 
to area 8A, whereas area 20 projects to polysensory zones in the STS, 
the temporal polar cortex (TG) and area 46. In the auditory system (c), 
the primary auditory cortex (A) projects to the supratemporal plane 
(STP) and area 8B. The supratemporal plane cortex projects to area 22 
in the temporal lobe and to areas 8B and 9 in the frontal lobe. Ara 22, 
in turn, projects to the temporal pole, the supratemporal sulcus and 
frontal areas 10 and 12 (after Jones and Powell 1970)
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motor area. The parietal lobe shows an extended magnopyra-
midal region covering large parts of the IPL. In the temporal 
lobe, a large magnopyramidal region is found over a large part 
of the temporal plane, which may correspond to the speech 
area of Wernicke (Braak 1978a).

15.3.1  The Frontal Lobe

The isocortical areas of the frontal lobe can be categorized 
histologically as granular, with a clearly visible inner granu-
lar layer, and agranular, without this layer, and functionally 

as primary motor, premotor and prefrontal association corti-
ces. The motor and premotor cortices are agranular, whereas 
most of the prefrontal regions show an inner granular layer. 
Walle Nauta defined the PFC as unique among cortical areas 
in its relationships with interoceptive and exteroceptive sen-
sory domains and, therefore, the foremost structure to syn-
thesize the inner and outer sensory worlds (Nauta 1971). His 
views on the fibre connections of the monkey PFC are sum-
marized in Fig. 15.8. The PFC includes areas 8–12 and 44–47 
of Brodmann’s frontal region and areas 24 and 32 of his 
 cingulate region. They do not form a cytoarchitectonically 
homogeneous region, however. Areas 8–12 and 44–47 have 
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Fig. 15.8 Nauta’s (1971) and Goldman-Rakic’s (1987) summaries of 
prefrontal connections in monkeys. In (a), the major association path-
ways from the primary sensory cortical fields are shown. Visual infor-
mation from the primary visual cortex (17) reaches the prefrontal cortex 
via relays in the secondary visual cortex and the inferior temporal lobe 
(IT). Auditory information from the primary auditory cortex (A) is con-
veyed via the secondary auditory cortex, whereas somatosensory infor-
mation from the primary somatosensory cortex (S) is relayed via the 
posterior parietal cortex. These three sensory modalities converge on 

the inferior parietal lobule (IP). In (b) prefrontal projections to the 
superior and inferior parietal lobules, the upper and middle temporal 
gyri and, on the medial side, to the cingulate and hippocampal gyri are 
shown. In (c), Nauta’s summary of parietoprefrontal connections from 
the superior and inferior parietal lobules is shown. In (d), Goldman–
Rakic’s data on reciprocal connections between subdivisions of area 7 
and subdivisions of the prefrontal cortex are shown in similar shading. 
as arcuate sulcus, ips intraparietal sulcus, ps principal sulcus (a–c after 
Nauta 1971; (d) after Goldman-Rakic 1987)
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a clearly visible inner granular layer, but this layer is absent 
in area 24 and difficult to recognize in area 32. Areas 8 and 
44–45 are motor areas for the control of eye movements (see 
Chap. 6) and of speech (see Sect. 15.6), respectively. Sanides 
(1962) delineated about 60 areas in the frontal lobe, although 
largely in agreement with Brodmann’s map. Area 8 has a less 
conspicuous inner granular layer than the adjoining prefron-
tal areas and has been identified as the frontal eye field 
(FEF) in primates (Bruce and Goldberg 1984; Huerta et al. 
1986, 1987) and humans, where it is found in the anterior 
wall of the precentral sulcus, near the caudal end of the supe-
rior frontal gyrus (Roland 1984; Rosano et al. 2002, 2003). 
The opercular (area 44) and triangular (area 45) parts of the 
left inferior frontal gyrus (Braak’s inferofrontal magnopyra-
midal region; Braak 1979) represent Broca’s motor speech 
centre (Broca 1861; Penfield and Rasmussen 1950; Roland 
1984; Amunts et al. 1999; Amunts and Zilles 2006; Petrides 
2006) in 95% of right- and left-handers (Branche et al. 1964). 
Katrin Amunts and colleagues showed that the cytoarchitec-
tonic borders of Broca’s region do not consistently coincide 

with sulcal contours. For asymmetries, see also Geschwind 
and Iacoboni (2007) and Sect. 15.5.

Much of the work on the subdivisions of the frontal corti-
cal areas has been performed in monkeys in which the arcu-
ate sulcus divides the frontal lobe into a posterior, motor 
portion and an anterior, prefrontal portion. In Cercopithecus, 
Brodmann (1903) distinguished areas 4 and 6, which form 
the main motor areas of the frontal cortex. Area 6 was not 
further subdivided by Brodmann, but Cécile and Oskar Vogt 
recognized areas 6a and 6b, each with subdivisions (Vogt 
and Vogt 1919). Area 6 is now usually subdivided into at 
least three separate regions, an inferior and a superior part on 
the lateral aspect of the hemisphere, and a mesial area 6 on 
the medial aspect of the hemisphere (Geyer et al. 2000; 
Rizzolatti et al. 2002; Geyer 2004). Massimo Matelli and co-
workers went even further and distinguished six well-defined 
premotor areas, F2–F7, the numbering following von 
Economo and Koskinas’ terminology (Matelli et al. 1985, 
1991, 2004; Fig. 15.9). In macaque monkeys, the primary 
motor cortex (Brodmann area 4 or area F1) lies immediately 

Fig. 15.9 (a and b) Medial (a) and lateral (b) views of the macaque 
frontal lobe with areas F1–F7 as distinguished by Matelli et al. 
(1985, 1991) and cingulate areas (CMAr, CMAd and CMAv) accord-
ing to Dum and Strick (1991); (c and d) medial (c) and lateral (d) 
views of the human frontal lobe with areas 4, 6aa, 6ab, 44 and 45 
according to Brodmann (1909) and Vogt and Vogt (1919), and cin-
gulate areas (RCZa, RCZp and CCZ) according to Picard and Strick 

(1996). as arcuate sulcus, cCG caudal cingulate motor area, CMA 
cingulate motor area, cs central sulcus, ifs inferior frontal sulcus, ls 
lateral sulcus, ps principal sulcus, pSMA pre-supplementary motor 
area, rCG rostral cingulate motor area, sfs superior frontal sulcus, 
SMA supplementary motor area, VCA, VCP vertical lines through 
anterior and posterior commissures (based on Geyer 2004; Geyer 
and Zilles 2005)
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rostral to the central sulcus. The non-primary motor cortex 
(Brodmann area 6) lies further rostrally and can be divided 
into three groups of areas: (1) the supplementary motor 
areas “SMA proper” (area F3) and the presupplementary 
motor area “pre-SMA” (area F6) on the medial side of the 
hemisphere (Nachev et al. 2008); (2) the dorsolateral pre-
motor cortex (areas F2 and F7, i.e. the caudal and rostral 
parts of the dorsal sector of area 6, respectively) on the dor-
solateral convexity and (3) the ventrolateral premotor cor-
tex (areas F4 and F5, i.e. the caudal and rostral parts of the 
ventral sector of area 6, respectively) on the ventrolateral 
convexity (for further discussion, see Chap. 9). F4 and F5 can 
be further subdivided. Part of area F5 may be homologous to 
area 44 of Broca’s region (Binkofski and Buccino 2004; 
Petrides et al. 2005; Petrides 2006).

The PFC can be subdivided into dorsolateral, ventrolat-
eral and orbitofrontal regions (Petrides and Pandya 1999, 
2001, 2004; Fig. 15.10). The orbitofrontal cortex is com-
posed of Brodmann areas 47 and 11-14. Brodmann (1909) 
included a large region of the caudal orbitofrontal cortex as 
part of his area 47 and labelled the remaining orbitofrontal 
cortex as area 11, each quite heterogeneous. Petrides and 

Pandya (2004) relabelled the caudomedial part of Brodmann 
area 47 as area 13, comparable to Walker’s area 13 in the 
macaque brain. The dorsolateral and ventrolateral prefrontal 
cortices are separated by the principal sulcus. In the dorso-
lateral PFC, only a restricted portion of Walker’s (1940) 
area 46 in the monkey brain has the same characteristics as 
the human area 46. The remaining part of this monkey region 
has the characteristics of a portion of the middle frontal gyrus 
in the human brain that has previously been included in area 9. 
In both species, Petrides and Pandya (1999) labelled this cor-
tical area as 9/46. These two cortical areas, 46 and 9/46, form 
the lower half of the mid-dorsolateral PFC. Both have a well-
developed granular layer IV and can be easily distinguished 
from area 9, which does not have a well-developed layer IV. 
Area 9 has the same basic pattern of connections as areas 
46 and 9/46, apart from input from the lateral parietal cor-
tex. In the ventrolateral PFC, Petrides and Pandya (2001) 
relabelled a large cortical region (Brodmann area 47 in the 
human brain and Walker’s area 12 in the monkey brain)  
as area 47/12. This prefrontal cortical region is exten-
sively innervated by the rostral inferotemporal visual asso-
ciation cortex and by temporal limbic areas (perirhinal and 
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 parahippocampal cortices). The dorsally adjacent area 45 
receives strong input from the superior temporal gyrus (STG) 
(the auditory association cortex) and the multimodal cortex 
in the upper bank of the superior temporal sulcus. Areas 44 
and 45 gained renewed interest because of their importance 
in the so-called “mirror neuron system” (Rizzolatti and 
Craighero 2004; Rizzolatti and Sinigaglia 2008).

Mirror neurons form a specific class of visuomotor neu-
rons that discharge both when the monkey performs an action 
and when it observes a similar action done by another mon-
key or by the experimenter. Mirror neurons were first dis-
covered in area F5 of the ventrolateral premotor cortex 
(Di Pellegrino et al. 1992; Gallese et al. 1996; Rizzolatti 
et al. 1996; Rizzolatti and Sinigaglia 2010). More recently, 
mirror neurons were also found in the rostral part of the IPL, 
known as area 7b or PF (Fogassi et al. 1998; Gallese et al. 
2002; Rizzolatti and Craighero 2004). Other monkey frontal 
areas were also found to respond to actions performed by 
others (Nelissen et al. 2005). Observation of a hand grasping 
objects activated four frontal areas: rostral F5 and areas 45B, 
45A and 46. Observation of an individual grasping an object 
also activated caudal F5, which indicates different degrees of 
action abstraction in F5. Observation of shapes activated area 
45 but not premotor F5. Convergence of both object and 
action information may be important for full comprehension 
of actions (see also Arbib 2006). Transcranial magnetic stim-
ulation (TMS) studies indicate that a mirror neuron system 
also exists in humans and that it possesses important proper-
ties not observed in monkeys (Fadiga et al. 1995; Maeda 
et al. 2002; Rizzolatti and Sinigaglia 2010). The opercular 
part of the inferior frontal gyrus basically corresponds to 
area 44 and is the human homologue of area F5 (von Bonin 
and Bailey 1947). Area 44 contains in addition to a speech 
representation a motor representation of hand movements 
(Binkofski et al. 1999; Iacoboni et al. 1999; Binkofski and 
Buccino 2004; Petrides et al. 2005). An impairment of the 
mirror neuron mechanism may explain some deficits in chil-
dren with autism (Williams et al. 2001; Oberman et al. 2005). 
This explanation is known as the “broken mirror” hypothesis 
(Ramachandran and Oberman 2006).

The connectivity of the PFC has been extensively stud-
ied in primates. The PFC is innervated in particular by the 
mediodorsal thalamic nucleus and by ipsilateral associa-
tional and contralateral (callosal) hemispheric projections. The 
medial part of the mediodorsal nucleus projects to ventrome-
dial prefrontal regions and its lateral part to the dorsolateral 
PFC (Kievit and Kuypers 1977; Goldman-Rakic and Porrino 
1985; Giguère and Goldman-Rakic 1988; Barbas et al. 1991). 
Subcortical projections of the PFC are aimed at the striatum 
(Goldman and Nauta 1977a; Selemon and Goldman-Rakic 
1985; see Chap. 11), the mediodorsal nucleus, the superior 
colliculus (Goldman and Nauta 1976) and the pontine nuclei 

(see Chap. 10). The PFC shows a remarkable columnar orga-
nization consisting of vertical units of neurons with special 
input–output relations and intrinsic synaptic connections 
(Goldman and Nauta 1977b; Goldman-Rakic 1984, 1987). 
These columns are organized by alternate columns of ipsilat-
eral and callosal corticocortical connections. The ipsilateral 
association and the contralateral callosal connections of the 
PFC are reciprocally organized (Pandya et al. 1971a; Goldman 
and Nauta 1977a, b; Jacobson and Trojanowski 1977a, b; 
Künzle 1978; Cavada and Goldman-Rakic 1989a, b; Petrides 
and Pandya 1984, 1999, 2001, 2004; Öngür et al. 2003). In 
the monkey frontal lobe, the cortex of the caudal two-thirds 
of the principal sulcus receives the major outflow from the 
posterior parietal cortex (PPC). There exists a precise topo-
graphically organized network of connections between sec-
tors of the parietal cortex and subdivisions of the principal 
sulcus cortex (Fig. 15.8d): area 7b or PF of the PPC is con-
nected with the rim of the ventral bank of the principal sul-
cus, area 7a or PG is connected with the depth and fundus of 
the principal sulcus and the parietal cortex on the medial sur-
face (area 7m or PGm) is linked with the dorsal bank of the 
principal sulcus (see also Sect. 15.3.2).

Recently, Petrides and Pandya (2006, 2007) analyzed 
the long association fibres arising in the various areas of the 
 caudal and rostral prefrontal areas in macaque monkeys 
(Fig. 15.11a, b). Projections from the caudal PFC to poste-
rior cortical areas pass via several pathways (Petrides and 
Pandya 2006): the three components of the superior longi-
tudinal fascicle (SLF), the arcuate fascicle, the fronto-
occipital fascicle (FOF), the cingulum bundle and the 
extreme capsule (Fig. 15.11b; see also Sect. 15.4.1). The 
long efferent association fibres from the rostral PFC to 
posterior cortical areas are organized as three distinct 
streams (Fig. 15.11a): (1) a dorsomedial limbic stream via 
the cingulum bundle to the anterior and posterior cingulate 
cortex and the retrosplenial cortex; (2) a ventral limbic 
stream via the uncinate fascicle to the temporopolar cortex, 
the rostral part of the STG and the amygdala and (3) a lat-
eral stream of fibres via the extreme capsule to the middle 
part of the STG and adjacent multimodal areas within the 
upper bank of the superior temporal sulcus. Neither area 10 
nor area 9 was found to project to any part of the parietal 
cortex or the visual areas of the occipital and inferotempo-
ral cortices. Therefore, in striking contrast to the massive 
and bidirectional connections of the caudal PFC, the rostral 
PFC does not interact directly with the occipitoparietal cor-
tical areas for visuospatial information, the occipitotempo-
ral areas for visual object information or the parietal areas 
involved in action in space. Petrides and Pandya (2004) 
summarized the available data on the connectivity of the 
various parts of the frontal cortex. Area 44, which is the 
equivalent of area F5 and forms the transitional area 
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I–III, STG superior temporal gyrus, STS superior temporal sulcus, S2 
second somatosensory area, UF uncinate fascicle (after Petrides and 
Pandya 2004)

between the ventral premotor and ventral prefrontal corti-
ces, is linked with the surrounding cortices, areas 11 and 13 
of the orbitofrontal cortex, areas 24 and 23 of the cingulate 
cortex and the SMA (Fig. 15.11c). Moreover, area 44 is 
connected with the Sylvian opercular cortex and with areas 
PF and PFG of the rostral part of the IPL. Area 45 is con-
nected with many areas of the lateral PFC and with the 
medial frontal and orbitofrontal cortices. Long corticocor-
tical connections exist with dysgranular and granular parts 

of the insula and with areas of the supratemporal plane, the 
superior temporal region, the superior temporal sulcus, the 
parietal operculum and with area PG in the caudal part of 
the IPL (Fig. 15.11d).

The connectivity of the orbitofrontal cortex has also 
been extensively studied (Zald and Kim 1996a, b; Kondo 
et al. 2003, 2005; Kringelbach and Rolls 2004; Rolls 2004; 
Ogar and Gorno-Tempini 2007; Saleem et al. 2008). In 
macaque monkeys, Kondo and co-workers studied the cir-
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cuitry of the orbital and medial prefrontal networks with the 
temporal, insular and opercular cortices with anterograde 
and retrograde tracers (Kondo et al. 2003, 2005; Saleem 
et al. 2008). The orbital prefrontal network, which 
includes areas in the central and lateral parts of the orbital 
cortex, is connected with vision-related areas in the inferior 
temporal cortex, the fundus and the ventral bank of the 
superior temporal sulcus and with somatosensory-related 
areas in the frontal operculum and dysgranular insular area. 
No connections were found between the orbital network and 
auditory areas. The orbital network is also connected with 
taste and olfactory cortical areas and the perirhinal cortex 
and, therefore, may be involved in assessment of sensory 
objects, especially food. The medial prefrontal network 
includes areas on the medial surface of the frontal lobe, 
medial orbital areas and two caudolateral orbital areas. It is 
connected with the rostral STG and the dorsal bank of the 
superior temporal sulcus. This region is located rostral to 
the auditory parabelt areas, and there are only relatively 
light connections between the auditory areas and the medial 
network. This medial prefrontal network is also connected 
with the entorhinal, parahippocampal and cingulate/retros-
plenial cortices and may be involved in emotion and other 
self-referential processes.

The frontal cortical regions are connected to a complex 
circuitry of subcortical structures, the frontal-subcortical 
circuits (see also Chap. 11). The frontal motor and premotor 
cortices connect to subcortical motor control nuclei via 
descending pathways through the basal ganglia and the thal-
amus. The prefrontal and orbitofrontal cortices form four 
behaviourally relevant frontal-subcortical circuits (Chow and 
Cummings 2007):
 1. The dorsolateral prefrontal-subcortical circuit, involved 

in executive functions.
 2. The superior medial frontal-subcortical (formerly known 

as the anterior cingulate) circuit, involved in motivational 
functions.

 3. The medial orbitofrontal-subcortical circuit.
 4. The lateral orbitofrontal-subcortical circuit, both involved 

in empathic functions.
The case of Phineas Gage (the Boston Crowbar case), 

reported in 1868 by Harlow, remains paradigmatic for the 
study of the frontal lobe syndromes. In the subsequent litera-
ture, Gage was described as a reliable and upright foreman 
who became profane, irascible and irresponsible following 
an accident during which an iron rod was blown through his 
frontal lobes. This case clearly showed that frontal lobe 

damage may lead to dramatic alterations of strategic think-
ing, personality, emotional integration and comportment 
(conduct), while leaving language, memory and sensory-
motor functions relatively intact. Each individual patient 
may have a different pattern of behavioural deficits, probably 
determined by the site, size and laterality of the lesion 
(Mesulam 2000a; Godefroy and Stuss 2007). In general, two 
types of frontal syndromes are seen, although rarely in pure 
form (see Clinical case 15.1): (1) the syndrome of frontal 
abulia, in which loss of creativity, initiative and curiosity 
predominates and the patient shows apathy and emotional 
blunting; and (2) the syndrome of frontal disinhibition, in 
which the patient displays increased impulsivity, together 
with a loss of judgement, insight and foresight. Mesulam 
(2000a) suggested that lesions in orbitofrontal and medial 
frontal, paralimbic areas are more likely to trigger the disin-
hibition syndrome, whereas lesions in the dorsolateral, het-
eromodal frontal lobe are more likely to cause the abulic 
syndrome.

The primate and human anterior cingulate cortex (ACC) 
has been extensively studied by Brent Vogt and co-workers 
(Vogt et al. 1995, 2004; Vogt 2005; Palomero-Gallagher et al. 
2008). Variations in surface features of the human cingulate 
cortex include a single cingulate gyrus with or without seg-
mentation or double parallel sulci with or without segmenta-
tion. Braak (1976) identified a primitive gigantopyramidal 
field buried in the depth of the human cingulate gyrus. In the 
cingulate gyrus, four regions, with subregions based on dif-
ferent connections, can be distinguished: the ACC with sub-
genual and pregenual subregions, the midcingulate cortex 
(MCC) with anterior and posterior subregions, the posterior 
cingulate cortex (PCC) with dorsal and ventral subregions, 
and the retrosplenial cortex (RSC). The ACC is involved in 
the regulation of autonomic motor function and has extensive 
connections with the amygdala (see Chap. 14). The MCC 
projects to the spinal cord and regulates skeletomotor func-
tion (see Chap. 9). Its anterior part contains the rostral cingu-
late motor area that interacts with the amygdala, whereas the 
posterior MCC contains the caudal cingulate motor area that 
interacts with the PPC (Pandya et al. 1981; Vogt et al. 2004; 
Vogt 2005). For contributions of the ACC to behaviour, see 
Devinsky et al. (1995) and Kaufer (2007). Cingulate cortex 
seizures can alter the level of attention and consciousness, 
voluntary and involuntary skeletomotor activity, affective 
expression and autonomic activity (Devinsky et al. 1995). 
The cingulum bundle lies within the white matter of the cin-
gulate gyrus.
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Fig. 15.12 Coronal T2-weighted (a) and axial T1-weighted 
(b) MRIs of a left-sided frontotemporal infarction with involvement 
of the uncinate fascicle (courtesy Peter van Domburg, Sittard)

Clinical Case 15.1 Prefrontal Disconnection with Forced 

Hyperphasia and Environmental Dependency

Prefrontal behavioural changes after an apparently good 
recovery from stroke generally escape attention on global 
clinical examination, although family members may 
emphasize their particularly distressing nature as shown in 
the Case report. In this case, forced hyperphasia and envi-
ronmental dependency occurred as described by Tanaka 
et al. (2000).

Case report: A 56-year-old man suffered from a left 
deep frontotemporal stroke, caused by narrowing of his left 
internal carotid artery for which endarteriectomy was 
 successfully performed. He recovered completely from an 
initial right-sided paresis and nearly completely from par-
tial aphasia. MR imaging showed a left-sided frontotem-
poral infarction with involvement of the uncinate fascicle, 
suggesting dis connection between limbic and prefrontal 
structures (Fig. 15.12). On clinical examination, he was 
only somewhat apathetic but performed adequately. His 
wife and children, however, emphasized a change of char-
acter characterized by abulia and loss of empathy combined 
with a tendency to perseverate and imitation and utilization 
behaviour. In his own social environment, he had to be 
guided by his wife for nearly all daily activities. Once 
engaged in a task, however, he tended to go on if not 
stopped by others. During conversations, he could not keep 
from touching the other person. He repeatedly kept his face 
close to that of his conversation partner and showed hyper-
phasia in spite of his word-finding difficulties. His cordial-
ity had changed into greediness, which was the perception 
of his utilization behaviour and environmental dependency 
on his wife. Nuances in his judgement were lost and he 
became easily and disproportionally agitated.

Selected Reference

Tanaka Y, Albert MI, Hara H, Miyashita T, Kotani N (2000) Forced 
hyperphasia and environmental dependency syndrome. J Neurol 
Neurosurg Psychiatry 68:224–226

15.3.2  The Parietal Lobe

Macroscopically, the parietal lobe consists of anterior and 
posterior parts (Fig. 15.13). The anterior part includes 
Brodmann areas 3, 1 and 2 (the primary somatosensory 
cortex), and so roughly coincides with the postcentral gyrus 
(see Chap. 4). The upper bank of the lateral sulcus contains 

a second somatosensory area (S2) and a parietal ventral 
(PV) area, both receiving inputs from all four areas of the 
anterior parietal cortex (Disbrow et al. 2000; see Chap. 4). 
Eickhoff et al. (2006a, b) identified four cytoarchitectonic 
areas in the parietal operculum, termed OP1-4, of which 
OP1 corresponds to S2 and OP4 to PV. The posterior  
parietal cortex (PPC) consists of the superior and inferior 



72715.3 The Isocortex

Fig. 15.13 Brodmann’s (a and b) and von Economo and Koskinas’ (c and d) maps of the parietal and occipital lobes
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parietal lobules, separated by the intraparietal sulcus. The 
parieto-occipital sulcus partly demarcates the caudal bor-
der of the parietal lobe.

The superior parietal lobule (SPL) consists of Brodmann 
areas 5 and 7 and shows the homotypical lamination pattern 
with well-differentiated pyramidal layers and a reduction of 
the inner granular layer as compared to the postcentral gyrus. 
The pyramidal cells are large and can even reach the size of 
Betz cells in its most rostral part (Brodmann 1909). The pos-
teromedial portion of the parietal lobe is known as the precu-
neus. Recent functional imaging findings in healthy subjects 
suggest a central role for the precuneus in a wide spectrum 
of highly integrated functions, including visuospatial imag-
ery, episodic memory retrieval and self-processing operations 
(see Cavanna and Trimble 2006; Vann et al. 2009). The pre-
cuneus also seems to be particularly vulnerable to the very 
early Alzheimer-like changes (Karas et al. 2007; Pihlajamäki 
et al. 2009). The territory of the precuneus largely corre-
sponds to the mesial extent of Brodmann area 7 (Zilles and 
Palomero-Gallagher 2001; Zilles et al. 2003). Brodmann 
(1909) described gradual architectonic changes within area 7 
and defined two main subregions, 7a and 7b, without a clear 
border. Von Economo and Koskinas (1925) subdivided their 
area PE into a rostral magnocellular area PEm and a rela-
tively small-celled posterior area PEp, probably equivalent 
to Brodmann areas 7a and 7b. In Cercopithecus, Brodmann 
(1909) identified area 5 as an area representing the complete 
SPL and area 7 as covering the entire IPL. In experimental 

studies on monkeys, however, area 7 is subdivided into three 
lateral areas, 7p and 7a in the IPL and area 7i in the intrapa-
rietal sulcus, and one medial area 7m (Goldman-Rakic 1987, 
1988; Cavada and Goldman-Rakic 1989a, b) or according to 
von Bonin and Bailey (1947) or modifications thereof 
(Pandya and Seltzer 1982a) as areas PF, PG and PGm. 
Therefore, area 7 of monkeys should not be considered 
equivalent to the human area 7 (Zilles et al. 2003). The intra-
parietal sulcus is the crucial landmark for comparing pari-
etal structures in monkeys and humans.

The inferior parietal lobule (IPL) consists of Brodmann 
areas 39 and 40 (Fig. 15.13), which have a rather well-
developed inner granular layer. The angular area 39 or area 
PG (von Economo and Koskinas 1925) corresponds broadly 
to the angular gyrus, whereas the supramarginal area 40 or 
area PF corresponds approximately to the supramarginal 
gyrus. Neither Brodmann nor von Economo and Koskinas 
provided a  distinct cytoarchitectonic subdivision of the cor-
tex in the intraparietal sulcus. In monkeys, several areas 
have been distinguished in the intraparietal sulcus and at the 
junction with the parieto-occipital sulcus, which are exten-
sively connected with both the frontal premotor and occipital 
cortices (Fig. 15.14). These include anterior (AIP), lateral 
(LIP), medial (MIP), posterior (PIP) and ventral (VIP) intra-
parietal areas (Maunsell and Van Essen 1983; Andersen et al. 
1985; Colby et al. 1988, 1993; Lewis and Van Essen 2000; 
Kalaska et al. 2003; Sakata 2003), area PEip (Matelli and 
Luppino 2001) and area V6A (Galletti et al. 1996, 1999). 
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Sakata et al. (1995, 1997) suggested a caudal intraparietal 
area. The MIP and parts of area V6A and area 5 in the ante-
rior bank of the IPL form a newly described arm movement 
area of the PPC, the parietal reach region (Lewis and Van 
Essen 2000; Cohen and Andersen 2002). In the human brain, 
AIP (Binkofski et al. 1998, 1999; Grefkes et al. 2002; Seitz 
and Binkofski 2003) and VIP (Bremmer et al. 2001; Seitz 
and Binkofski 2003) areas have been identified.

In rhesus monkeys, each of the four posterior parietal sub-
divisions (7a, 7ip, 7p and 7m) is reciprocally connected with 
the frontal, temporal and occipital lobes (Hyvärinen 1982a, b; 
Pandya and Seltzer 1982a; Goldman-Rakic 1987, 1988; 
Cavada and Goldman-Rakic 1989a, b; Leichnetz 2001; see 
Fig. 15.8d). The main extraparietal connections are with the 
frontal lobes. The primate medial parietal cortex may contain 
a “medial parietal eye field”, involved in the control of eye 
movements and visual reaching (Johnson et al. 1996; Thier 
and Andersen 1998), in addition to the lateral parietal eye field 
on the lateral bank of the inferior parietal sulcus (LIP; Andersen 
et al. 1990). Likewise, the corticocortical projections from the 
precuneus to the lateral parietal areas and the premotor cortex 
seem to play a pivotal role in the visual guidance of hand 
movements (Wise et al. 1997; Caminiti et al. 1999; Galletti 
et al. 2003). The thalamic projections of the PPC arise largely 
from the pulvinar (Asanuma et al. 1985; Yeterian and Pandya 
1985; Darian-Smith et al. 1990a, b; Schmahmann and Pandya 
1990; Buckwalter et al. 2008).

The human PPC has long been considered as a large associa-
tive cortical region, where afferents from different sensory 
modalities are integrated to provide the basis for perceptual pro-
cesses such as space perception and perception of the body 
schema. These perceptual processes were considered indepen-
dent of motor functions. In contrast, electrophysiological studies 
in monkeys by Jari Hyvärinen (Hyvärinen and Poranen 1974; 
Hyvärinen 1981, 1982a, b) and Vernon Mountcastle and co-
workers (Mountcastle et al. 1975) have shown that the PPC is not 
only involved in higher-order sensory analysis but also plays an 
important role in motor control. The PPC appears to be a mosaic 
of areas each receiving specific sensory input and transforming it 
into information appropriate for action. Each PPC area is strongly 
and reciprocally linked with a specific sector of the agranular 
frontal cortex, leading to the concept of parallel processing of 
different types of sensorimotor transformations. The PPC of the 
macaque monkey projects to the posterior motor areas F1–F5, 
whereas the rostral motor areas F6 and F7 receive major input 
from the PFC (Rizzolatti et al. 1998; Rizzolatti and Luppino 
2001; Fogassi and Luppino 2005). Since areas F1–F5 give rise to 
the corticospinal tract, one of the major functions of the parieto-
frontal cortical system is sensory-motor transformation neces-
sary for action. The extensive studies by Giacomo Rizzolatti and 
co-workers suggest the following parallel parietofrontal cir-
cuits (Rizzolatti et al. 1998; Rizzolatti and Luppino 2001; Geyer 
2004; Fig. 15.15), aimed at the primary motor cortex (the PE-F1 
circuit), the ventral premotor cortex (the VIP-F4, AIP-F5b and 

PF-F5c circuits), the dorsal premotor cortex (the PEc/PEip-F2d, 
MIP/V6A-F2vr, PGm-F7 and LIP-F7 circuits) and mesial area 6 
circuits (the PEci-F3 circuit):
 1. The PE-F1 circuit between area PE (area 5), which 

receives somatosensory but not visual input, and the pri-
mary motor cortex (area 4 or F1) provides information on 
the location of body parts necessary for the control of 
limb movements.

2. The VIP-F4 circuit between the VIP area, which receives a 
major input from the dorsal visual stream and from the pari-
etal areas PEc and PFG, and area F4, which contains repre-
sentations of movements of the arm, neck, face and trunk, is 
active during encoding of peripersonal space and transform-
ing object locations into movements towards them.

3. The AIP-F5bank circuit between area AIP and the F5 area 
of the arcuate bank, is crucial for the capacity to transform 
3D properties of the object into hand movements. AIP is 
active during grasping of specific objects independent of 
the object position in space, whereas area F5b performs 
goal-directed movements of the hand and/or mouth.

4. The PF-F5convexity circuit between area PF in the ros-
tral part of the IPL and the F5 area of the cortical con-
vexity, is involved in an execution/observation matching 
system when monkeys observe grasping, placing and 
 manipulating of objects.

5. The PEc/PEip-F2d circuit between PE areas on the me-
dial side of the hemisphere and in the intraparietal sulcus 
with the F2 area around the frontal dimple, seems to be ac-
tive in planning and controlling arm and leg movements.

6. The MIP/V6A-F2vr circuit between the parietal reach re-
gion and the ventrorostal part of F2, monitors and  controls 
arm position during the transport or reaching phase (Gal-
letti et al. 2003). This circuit seems to represent the neural 
system producing optic ataxia after impairment (see Jean-
nerod and Farnè 2003).

7. The PGm-F7 ventral circuit; area PGm is richly con-
nected with areas PG and V6A and forms the major 
source of parietal input to the lateral F7 area.

8. The LIP-F7 dorsal circuit is a circuit involved in the con-
trol of eye movements; the medial F7 area corresponds to 
the supplementary eye field.

 9. The PEci-F3 circuit; area PEci was defined by Pandya and 
Seltzer (1982a, b) as a parietal area in the caudal part of the 
cingulate sulcus. It is connected with areas PE, PEc and PGm 
and forms the main source of input to area F3. The PEci-F3 
circuit probably controls motor activity in a global way.
Lesion and inactivation studies have clearly demonstrated 

the occurrence of specific motor deficits related to the lesioned 
part of the PPC. These deficits include misreaching, ocular 
dysmetria and disruption of hand shaping in monkeys (Gallese 
et al. 1994; Sakata et al. 1995, 1997; Li et al. 1999; Murata 
et al. 2000; Kalaska et al. 2003; Sakata 2003) and optic ataxia, 
impaired grasping movements, apraxia, motor neglect and 
directional hypokinesia in humans (Freund 2003; Jeannerod 
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and Farnè 2003). In monkeys, three specific areas relating to 
grasping have been identified in the cerebral cortex 
(Fig. 15.16a): the primary motor cortex (F1), the premotor 
cortex (F5) and the AIP (Sakata et al. 1995, 1997; Sakata 
2003). Successful grasping involves the transformation of the 
intrinsic properties of a visualized object into motor actions 
(Jeannerod et al. 1994; Jeannerod and Farnè 2003) and depends 
primarily on the integrity of the primary motor cortex. In mon-
keys, lesions of F1 produce a profound deficit in the control of 

individual fingers and consequently disrupt normal grasping, 
whereas lesions of the corticospinal tract impair independent 
finger movements but do not impede synergistic finger flexion 
during a power grip (see Chap. 9). Binkofski and co-workers 
localized the area responsible for grasping in humans to AIP, 
contralateral to the impaired hand (Binkofski et al. 1998, 1999; 
Seitz and Binkofski 2003; Fig. 15.16b). The location of the 
human AIP was confirmed in other functional magnetic reso-
nance imaging (fMRI) studies (Frey et al. 2005; Begliomini 
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et al. 2007; Grol et al. 2007). Patients with AIP lesions show 
deficits in grasping, whereas reaching remains intact (Jeannerod 
et al. 1994; Binkofski et al. 1998; see Clinical case 15.2). 
Davare and colleagues studied the human AIP-PMv circuit 
with TMS by inducing a transient virtual lesion of either area 
in healthy subjects performing a standard grip-lift task (Davare 
et al. 2006, 2007). They showed that bilateral lesions of the 
AIP are necessary to alter the preshaping of either hand.

Parietal lesions result in cognitive disorders, and lesions in 
the posterior parietal areas of the two hemispheres produce 
different defects (Pause et al. 1989; Jeannerod et al. 1994; 
Freund 2003, 2005; Jeannerod and Farnè 2003; Vallar et al. 
2003). Lesions restricted to the SPL may produce two fre-
quently associated defects, astereognosis and tactile apraxia 
(Binkofski et al. 2001; see Chap. 4). Errors in reaching and 
grasping with the contralateral arm and hand may also occur. 
This defect in sensorimotor transition between the parietal and 
frontal lobes is known as optic or visuomotor ataxia. Lesions 
of the inferior parietal cortex in humans provide an example of 
hemispheric specialization present in humans and probably 
not or not to the same degree in monkeys (Mountcastle 2005). 
Lesions of the right and only rarely of the left angular gyrus 
(area 39) in right-handed patients, produce complex defects of 
spatial perception and directed attention, including the visual 
unilateral neglect syndrome (Vallar et al. 2003; Husain and 
Nachev 2006; Sect. 15.5.2). Contralateral neglect appears 
infrequently with lesions in other regions of the forebrain. 
Lesions of the supramarginal gyrus (area 40) in the left but 
rarely in the right hemisphere in right-handed persons produce 
apraxic defects of motor attention and in the correct organiza-
tion of movements in time, particularly for skilled movements 
of the hand and fingers (Sect. 15.7.2). The parietal cortex also 
appears to play a role in episodic memory (Berryhill et al. 
2007; Cabeza et al. 2008).
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Fig. 15.16 (a) The neural circuits for grasping in macaque monkeys 
(after Jeannerod et al. 1994; Sakata et al. 1997) and (b) the possible 
localization of certain grasping areas in the human brain (after Seitz and 
Binkofski 2003). In (b), (1) indicates the location of the human AIP, (2) 
that of VIP, (3) that of LIP and (4) that of PIP. AIP, CIP, LIP, MIP, PIP, 
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motor areas, SPL superior parietal lobule, V1, V2, V3A, V4, V6A visual 
cortical areas

Clinical Case 15.2 Grasping Disorders

Parietal lesions may cause defects of visually guided 
grasping. Jeannerod et al. (1994) found a patient with bilat-
eral deficits in grasping without having a deficit in reach-
ing. Their patient had both abnormal preshaping with 
overextended fingers and an inability to adjust hand orien-
tation. The dissociation of the deficits in reaching and 
grasping suggested that separate regions may exist for the 
control of reaching and grasping. Binkofski et al. (1998) 
studied patients with cortical lesions involving the anterior 
lateral bank of the intraparietal sulcus (Fig. 15.17a). They 
found selective deficits in the coordination of finger move-

ments required for object grasping, whereas reaching was 
much less disturbed. Patients with parietal lesions sparing 
the cortex around the anterior intraparietal sulcus showed 
intact grasping behaviour. fMRI in normal controls showed 
a specific activation of the anterior lateral bank of the intra-
parietal sulcus during grasping (Fig. 15.17b, c). These find-
ings suggest that the anterior lateral bank of the intraparietal 
sulcus may include the human homologue of the monkey 
AIP area and mediates the processing of sensorimotor inte-
gration of precisely tuned finger movements.

Data for this case were kindly provided by Ferdinand 
Binkofski (Department of Neurology, University Hospital 
Lübeck).
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15.3.3  The Temporal Lobe

The temporal lobe contains isocortical and allocortical 
areas. The allocortical and peri-allocortical structures are 
described in Chap. 14. The auditory regions are found in 
the STG, the primary auditory cortex and belt regions. The 
primary auditory cortex (A1) is located on the transverse 
temporal or Heschl’s gyrus and corresponds to Brodmann 
area 41, area TC of von Economo and Koskinas (1925), 
areas KAm and KAlt (medial and lateral koniocortex) of 
Galaburda and Sanides (1980) and areas Te1.1, Te1.0 and 
Te1.2 of Morosan et al. (2001; Fig. 15.18). It is surrounded 
rostrally, laterally and caudally by secondary auditory 
areas (A2), an area of parakoniocortex, described as area 
42, TB and PaA (with rostral, intermediate and caudal 
parts, PaAr, PaAi, PaAc). The caudal area is also known as 
the planum temporale. The left planum temporale is usu-
ally larger than the right one (von Economo and Horn 
1930; Geschwind and Levitsky 1968; Galaburda et al. 
1978a, b; Dorsaint-Pierre et al. 2006). The large remainder 

of the temporal lobe contains non-auditory association 
cortex and is composed of a temporopolar and basal 
region, a large region on the middle and inferior temporal 
gyri, and a region surrounding the auditory cortex (Braak 
1978b, 1980). This area was described as Brodmann area 
22, area TA and as external auditory parakoniocortex or 
PaAe (Galaburda and Sanides (1980). The large temporal 
magnopyramidal region extends over lateral parts of the 
temporal plane (the upper bank of the first temporal convo-
lution immediately behind the transverse gyrus of Heschl) 
and may form an essential part of the sensory speech area 
of Wernicke (Braak 1978a, b, 1980). The human auditory 
koniocortex (area 41/TC/KA/Te) is homologous to the 
core area of the monkey auditory cortex (Hackett et al. 
2001; Hackett and Kaas 2004). In primates, a centrally 
located core region containing two or three subdivisions 
including the primary auditory area (A1), a surrounding 
belt of cortex with some seven divisions and a lateral 
parabelt region with at least two fields are distinguished 
(Hackett et al. 2001; see Chap. 7).

ips

ips

CS

a cb

Fig. 15.17 (a) The common zone of overlap (in black) in a dorsal 
view of the brain of patients with grasping disorders; (b) fMRI of 
the AIP area in a human volunteer and (c) its localization in a dorsal 

view of the brain (after Binkofski et al. 1998; courtesy Ferdinand 
Binkofski, Lübeck)
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In rhesus monkeys, a dichotomy of auditory projec-
tions, comparable to the what/where organization of the 
visual system, has been demonstrated (Rauschecker and 
Tian 2000). The “where” or dorsal pathway is thought to 
link A1 via the caudolateral belt with the FEF and parietal 
targets (Romanski et al. 1999) that are implicated in spa-
tial processing (Fig. 15.19). The “what” or ventral path-
way is thought to represent a pattern information stream 
that originates in the rostral core and belt areas and influ-
ences targets within the temporal lobe. A similar two-
stream organization may exist in the human auditory cortex 
(Griffiths et al. 2000; Alain et al. 2001; Wessinger et al. 
2001; Clarke et al. 2002).

15.3.4  The Occipital Lobe

The occipital lobe contains primarily visual cortical areas, 
a primary area (the core), a secondary area (the belt) and a 
region of association areas. The primary visual cortex 
(the striate area or area 17) is characterized by the pres-
ence of the stripe of Gennari, also described by Vicq 
d’Azyr. Layer IV of area 17 can be subdivided into at least 
three sublayers (IVa–IVc), of which the Gennari stripe 

forms layer IVb. The visual areas outside area 17 form the 
extrastriate areas, a group of architectonically and func-
tionally distinct areas. The border between areas 17 and 18 
is very conspicuous, because Gennari’s stripe abruptly 

ps

ls
STG

CPB

Tpt

RPB

sts

as

cs
ips

lus

Fig. 15.19 Topography of auditory-related projections. Caudal (CPB) 
and rostral (RPB) subdivisions of the parabelt and the superior temporal 
gyrus (STG) project topographically to segregated regions of superior 
temporal, posterior parietal and prefrontal cortices. as arcuate sulcus, cs 
central sulcus, ips intraparietal sulcus, ls lateral sulcus, lus lunate sul-
cus, ps principal sulcus, sts superior temporal sulcus, Tpt temporopari-
etal area (after Hackett and Kaas 2004)
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Fig. 15.18 Regional parcellation of the right human superior temporal 
cortex (rostral is below) according to (a) Brodmann, (b) von Economo 
and Koskinas, (c) Galaburda and Sanides and (d) Morosan and co-
workers (after Hackett and Kaas 2004; Morosan et al. 2001). In (a–c), 
core areas are shown in red, belt areas in medium red and parabelt areas 
in light red. Kalt, Kam lateral and medial auditory koniocortex, PaAc/d, 

paAe, PaAl/paAl, PaAr caudal/dorsal, external, lateral and rostral audi-
tory parakoniocortex, ProA proauditory cortex, TA1, TA2, TB, TBma, 
TBmp, TC, TD subdivisions by von Economo and Koskinas, Te2, Te1.0, 
Te1.1. Te1.2, Te3 subdivisions by Morosan and co-workers, TG1, TG2 
temporopolar subdivisions of von Economo and Koskinas, Tpt tem-
poroparietal area; 22–25 Brodmann areas
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ends at this line (see Fig. 8.15). In primates, David Van 
Essen and co-workers showed that the primary visual cor-
tex (V1) projects to all extrastriate areas (V2, V3, V3A, V4 
and the middle temporal (MT) area), but that the majority 
of striate projections  terminate in V2, V3 and MT (Van 
Essen 1985; Van Essen et al. 1986). In fMRI studies, the 
location of human visual cortical areas has been demon-
strated (Tootell et al. 1998; Fig. 15.20; see also Zilles 2004; 
Wilms et al. 2010). The areas were defined by tests for 

motion and retinotopy: (1) areas V1, V2, V3, VP, V3A and 
V4v are classic retinotopic areas; (2) areas V7, V8 and 
LOC/LOP are “fringe” retinotopic areas and (3) area MT+ 
includes MT area and adjacent motion-selective satellite 
areas such as medial superior temporal (MST). Malikovic 
et al. (2007) localized the motion-sensitive area V5/MT+ 
in the depths of the anterior occipital sulcus and the ante-
rior parts of either the inferior lateral occipital or the infe-
rior occipital sulci.

In 1982, Leslie Ungerleider and Mortimer Mishkin sug-
gested a subdivision of the primate cortical visual system 
into: (1) a dorsal stream, concerned with the analysis of the 
location of objects and their movements in space, and cen-
tered on area V5/MT+; and (2) a ventral stream, responsi-
ble for the processing and storage of information about 
their identity such as shape and colour, aimed at area V4 
(Ungerleider and Mishkin 1982; Mishkin et al. 1983). The 
classic view of the anatomical organization of the dorsal 
stream is that the nodal area of the stream is area V5/MT. 
This area receives direct input from V1 and extrastriate 
visual areas and innervates the IPL. Visual input also 
reaches the SPL, mostly through an area named PO by 
Colby et al. (1988). Galletti et al. (1996, 1999, 2001) sub-
divided area PO into two different areas: V6, a purely 
visual area, and V6A with more complex properties. Area 
V6A has again been subdivided into dorsal (V6Ad) and 
ventral (V6Av) cortical fields (Luppino et al. 2005). 
Gamberini et al. (2009) studied the connections of area 
V6Ad in macaque monkeys. Rizzolatti and Matelli (2003) 
proposed the presence of two dorsal substreams: (1) the 
d-d stream formed by area V6 and areas V6A and MIP of 
the SPL; and (2) the v-d stream formed by area MT and the 
visual areas of the IPL. Both substreams provide informa-
tion for the control of action but the v-d stream may also 
play a crucial role in space perception and action under-
standing. Damage to the d-d stream leads to optic ataxia 
(see Sect. 15.7.3).

For the ventral stream, analysis of objects begins also 
in V1, where information about edges and about the colour 
and brightness of stimuli is extracted from inputs from the 
LGB (Van Essen 1985; Felleman and Van Essen 1991). 
This information is then sent to certain divisions of area 
V2. From V2, object recognition takes a largely ventral, 
occipitotemporal course to area V4 on the lateral and ven-
tromedial surfaces of the hemisphere and to a posterior 
inferior temporal area, TEO, just rostral to V4. From these 
regions, information proceeds forwards to area TE, located 
in the rostral inferior temporal cortex. Together, the areas 
TEO and TE of von Bonin and Bailey (1947) form the 
inferotemporal cortex. From here, visual information is 
sent to the most ventral and rostral parts of the temporal 
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Fig. 15.20 The location of visual cortical fields in the human brain 
shown in lateral (a) and medial (b) views (after Tootell et al. 1998)
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lobe, i.e. the temporal polar area TG and the perirhinal 
area 36. These areas and adjacent parahippocampal (areas 
TF and TH) and entorhinal (area 28) cortices are intercon-
nected with medial temporal lobe structures, the hip-

pocampus in particular, which are crucial for forming 
memories of visual objects (see Chap. 14). Lesion studies 
in monkeys and humans have shown that the ability to 
identify and recognize objects depends on the inferior 
temporal  cortex. At successive stations of the ventral 
visual stream (Fig. 15.21), the stimulus representation is 
progressively trans formed from one, specifying retinal 
image properties, towards one emphasizing intrinsic object 
shape properties (Farah et al. 1999).

15.3.5  The Insular Lobe

Within Brodmann’s cortical map, the insula of Reil is consid-
ered to be the fifth and smallest lobe of the brain, comprising 
Brodmann areas 13–16 (Brodmann 1909; Fig. 15.1a). In the 
human insula, three short gyri appear anteriorly and two lon-
ger gyri define the posterior insula (Mesulam and Mufson 
1982a, 1985; Türe et al. 1999, 2000; Naidich et al. 2004; 
Fig. 15.22). Mesulam and co-workers have demonstrated that 
the insular cortex is radially organized. Three belt regions sur-
round the prepiriform cortex. The first belt consists of an 
agranular periallocortical region, the second belt of a dys-
granular proisocortical region, and the outermost belt of iso-
cortex has clearly visible granular layers. The insular 
connectivity has been studied by Mesulam and Mufson 
(1982b), Mufson and Mesulam (1982), and Ogar and Gorno-
Tempini (2007). The insula represents the primary cortical 
area not only for chemical exteroception (smell and taste) 
but also for interoception, i.e. the reception of signals relative 
to the interior body state (Craig 2002). These signals ascend 
with the spinothalamic tract and project to specific thalamic 
nuclei, which in turn project to various parts of the insula (see 
Chap. 4). The human insula is much larger than that of mon-
keys but its architecture is very similar. The anterior insula is 

Fig. 15.22 Lateral view of the left cerebral 
hemisphere after partial removal of the frontal, 
parietal and temporal cortices. The superior 
longitudinal fascicle (slf) is demonstrated around 
the insula. Other abbreviations: af arcuate fibres, 
aps anterior peri-insular sulcus, cis central 
insular sulcus, cs central sulcus, ia insular apex, 
ips inferior peri-insular sulcus, li limen insulae, 
sps superior peri-insular sulcus (from Türe et al. 
2000; kindly provided by Uğur Türe, Istanbul; 
with permission from Wolters Kluwer Health) 
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Fig. 15.21 (a) Schematic diagram of the monkey brain showing the 
dorsal and ventral visual streams according to Ungerleider and Mishkin 
(1982); (b) summary of available data on the multiplicity of functional 
areas within the visual cortex and the connections between them (see 
text for further explanation; after Farah et al. 1999)
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a visceromotor centre, stimulation of which causes a series of 
bodily movements that are accompanied by visceral effects 
(Kaada et al. 1949; Frontera 1956; Showers and Lauer 1961). 
The primary interoceptive representations are located in the 
dorsal posterior insula and are re-represented in a polymodal 
integrative zone in the middle part of the insula and again in 
the anterior insular cortex (Craig et al. 2000; Brooks et al. 
2002). The primary interoceptive, gustatory and vagal repre-
sentations extend to the anterior limit of the insula in macaques 
but only to the middle of the insula in humans (Small et al. 
2001; Veldhuizen et al. 2007; Frank et al. 2008; Wang et al. 
2008). This suggests that the human anterior insular cortex 
has no equivalent in monkeys. The most anterior and inferior 
portions of the human insula that adjoin the frontal operculum 
may be the most recently evolved, because this part with the 
ACC contains the so-called von Economo neurons (Craig 
2009), large spindle-shaped neurons among the pyramidal 
cells of layer V. Craig (2009) suggested a role for the anterior 
human insula in awareness.

As in monkeys, stimulation of the human insula carried 
out on neurosurgical patients often provokes visceromotor 
reactions such as nausea, retching and unpleasant to intoler-
able sensations in the throat and mouth (Penfield and Faulk 
1955; Krolak-Salmon et al. 2003). The anterior insula is also 
activated by facial expressions of disgust seen on the faces 
by others (Phillips et al. 1997, 1998). The intensity of the 
activation of the insular cortex is proportional to the degree 
of disgust observed. Krolak-Salmon et al. (2003) recorded 
evoked potentials from the insula of epileptic patients and 
observed that the anterior insula responded selectively to the 
sight of disgusted faces. Calder et al. (2000) reported the 
case of a patient (NK) who, following a cerebral haemor-
rhage, had severe damage to the left insula and its surround-
ing structures. He was no longer able to recognize visual 
expressions of aversion, although his visual perception of 
other emotions was not affected. Not only was his ability to 
perceive disgust impaired visually, but also acoustically: the 
sound of retching had no emotive meaning for him, though 
laughter did. Adolphs et al. (2003) studied a similar case.

15.4  Corticocortical Projections

The cortical areas are interconnected by an extensive net-
work of corticocortical projections. The ipsilateral corti-
cocortical connections are known as association fibres and 
those connecting both hemispheres as commissural fibres, 
largely passing via the corpus callosum. Neurons within 
each cortical area give rise to four distinct categories of 

efferent fibres (Fig. 15.23a): (1) association fibres, short, 
intermediate and long; (2) corticostriatal fibres; (3) commis-
sural fibres and (4) subcortical projection fibres to: (a) the 
thalamus, (b) the brain stem and for certain areas also the 
spinal cord and (c) the pontocerebellar system. Association 
fibres  comprise short or local, intermediate or neighbour-
hood and long  association fibres. The short association or 
U-fibres, first described by Meynert (1872), are closely 
apposed to the sixth cortical layer and are directed to corti-
cal regions in the same or adjacent gyri. Neighbourhood 
association fibres are directed to nearby cortical regions.

The long association fibres form bidirectional fascicles 
that mostly travel within the deep parts of the white matter. 
As an example, the cingulum bundle is shown in Fig. 15.23b. 
The association fibres have also been divided into superficial 
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Fig. 15.23 (a) Diagram showing the organization of corticocortical 
projections; (b) the cingulum bundle. cf commissural fibres, CG cingu-
late gyrus, cord cord fibres, laf long association fibres, naf neighbour-
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white matter and deep white matter. In the cortical superfi-
cial white matter, Oishi et al. (2008) identified nine large 
blades in close relationship with the cortical structures. Using 
DTI data from 81 healthy subjects, they identified nine 
 common, blade-like anatomical regions (superior, middle 
and inferior frontal blades, precentral and postcentral blades, 
superior parietal, parietotemporal, temporal and occipital 
blades), which were further parcellated into 21 subregions 
based on the cortical anatomy. Four short association fibre 
tracts (frontal, frontocentral, central and parietal) between 
adjacent gyri (U-fibres) were also identified.

The deep white matter includes the long association 
fibre tracts, the thalamic peduncles and the subcortical pro-
jections. Corticostriatal fibres pass initially with the long 
association fibres before separating from them (Schmahmann 
and Pandya 2006, 2008) and then travel within two major 
fibre bundles: (1) the subcallosal fascicle or bundle of 
Muratoff, mainly directed to the caudate nucleus and the 
putamen; and (2) the external capsule, projecting to the ven-
tral part of the caudate nucleus, the putamen and the claus-
trum. The organization of the corticostriatal projections has 
been discussed in Chap. 11. In each gyrus, the cortical com-
missural and subcortical projection fibres may be grouped 
together as a cord that emanates from each cortical region as 
a dense aggregation of fibres occupying the central core of 
the white matter of the gyrus (Schmahmann and Pandya 
2006, 2008). The fibres in the cord separate into two distinct 
segments, commissural and subcortical bundles.

15.4.1  Long Association Fibre Tracts

The long association fibres form fasciculi. These fasciculi 
were studied in fresh and later fixed brains by Vicq d’Azyr, 
Reil, Burdach and many others, and with a special freezing 
and dissection technique by Josef Klingler (Ludwig and 
Klingler 1956; see Chap. 1) and more recently by Ug˘ur Türe 
et al. (1997, 1999, 2000; Fig. 15.24).The long association 
fibre tracts of the cerebral white matter are grouped by the 
cortical area of origin (Schmahmann and Pandya 2006): for 
the parietal lobe, the superior longitudinal fascicle (SLF); for 
the occipitoparietal region, the fronto-occipital fascicle 
(FOF); for the temporal lobe, the middle longitudinal fascicle 
and from rostral to caudal, the uncinate fascicle (UF), the 
extreme capsule and the arcuate fascicle; for the occipitotem-
poral region, the inferior longitudinal fascicle inferior longi-
tudinal fascicle (ILF); and for the cingulate gyrus, the 
cingulum bundle. All these fascicles are bidirectional. 
Historically, the SLF and the arcuate fascicle have long been 

regarded as a single fibre bundle. Anterograde labelling 
 studies in monkeys, however, indicate that the SLF is not a 
single tract and that it is separate from the arcuate fascicle 
that arises from the temporal lobe (Petrides and Pandya 1984, 
2006; Schmahmann and Pandya 2006). These labelling stud-
ies as well as DTI and diffusion spectrum imaging (DSI) 
studies in humans (Makris et al. 2005) and monkeys 
(Schmahmann et al. 2007) revealed that the SLF is composed 
of three dorsal to ventral components in the white matter of 
the parietal and frontal lobes (SLFI-III). The FOF appeared to 
contain also fibres connecting the parietal and frontal lobes.

The SLF, subcomponent I (SLFI) passes through the 
white matter of the superior parietal and superior frontal 
lobes, dorsal to the cingulum bundle. It extends from the 
medial and dorsal parietal cortex to the dorsal part of the 
premotor and prefrontal cortices (Fig. 15.25a). The SLFI 
bundle connects medial parietal areas (PEc, PGm and 31) 
and the SPL (PE) with dorsal parts of areas 6 and 9 and the 
supplementary motor area in the frontal lobe. The SLFI 
bundle links the SPL, important for limb and trunk location 
in body-centred coordinate space, with the premotor areas 
engaged in higher aspects of motor behaviour and the SMA, 
important for intention and the initiation of motor activity 
(Petrides and Pandya 2006). The SLFII bundle extends 
from the caudal part of the IPL to the dorsal premotor and 
caudal prefrontal cortices (Fig. 15.25b). It passes through 
the white matter of the IPL, deep to the upper shoulder  
of the Sylvian fissure and extends into the white matter 
beneath the premotor and caudal prefrontal regions. The 
SLFII bundle connects area POa in the intraparietal sulcus 
and areas PG and Opt in the IPL with areas 46, 9/46, 8Ad 
and 6D in the frontal lobe. The SLFII bundle appears to be 
relevant in spatial attention, and the feedback from the 
frontal lobe to the parietal lobe, in particular, may be 
involved in focussing spatial attention (Petrides and Pandya 
2006), in keeping with behavioural studies in monkeys in 
which the white matter of the parietal lobe was disrupted, 
the SLFII in particular (Gaffan and Hornak 1997). This 
results in severe hemispatial neglect. The SLFIII bundle 
can be identified in the opercular white matter of the pari-
etal and frontal lobes and extends from the rostral IPL to 
the ventral part of the premotor and caudal prefrontal corti-
ces (Fig. 15.25c). The SLFIII bundle links area POa in the 
intraparietal sulcus and areas PF, PFG and PFop of the pari-
etal lobe with the ventral premotor areas 6 and 44 and the 
ventral prefrontal area 9/46v of the frontal lobe. The SLFIII 
bundle may be involved in the gestural component of lan-
guage and in orofacial memory (Preuss and Goldman-Rakic 
1989). The triangular-shaped FOF lies in the white matter 
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above the caudate nucleus and the subcallosal bundle of 
Muratoff, which is a corticostriate fibre bundle. The FOF 
connects the dorsal and medial parietal and occipital areas 
(PO, PGm, Opt, DP and PG) and the caudal part of area 23 

with frontal lobe areas 6D, 8Ad, 8B, 9 and 46d (Fig. 15.25d). 
The FOF plays a role in the dorsal visual stream.

The UF courses between the rostral temporal cortices 
and the ventral, medial and orbital parts of the frontal lobe 

a

b

c

Fig. 15.24 Lateral views of the left 
cerebral hemisphere during serial dissection: 
(a) Total removal of the insular cortex 
reveals the extreme capsule (exc); the outer 
layer of the extreme capsule is composed of 
arcuate fibres that connect the insula with 
the opercula in the region of the peri-insular 
sulci (arrows); (b) removal of the claustrum 
and the external capsule reveals the putamen 
(p) and removal of the superior longitudinal 
fascicle exposes the posterior portion of the 
occipitofrontal fascicle (of); (c) extensive 
dissection of the mediobasal temporal 
region and removal of the inferior thalamic 
peduncle reveal the sagittal stratum (sas), 
which consists of the optic radiation. The 
asterisk marks the bed nucleus of 
the nucleus accumbens. Other abbreviations: 
ac anterior commissure, ap ansa peduncu-
laris, ce cerebellum, cr corona radiata, cs 
central sulcus, ic internal capsule, on optic 
nerve, ot optic tract, po pons, slf superior 
longitudinal fascicle, uf uncinate fascicle 
(from Türe et al. 2000; kindly provided by 
Uğur Türe, Istanbul; with permission from 
Wolters Kluwer Health)
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(Fig. 15.25e) and forms a ventral limbic fibre stream 
(Petrides and Pandya 2007). Fibres from the temporal lobe 
ascend in the temporal stem and move medially through the 
limen insulae into the white matter of the orbitofrontal cor-
tex. The UF connects rostral superior, inferior and ventro-
medial temporal areas with the orbitofrontal area 10–14 and 
25, the lateral prefrontal areas 10 and 47/12 and the medial 
prefrontal areas 32 and 24 (Fig. 15.25e). The UF enables the 
interaction between emotion and cognition (Barbas 2000; 
Petrides and Pandya 2007; Ross 2008). It may be critical for 
processing novel information, understanding emotional 
aspects of the nature of sounds and for self-regulation 
including the regulation of emotional responses to auditory 
stimuli (Frey et al. 2000). The extreme capsule connects 
the mid-portion of the superior temporal region (area TPO, 
area paAlt and the supratemporal plane) with areas 45 and 
47 of the ventral and lateral parts of the PFC (Fig. 15.25f). 
Since area paAlt and the middle part of area TPO are homol-
ogous with the human Wernicke area, and area 45 with 
Broca’s area, this connection between the Broca and 
Wernicke areas may be important in linguistic aspects of 
language communication, a link long considered to be con-

veyed by the arcuate fascicle (see Sect. 15.6). The arcuate 
fascicle connects the caudal part of the temporal lobe with 
the frontal lobe. It lies beneath and adjacent to the SLFII 
fibres (Fig. 15.25g). The arcuate fascicle interconnects the 
caudal superior temporal region (areas Tpt and TPO) and 
the caudal parts of the dorsal premotor and prefrontal 
regions. The middle longitudinal fascicle courses in the 
white matter of the STG (Fig. 15.25h). It links associative 
and paralimbic cortices in the IPL, cingulate and prefrontal 
regions with multimodal parts of the superior temporal 
region and the parahippocampal gyrus. The ILF connects 
the occipital, parietal and temporal lobes (Fig. 15.25i). It is 
related to areas POa and Opt in the parietal lobe, the dorsal 
parastriate area DP and areas V4D and V4 in the occipital 
region, the extrastriate visual areas MST, FST and MT in the 
superior temporal sulcus, and areas TEa and IPa in the ros-
tral part of this sulcus. The ILF links the ventral and lateral 
occipital regions for central vision with the ventral temporal 
cortices important for object recognition, and the parahip-
pocampal gyrus engaged in memory (Ungerleider and 
Mishkin 1982). The ILF forms part of the ventral visual 
stream involved in face recognition, so prosopagnosia may 
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Fig. 15.25 The long association pathways in the macaque brain: (a–c) 
the superior longitudinal fascicles I–III; (d) the fronto-occipital fasci-
cle; (e) the uncinate fascicle, (f) the extreme capsule; (g) the arcuate 
fascicle; (h) the middle longitudinal fascicle; (i) the inferior longitudi-

nal fascicle. DP, Opt, PE, PEc, PF, PFG, PG, POa parietal cortical 
areas, paAlt, proK, TAa, TEa, TE1-3, TEO, TPO, TS1-3, Tpt temporal 
cortical areas, V4, V4d visual cortical areas (see text for further expla-
nation; after Schmahmann and Pandya 2006)
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result from its destruction (Catani et al. 2003; see 
Sect. 15.7.3). The cingulum bundle forms a dorsal  limbic 
bundle and extends from the frontal lobe around the corpus 
callosum, curving around the splenium, to the white matter 
of the parahippocampal gyrus (Fig. 15.23b). It links the cau-
dal cingulate gyrus with the hippocampus and the parahip-
pocampal gyrus, critical for memory, and the rostral cingulate 
gyrus involved in motivation and drive (Devinsky et al. 
1995). The dorsomedial limbic stream from the rostral PFC 

via the cingulum bundle allows control over motivational 
and memory processes (Petrides and Pandya 2007).

With diffusion tensor tractography, the long association 
tracts have also been studied in the human brain (Makris 
et al. 2007, 2009; Lawes et al. 2008; Catani and Thiebaut de 
Schotten 2008; Thiebaut de Schotten et al. 2008). Lawes 
et al. (2008) showed close correspondence of the tracts gen-
erated with this method with tracts isolated with classic dis-
section of postmortem brain tissue. Some examples of DTI 

Fig. 15.26 DTIs of long association fibre bundles in the human brain. 
(a and b) Lateral views of: (a) the superior longitudinal fascicle in red 
and the arcuate fascicle in green; and (b) the fronto-occipital fascicle in 
blue, the inferior longitudinal fascicle in light pink and the uncinate 
fascicle in dark pink. (c and d) Axial sections showing: (c) the superior 

longitudinal fascicle in red and the arcuate fascicle in green; and (d) the 
fronto-occipital fascicle in blue, the inferior longitudinal fascicle in 
light pink and the uncinate fascicle in dark pink (kindly provided by Uli 
Bürgel, Kleve)
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tractography with the StealthDTI software (see Chap. 3) are 
shown in Fig. 15.26.

15.4.2  Commissural Connections

15.4.2.1  A Few Notes on the Development of the 
Corpus Callosum

The human corpus callosum can be distinguished at 11–12 
weeks’ gestational age (Rakic and Yakovlev 1968), when it 
develops in the commissural plate (Fig. 15.27). Fusion of the 
medial walls of the cerebral hemispheres begins in the early 
foetal period with infolding of the embryonic terminal plate 
in the region of the medial pallium into a median groove at 
the end of the embryonic period. This is followed by fusion 
of its banks into a commissural plate, which becomes the 

bed for the corpus callosum. A definite commissural plate 
and the anterior commissure are formed in the ninth and 
tenth weeks of development (O’Rahilly and Müller 1999; ten 
Donkelaar et al. 2006). The hippocampal commissure or 
psalterium is formed at the 11th to 12th weeks of develop-
ment. Owing to the rostrocaudal expansion of the cerebral 
hemispheres, the corpus callosum expands from the embry-
onic terminal plate, both rostrally and caudally. Several 
mechanisms have been proposed to regulate callosal forma-
tion, including guidance by pre-existing axon tracts and mid-
line glial structures (Rash and Richards 2001; Shu and 
Richards 2001; Shu et al. 2003; Paul et al. 2007).

Every disorder interfering with the development of the 
commissural plate leads to dysgenesis of the corpus callo-
sum. In failure of commissuration, callosal fibres may 
form longitudinal bundles, the bundles of Probst (the 
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Fig. 15.27 Development of the human corpus callosum at Carnegie 
stages 13 (a) and 22 (b) and at 11 (c), 13 (d) and 15 (e) weeks of devel-
opment, and in a neonate (f). The chiasmatic plate and the optic chiasm 
are indicated in grey, the embryonic lamina terminalis (ELT) and the 
adult lamina terminalis (LT) in light red and the commissural plate 
(CPl) and its derivatives in red. The posterior growth of the corpus cal-
losum leads to the formation of the velum interpositum, a double fold 

of pia mater (arrows in d–f). Between these two layers, blood vessels 
pass forwards beneath the corpus callosum and contribute to the tela 
choroidea of the third ventricle. ac anterior commissure, cc corpus cal-
losum, cho chiasma opticum, Ep epiphysis, F fornix, FM foramen of 
Monro, hc hippocampal commissure, M mesencephalon, M1, M2 
mesomeres, ov optic vesicle, SP septum pellucidum, Th thalamus, v3 
third ventricle (from ten Donkelaar et al. 2006)
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“Balkenlängsbündel” of Probst 1901), which failed to cross 
in the absence of a corpus callosum. If normal development 
of the corpus callosum is disturbed, it may be completely 
absent (agenetic), partially formed (hypogenetic), formed in 
a defective way (dysgenetic) or contain too few axons (hyp-
oplastic). Abnormalities of the hippocampal commissure 
and the anterior commissure may accompany callosal anom-

alies (Raybaud and Girard 1998; Barkovich 2000). All three 
components are formed in the commissural plate and all 
three may be involved in “disorders of cerebral commissu-
ration” (Raybaud and Girard 1999). Callosal anomalies are 
frequent in trisomies and may be observed in various malfor-
mations of cerebral development, including the lissenceph-
alies, polymicrogyria and schizencephaly, heterotopia and 

Clinical Case 15.3 Some Developmental Disorders  

of the Corpus Callosum

If normal development of the corpus callosum is disturbed 
(Raybaud and Girard 1999; Barkovich 2000; ten Donkelaar 
et al. 2006), it may be completely absent (agenetic),  partially 
formed (hypogenetic), formed in a defective way (dysge-
netic) or contain too few axons (hypoplastic). A series of 
MRIs showing callosal malformations are shown in 
Fig. 15.28a–c. Postmortem findings of callosal agenesis in 
a trisomy 18 case are shown in Fig. 15.28d, e.
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Fig. 15.28 MRIs of callosal malformations: (a) Sagittal T1-weighted 
image of a 1-year-old girl with callosal hypoplasia; note the absence 
of the bulbous enlargement of the genu and the splenium, normally 
present at this age. (b) Sagittal T1-weighted image of partial absence 
of the corpus callosum; the genu is present, but the body and splenium 
are absent. (c) Sagittal T1-weighted image of a 2-year-old boy. An 

enlarged hippocampal commissure connects the fornices but not the 
hemispheres and mimicks the splenium of the corpus callosum on the 
sagittal image. The radial pattern of gyration of the medial cortex is 
due to the absence of the corpus callosum. (d and e) medial views in 
a control case (d) versus a case of callosal agenesis (e) in a trisomy 18 
case (from ten Donkelaar et al. 2006)
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interhemispheric cysts as well as part of many complex syn-
dromes (Barkovich 2000; ten Donkelaar et al. 2006). Some 
examples are shown in Clinical case 15.3.

15.4.2.2  The Corpus Callosum and the Anterior 
Commissure

The corpus callosum connects the cerebral cortices of both 
hemispheres and is usually subdivided into four sections 
(Fig. 15.29): (1) the rostrum; (2) the genu; (3) the body, trun-
cus or middle part) and (4) the splenium. The hippocampal 
commissure (the psalterium) comprises a variable part of the 
splenium (Lamantia and Rakic 1990; Raybaud and Girard 
1998). The corpus callosum is topographically organized in 
relation to the cortical regions connected (Sunderland 1940; 
Pandya et al. 1971b; de Lacoste et al. 1985; Witelson 1989; 
Lamantia and Rakic 1990; Innocenti 1994; Gazzaniga 2000; 
Bürgel et al. 2006; for DTI data see Hofer and Frahm 2006; 

Zarei et al. 2006; Wahl et al. 2007; Westerhausen et al. 2009). 
Tracing studies in rhesus monkeys are summarized in 
Fig. 15.29a. The cortical map at the level of the corpus cal-
losum is not very sharply defined. In an anterograde tracing 
study in the human brain, Di Virgilio and Clarke (1997) 
showed that heterotopic connections between non-equivalent 
cortical areas in each hemisphere are numerous and wide-
spread, even in the genu and the splenium where callosal 
fibres are most highly segregated. In rhesus monkeys, the 
anterior commissure connects neocortical structures in the 
temporal lobes, whereas an adjacent basal telencephalic 
commissure connects paleocortical structures (Lamantia and 
Rakic 1990). The human anterior commissure may contain 
axons from a wider cerebral territory than reported in mon-
keys. With the Nauta technique, Di Virgilio et al. (1999) 
observed anterogradely degenerating axons in patients with 
focal lesions, arising from the inferior part of the temporal 
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and occipital lobes, the occipital convexity, and possibly the 
pericentral region and the prefrontal convexity. As in mon-
keys, the inferior aspect of the temporal lobe provided the 
largest contingent of axons to the anterior commissure, 
directed towards homotypic targets but also to heterotypic 
targets, including the amygdala and the orbitofrontal cortex.

Using a baseline connecting the anterior and posterior 
borders of the corpus callosum and mainly based on primate 
data, Witelson (1989) divided the midsagittal corpus callo-
sum geometrically (Fig. 15.29b) into an anterior third 
(region I, containing fibres projecting into prefrontal, pre-
motor and supplementary motor regions), an anterior mid-
body (region II with callosal motor fibre bundles), a posterior 
midbody (region III with somaesthetic, posterior parietal 
projections), isthmus (region IV with posterior parietal and 
superior temporal projections) and the splenium (region V 
with occipital and inferior temporal projections). Using 
DTI, Hofer and Frahm (2006) distinguished the following 
five parts (Fig. 15.29c):
 1. Region I, the first anterior sixth of the corpus callosum, 

which contains fibres projecting into the prefrontal region;
 2. Region II, the rest of the anterior half of the corpus cal-

losum with fibres projecting to premotor and supplemen-
tary motor cortical areas;

 3. Region III, defined as the posterior half minus the poste-
rior third of the corpus callosum, which contains fibres 
projecting into the primary motor cortex;

 4. Region IV with primary sensory fibres and
 5. Region V, the posterior one-fourth, which contains cal-

losal parietal, temporal and occipital fibres.
The main difference with Witelson’s scheme is that cal-

losal motor fibre bundles cross the corpus callosum in a much 
more posterior location than previously indicated. Similar 
observations were made by Zarei et al. (2006) and Wahl et al. 
(2007). Wahl et al. (2007) showed that callosal motor fibres 
are somatotopically organized. Using light microscopy in 
postmortem brains, Aboitiz et al. (1992a, b) showed that 
regional differences in myelination, fibre size and density 
correspond to callosal topography (see also Doron and 
Gazzaniga 2008).

Shortly after Sperry and Myers discovered that cutting the 
corpus callosum in animals interrupted the transfer of infor-
mation between the two cerebral hemispheres (Myers and 
Sperry 1953; Myers 1956; see also Glickstein and Berlucchi 
2008), split-brain studies were implemented in humans 
(Gazzaniga et al. 1962), ultimately revealing most of our 
understanding of hemisphere specialization and lateralization 
(see Sect. 15.5). By using eye-tracking equipment to conduct 
split-visual field studies, the specialized functions of each 
hemisphere were illuminated. By studying partially calloso-
tomized patients, functional subregions of the corpus callo-
sum became apparent. Partial resection of the corpus callosum 
affected some behaviours more than others (Berlucchi et al. 
1995; Funnell et al. 2000; Gazzaniga 2000; Fabri et al. 2001; 
Balsamo et al. 2008; see Clinical case 15.4).

Callosal ideomotor apraxia was suggested by Liepmann 
and Maas (1907) in their patient Herr Ochs, a 70-year-old 
man who, when attempting to write or perform skilled move-
ments to command with his left hand, demonstrated agraphia 
and inability to correctly perform other skilled movements. 
Two other findings make the interpretation of this case 
 problematic (Heilman and Watson (2008): the patient had 
a transcortical motor aphasia and a right hemiparesis. 
Postmortem examination showed an infarct in the distribu-
tion of the anterior cerebral artery (ACA) that injured the 
first frontal convolution, the white matter of the paracentral 
lobule and the anterior two-thirds of the corpus callosum. 
A left pontine lesion explained the right hemiparesis. 
Geschwind and Kaplan (1962) described a patient who after 
surgery for a left hemisphere glioblastoma developed an 
infarct in the distribution of the ACA. The infarct destroyed 
the anterior four-fifths of the corpus callosum. He was able 
to use his right hand flawlessly, but when attempting to per-
form commands with his left hand he was unable to correctly 
do so. Several other reports of patients with lesions of the 
corpus callosum have confirmed the reality of left hand 
apraxia for imitation of gestures, performance of communi-
cative gestures on command and sometimes also object use 
(e.g., Goldenberg et al. 1985, 2001; Graff-Radford et al. 
1987; Tanaka et al. 1990; Giroud and Dumas 1995; Marangolo 

Clinical Case 15.4 Callosal Syndrome After Resection  

of a Large Arteriovenous Malformation

Case report: Bending over, a 24-year-old male suddenly 
experienced a severe headache. He had suffered from head-
ache attacks for years but never of this intensity. As his 
headache continued, the patient consulted a neurologist 
several days later. Neurological examination was normal. 

His cerebrospinal fluid (CSF), however, contained 1,400/3 
erythrocytes. The patient was suspected to have bled from 
an aneurysmal subarachnoid haemorrhage and an angiog-
raphy was performed. This showed a large arteriovenous 
malformation (AVM) at the junction between the anterior 
two-thirds and the posterior one-third of the corpus callo-
sum (Fig. 15.30). This AVM was fed by the left pericallosal 
artery and drained both towards the vena Galeni and to the 
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et al. 1998). In all patients where left-sided apraxia was 
caused by partial destruction of the corpus callosum, the 
lesion included its middle portion connecting the sensorimo-
tor cortices.

15.4.3  White Matter Disorders

Cognitive deficits occur in a number of disorders that 
 primarily or exclusively affect the white matter, such as 

hereditary and metabolic, traumatic, by normal pressure 
hydrocephalus, infectious/postinfectious, neoplastic, vascu-
lar, autoimmune/demyelinating diseases and those caused by 
toxins or degenerative features (Filley 2001; Schmahmann 
and Pandya 2006; Chabriat and Godefroy 2007). In prema-
ture infants, periventricular leukomalacia (PVL) is a dis-
tinctive form of cerebral white matter injury (Volpe 2009; 
see Clinical case 15.5). The pattern of brain structures 
involved, as visualized by MRI, often has a high diagnostic 
specificity (van der Knaap and Valk 2005; Schiffmann and 

interhemispheric veins. The AVM bled into the subarach-
noid space. After complete resection of the malformation, 
the patient complained of a peculiar sense of “dissociation” 
between the feelings of the left and right side of the body. 
When he for instance touched his right leg, it felt as touch-
ing someone else’s (asomatognosia; see Dieguez et al. 
2007). Devinsky (2009) discussed this phenomenon as 
“misownership”. When the patient held objects with both 
hands, he could not let go simultaneously, but had to open 
one hand upon the other (“callosal” alien hand syndrome; 
see Feinberg et al. 1992. Twelve years later, simultaneously 
executing different motor tasks with both hands still is 
impossible.

This case was kindly provided by Gea Drost (Department 
of Neurology, Radboud University Nijmegen Medical 
Centre).
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Fig. 15.30 Sagittal MRI (a) and angiography (b) showing a large arteriovenous malformation at the junction of the anterior two-thirds and the 
posterior one-third of the corpus callosum (courtesy Gea Drost, Nijmegen)
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van der Knaap 2009). An example of a primary lesion of 
myelin or myelinating cells is shown in Clinical case 15.6.

Vascular dementia is a common cause of dementia with a 
frequency of 15–25% in autopsy (Tomlinson et al. 1970) 
and epidemiological (Stevens et al. 2002) studies. Vascular 
dementia is due to several vascular pathologies, the most fre-
quent of which are small-vessel disease, responsible for 
lacunes and leukoaraiosis, and multiple infarcts (Hijdra and 
Verbeeten 1991). The location of multiple cerebral tissue 
lesions in strategic cortical or subcortical areas involved in 
higher cortical functions is the most important factor leading 
to dementia in vascular disorders. Subcortical ischaemic 
vascular dementia (SIVD) refers to forms of vascular 
dementia characterized by subacute onset, caused by small-
vessel disease (Román et al. 2002) that produces either arte-

riolar occlusion and lacunes or widespread incomplete 
infarction of the white matter as a result of critical stenosis of 
medullary arterioles and hypoperfusion (Binswanger dis-
ease). The main forms of SIVD are Binswanger disease, 
cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy (CADASIL), lacunar 
dementia with multiple lacunes and extensive peripheral 
incomplete infarctions or with abundant microinfarctions 
and some types of cerebral amyloid angiopathy (Román 
et al. 2002; Román 2007). The hallmark of Binswanger dis-
ease is an ischaemic periventricular leukoencephalopathy 
that typically spares the short commissural U-fibres. These 
periventricular, distal-territory, white matter lesions in the 
elderly brain are caused by chronic ischaemia with incom-
plete infarction (see Clinical case 15.7). Small-vessel dis-

Clinical Case 15.5 White Matter Disorders I: PVL

In neonates, three patterns of white matter damage, i.e. 
PVL, telencephalic leuko-encephalopathy and multicystic 
leuko-encephalopathy, represent a spectrum of severity of 
damage (Volpe 2001, Squier 2002; Lammens et al. 2006). 
PVL is characterized by small areas of necrosis in the deep 
white matter. The lesions may become cavitated and cystic. 

There is often axonal damage adjacent to areas of infarc-
tion. The term telencephalic leukoencephalopathy is used 
to describe diffuse reactive changes throughout the white 
matter of the cerebral hemispheres without focal infarction 
or cyst formation. In multicystic leukoencephalopathy, the 
white matter contains many large cysts, which may almost 
completely replace it (Lammens et al. 2006).

Fig. 15.31 (a, b) Axial Flair images showing a slightly enlarged ventricular system and mild periventricular gliosis, especially on the right, 
in a PVL-case (courtesy Michèl Willemsem, Nijmegen)
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PVL refers to necrosis of white matter in a characteristic 
distribution, i.e. in the white matter dorsal and lateral to the 
external angles of the lateral ventricles. The corticospinal 
tracts run through the periventricular region. Therefore, 
impaired motor function is a common sequela of periven-
tricular white matter injury (Banker and Larroche 1962; 
Staudt et al. 2000; Volpe 2001, 2009; see Case report). In 
premature infants, cystic PVL probably accounts for the 
small group of infants, who show spastic diplegia (Volpe 
2008). In prematures, non-cystic PVL correlates with the 
cognitive deficits observed later, usually in the absence of 
major motor deficits (Woodward et al. 2006). The full spec-
trum of cognitive, attentional, behavioural and socializa-
tion deficits is likely to relate largely to neuronal/axonal 
disease (Volpe 2009).

Case report: A girl was born at a gestational age of 27 
weeks as one of twins. The mother’s pregnancy had been 
complicated by hypertension. Perinatal asphyxia occurred 
with APGAR scores of 3, 4 and 7 after 1, 5 and 10 min, 
respectively. She was mechanically ventilated and devel-
oped bronchopulmonary dysplasia. Initially, she was floppy, 
but gradually spastic quadriplegia became evident during 
the first year of life. Cognitive capacities were in the lower 
normal range, speech development was delayed but she 
learned to talk. She was never able to walk independently. 
The development of her twin brother was fully normal. An 
MRI at the age of 2.5 years showed slightly enlarged ven-
tricles and mild periventricular gliosis, especially on the 
right side (Fig. 15.31).

This case was kindly provided by Michèl Willemsen 
(Department of Child Neurology, Radboud University 
Nijmegen Medical Centre).
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Clinical Case 15.6 White Matter Disorders II: Metachromatic 

Leukodystrophy

Metachromatic leukodystrophy (MLD) has late infan-
tile, juvenile and adult manifestations (von Figura et al. 
2001; Moser and Naidu 2007). The juvenile form starts 
between 4 and 16 years of age. Patients show gradual 
deterioration in school performance, slurred speech, 
clumsy gait and incontinence. Within a year, spastic 
paresis and cerebellar ataxia develop and patients are no 
longer able to walk. There may also be emotional or 
behavioural disturbances. The illness progresses to com-
plete tetraplegia and a decerebrate state. Most patients 
die before the age of 20 years (see Case report). The 
pathology of MLD is characterized by demyelination and 
deposits of metachromatic granules in the central and 
peripheral nervous systems. The central white matter is 

reduced in amount and in severely affected regions may 
show cavitation.

Case report: At the age of 16, a young female developed 
emotional disturbances and a gradual deterioration of school 
performance. She also had difficulties walking and cycling. 
A younger brother was known for MLD. A bone marrow 
transplantation was performed, which unfortunately was com-
plicated by thrombotic micro-angiopathy. She died at the age 
of 18 years. At autopsy, the central white matter of the frontal 
lobes and somewhat less that of the temporal lobes was yel-
lowishly discoloured due to demyelination and gliosis 
(Fig. 15.32a). The subcortical white matter was well preserved. 
Examples of the histology of demyelination and metachro-
matic staining of macrophages are shown in Fig. 15.32b–f.

This case was kindly provided by Martin Lammens 
(Department of Pathology, Radboud University Nijmegen 
Medical Centre.
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Fig. 15.32 A case of metachromatic leukodystrophy: (a) Frontal 
slice through the mammillary bodies. The central white matter of the 
frontal lobe and somewhat less of the temporal lobe is yellowishly 
discoloured due to demyelination and gliosis. (b) The subcortical 
white matter is well preserved. (c) Beginning demyelination of the white 
matter with scattered macrophages (in pink). (d) Severe  demyelination 

deep in the white matter; there is almost no myelin left and scattered 
macrophages and reactive swollen astrocytes are present. (e and f) 
The stored material in the macrophages is staining metachromatically 
(b–d HE-LFB stain; (e and f) frozen sections stained for acid 
 cresyl violet and CB 68, respectively; courtesy Martin Lammens, 
Nijmegen)
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Clinical Case 15.7 White Matters Disorders III: Binswanger

In 1894, Otto Binswanger described eight patients with 
slowly progressive mental deterioration and pronounced 
white matter changes with secondarily dilatation of the 
ventricles (Binswanger 1894). Alzheimer (1902) described 
the corresponding microscopical features, including hyali-
nation, intima fibrosis and onion skinning of the long per-
forating arteries, together with severe gliosis of the white 
matter. Neuroimaging has markedly lowered the threshold 
for the detection of white matter changes. These are 
referred to as white matter hyperintensities (WMHs) on 
T2-weighted MRI, known as leukoaraiosis on computed 
tomography (CT) (van Gijn 1998; O’Sullivan 2008). 
Anterior WMHs are more relevant for cognitive decline 
than are posterior WMHs. The Rotterdam Scan Study sug-
gested that periventricular WMHs are more important for 
cognitive function than subcortical WMHs (de Groot et al. 
2000). Two cases are shown as Case reports.

Case report 1: A 58-year-old male visited the outpa-
tient clinic because of subjective memory complaints. His 
family noticed a slight apathy and his wife mentioned that 
he is not anymore the man he used to be. Despite these 
complaints, no formal deficits were found during neuro-
logical and neuropsychological examination. At this stage, 

he was still able to work as an electrician. His medical his-
tory revealed hypertension, for which he was treated, a 
myocardial infarct a few years before and a positive family 
history of cardiovascular disease. He used to smoke 20 
cigarettes a day but he did not drink any alcohol. As part 
of a routine diagnostic procedure, an MRI of the brain 
was made that revealed several lacunar infarcts including 
the internal capsule (Fig. 15.33a) and the corona radiata. 
Besides this, there were extensive confluent periventricular 
white matter lesions and microbleeds within the white mat-
ter lesions (Fig. 15.33b). These findings suggest an under-
lying small-vessel disease. There were no white matter 
lesions in the temporal pole and testing for CADASIL was 
negative. A few months later, the patient was admitted to 
the stroke unit because of an episode with acute right-sided 
weakness and dysarthria that appeared to be due to a lacu-
nar infarct in the left internal capsule. Although he made 
some recovery, the cognitive deficits became more appar-
ent. During the follow-up, it became apparent that after his 
stroke he was not able to work as an electrician anymore. 
This was not due to motor limitations but because of fur-
ther post-stroke cognitive deterioration. In the years fol-
lowing, there was a gradual increase in especially the 
frontal executive dysfunction (ED). There was an extreme 
apathy and depressive behaviour with the patient not willing 

Fig. 15.32 (continued)
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to leave the house anymore without any purposeful activi-
ties of daily living. This also drew heavily on his wife, who 
felt that she could not leave the house anymore. Eventually, 
years after his initial complaints, he had to be admitted to a 
nursing home.

Case report 2: An 81-year-old female developed 
dementia one year after her first cerebral infarction. After 
initial symptoms of disorientation, she became irritable and 
often tried to get out without reason. After a second infarc-
tion, 4 months later, symptoms worsened with persecutory 
delusions against her daughter-in-law. She was diagnosed 
as having vascular dementia. Cranial CT showed caudate 
and thalamic infarctions (Fig. 15.34a, b). The following 
years in a nursery home she twice had a femur fracture, 
which were treated surgically, and became irritable and 
violent making sedation necessary. At the age of 86, she was 
administered to hospital again for a transient ischaemic attack 
(TIA) and died after a serious respiratory tract infection. 

At autopsy, mild sclerotic changes of the basal arteries were 
found and, on brain slices, a cystic infarction of the right 
putamen, the caudate nucleus and the internal capsule 
(Fig. 15.34c, d). The hippocampus did not show atrophy. 
Histologically, diffuse pallor of myelin was observed in the 
cerebral white matter in relation to the cystic infarction but 
also in other areas (Fig. 15.34e, f). White matter rarefaction 
and reduction of oligodendroglia was evident (Fig. 15.34g) 
with mobilization of astrocytes (Fig. 15.34i). Arteriosclerosis 
with enlarged perivascular space and leukoencephalopathy 
was prominent in the white matter (Fig. 15.34h). Moreover, 
multiple microcystic infarctions were found in the basal 
ganglia (état criblé).

The first case was kindly provided by Frank Erik de 
Leeuw (Department of Neurology, Radboud University 
Nijmegen Medical Centre), the second case by Hiroyasu 
Akatsu, Yoshio Hashizume and Akira Hori (Research 
Institute for Longevity Medicine, Fukushimura Hospital).

Fig. 15.33 (a, b) Axial MRIs showing extensive confluent periventricular white matter lesions in a case of Binswanger disease (courtesy 
Frank Erik de Leeuw, Nijmegen)
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Fig. 15.34 (a and b) CTs of a patient with Binswanger disease at the 
age of 82 (a) and 86 (b) years of age. The right-sided cystic infarction 
existed since an early stage of the disorder. (c and d) Frontal sections 
of the brain of this patient showing cystic infarction in the caudate 
nucleus and the putamen (c and d) but no hippocampal atrophy (d). 
(e and f) Pallor of the white matter, independent and in connection 

with the cystic infarction (LFB-stain). (g and h) White matter rarefac-
tion and reduction of oligodendroglia (h) versus a control case (g). 
(i) Arteriolosclerosis with enlarged perivascular space and leukoen-
cephalopathy. (j) Slight to moderate astrocytic proliferation in the 
cerebral white matter (GFAP-stain; courtesy Hiroyasu Akatsu, Yoshio 
Hashizume and Akira Hori, Toyohashi)

a b
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c d

Fig. 15.34 (continued)
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Fig. 15.34 (continued)
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Clinical Case 15.8 White Matter Disorders IV: CADASIL

Cerebral autosomal dominant arteriopathy with subcorti-
cal infarcts and leukoencephalopathy (CADASIL) is an 
autosomal dominant disease causing problems with the 
small arteries of the brain, resulting in subcortical strokes. 
Patients with CADASIL typically develop symptoms bet-
ween their thirties and fifties and then progress over several 
years. About 30–40% of patients present with attacks of 
migraine, often with aura. They eventually develop leuko-
encephalopathy due to recurrent ischaemia. Most patients 
will have TIAs and all patients eventually have strokes, 
leading to dementia, pseudobulbar palsy, gait disturbances 
and pyramidal signs, and neurological debilitation (Dichgans 
et al. 1998; see Case report). White matter abnormalities 
can be seen on MRI often before a patient with CADASIL 
becomes clinically symptomatic (Chabriat et al. 1998, 
2009). MRI findings typically include symmetric, T2-weighted 
WMHs, particularly in the frontal and temporal lobes (pref-
erentially affecting periventricular areas), subinsular white 
matter (the extreme and external capsules), the internal 
 capsule and the basal ganglia. CADASIL is caused by a 
mutation in the NOTCH3 gene on chromosome 19 (Tournier-
Lasserve et al. 1993). The white matter arteriopathy and 
resulting leukoencephalopathy and subcortical infarcts lead 
to mild cognitive impairment, characterized by frontal 
 executive dysfunction, likely due to involvement of frontal-
subcortical circuits. The initial cognitive symptoms involve 
executive function, problems with attention, processing 
speed and verbal fluency, and other frontal lobe tasks 
(Dichgans et al. 2002; Chabriat et al. 2009). 

Case report: A 51-year-old male patient, known for 
repeated episodes of minor neurological deficits, developed 
again an episode with neurological deficits. He was 
treated with anticoagulants, resulting into an intracerebral 
 haemorrhage (Fig.15.35a). The arterioles in the cerebral 
white matter showed deposition of PAS-positive material 
(Fig. 15.35b) and irregular degeneration of smooth mus-
cle cells in the media (Fig. 15.35c). These data are compat-
ible with CADASIL.

This case was kindly provided by Martin Lammens 
(Department of Pathology, Radboud University Nijmegen 
Medical Centre).
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Fig. 15.35 (a) Frontal section of the brain in a CADASIL patient 
with an extensive bleeding in the left internal capsule and basal gan-
glia. (b) Thickened wall of arteriole in cerebral central white matter 
with deposition of PAS-positive granular material (PAS-staining). 

(c) Thickened wall of arteriole with irregular degeneration of smooth 
muscle cells in the media (alpha-smooth muscle actin staining; cour-
tesy Martin Lammens and Pieter Wesseling, Nijmegen)
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ease and multiple lacunae often coexist in Binswanger 
disease. CADASIL is a systemic autosomal dominant arteri-
opathy, caused by mutations of the NOTCH63 gene on chro-
mosome 19. The vascular lesions show fragmentation of the 
internal elastica and eosinophilic deposits in the media. 
Neuropathological examination demonstrates lacunar strokes 
associated with extensive, confluent areas of frontal ischae-
mic leukoencephalopathy (see Clinical case 15.8).

15.5  Hemispheric Differences

The human body appears to be arranged symmetrically along 
the midline. Extremities, sensory organs such as the eyes and 
the ears are paired and also the brain consists of a left and a 
right hemisphere. On top of this apparent symmetry, some 
degree of asymmetry can be observed. This is most obvious 
for the preference to use a specific hand for (skilled) actions. 
Moreover, there seems to be a clear preference for one side, 
the right hand, in the population. Although training may cause 
a child to use the right hand for writing, essentially hand pref-
erence is a feature that can be observed already in the first 
weeks of life and therefore reflects an inborn property.

Hand preference is but one of the forms of asymmetry. 
Handedness has been strongly associated with left hemi-
sphere dominance for language since 1865 when Paul Broca 
stated that we speak with the left hemisphere, despite the fact 
that Broca himself did not believe in an association between 
the side of language localization and hand preference (see 
Eling 1984; Harris 1991, 1999). Apparently, there is a single 
higher-order principle causing these subtle forms of asym-
metry in the brain and the notion of laterality refers to this. 
Effects of unilateral lesions indicate that more than 95% of 
right-handers are left dominant for language, although some 
well-documented cases with right hemisphere lateralization 
of language have been reported (Zangwill 1979). Left-handers 
may have varying degrees of bihemispheric control of lan-
guage, but it has been estimated that approximately 70% are 
left dominant for language. Only in a minority is the right 
hemisphere dominant for language (Trevarthen 1984). After 
Broca’s (1865) claim that we speak with the left hemisphere, 
in 1874 John Hughlings Jackson proposed a complementary 
role for the right hemisphere in visuospatial functions 
(Jackson 1874; see Harris 1999) but this suggestion was 
taken seriously only much later.

In the 1960s, stimulated by Roger Sperry’s studies on 
split-brain patients (see Sect. 15.5.1), the cerebral domi-
nance view, stating that the two hemispheres are essentially 
identical with the left showing a more precocious develop-
ment, was replaced by the theory of hemiphere specializa-
tion: each hemisphere is specialized in the processing of 
specific materials, such as language or visuospatial patterns, 

or in processing inputs in a specific way, for instance either 
analytically or synthetically. First some conceptual problems 
concerning the notion of laterality will be discussed.

15.5.1  Laterality or Asymmetry?

As mentioned above, the majority of individuals are left 
hemisphere dominant for language and have a right hand 
preference. This association has, almost immediately after 
the discovery of the left hemisphere dominance for speech, 
been interpreted as a meaningful association: there is an 
underlying mechanism for these two forms of asymmetry. 
But is that a valid conclusion? Now that we know how to 
measure various forms of asymmetry, can we conclude that 
these forms are all strongly linked? Although it is generally 
accepted that the right hemisphere is better equipped to pro-
cess visuospatial information, it appears that this form of 
asymmetry is much less clear (Springer and Deutsch 1993). 
Moreover, correlations between measures of laterality for 
different functions are generally very low or even non-sig-
nificant. Therefore, it is not warranted to consider laterality 
as a mechanism producing principled differences between 
the two hemispheres. Rather, asymmetry in functions seems 
to characterize the situation better. The notion that hemi-
spheric specialization reflects an asymmetry at the level of 
processes is illustrated by Whitehouse and Bishop (2009). 
With the transcranial Doppler technique, they studied lan-
guage production and spatial memory in healthy left- and 
right-handed individuals and found that hemisphere divi-
sion of the functions studied is the result of independent 
probabilistic biases.

Second, we tend to deal with hemispheric differences in 
terms of “right” or “left”, but this may be more a caricature 
than a valid interpretation. This can be easily demonstrated 
in handedness. In the normal population, hand preference 
follows a normal distribution with the mean slightly to the 
right of non-preference: some individuals are strongly right-
handed or left-handed, many show a moderate preference 
and some are clearly left-handed (Annett 1985). This is true 
not only for preference but also for performance measures, 
such as the strength of the hand grip and the speed of simple 
motor actions as well as for cognitive functions. Essentially, 
this means that we are dealing with degrees of asymmetry, 
reflecting the extent to which the right and left hemispheres 
are involved in certain processes. Third, laterality has been 
regarded a feature unique to mankind. Only man was sup-
posed to possess the faculty of language and to show hand 
preference. Lateralization was considered a late evolution-
ary step, responsible for these functional developments. 
Since the 1970s, however, asymmetries both at the level of 
structure and function have been described for many species 
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and, more recently, interest in lateralization in animals has 
increased significantly (see Special Issue of the Philosophical 
Transactions of the Royal Society B 2008).

The right hemisphere has long been viewed as the “minor”, 
“silent” hemisphere until it was shown that the right hemi-
sphere has numerous behavioural specializations (Mesulam 
2000a):
 1. Complex and non-linguistic perceptual tasks, including 

face identification;
 2. Spatial distribution of attention (see Mesulam 2000b);
 3. Emotion and affect;
 4. “Paralinguistic” aspects of communication. The encoding 

and decoding of mood through variations of emotional 
prosody, facial expression and gestures are some of the 
paralinguistic aspects of communication (see Ross 2000).
In the clinical situation, unilateral hemispheric syn-

dromes are observed mostly in patients who have suffered 
an ischaemic stroke in the territory of the middle cerebral 
artery (MCA). The clinical features of a left MCA infarction 
will be contrasted with a right-sided infarction. In the early 
phase of the ischaemic stroke, function loss may be more 
severe than it will be on the long run as the infarcted brain 
parenchyma is surrounded by a zone of only relatively 
ischaemic and edematous tissue that is not irreversibly dam-
aged and has a chance of recovery (the penumbra zone). The 
eventual state of impairment will crystallize in some two 
weeks time and depends on the exact localization of the 
necrotic brain area. Several clinical syndromes may be dis-
cerned. A left hemisphere syndrome is characterized by 
hemiparesis and loss of sensory function in the right body 
half. Moreover, a severe language deficit will be present, the 
peculiar type of aphasia being determined by the cortical 
area involved (see Sect. 15.6.1). If the PPC is dysfunction-
ing, a Gerstmann syndrome may be present too, consisting 
of the combination of agraphia, acalculia and finger agno-
sia. In addition to the hemiparesis, apraxia of varying degree 
may be present. If a stroke occurs in the right hemisphere, 
the resulting hemiparesis or hemiplegia and the hemi-anaes-
thesia in the left body half may have the same degree of 
severity as is present in a left hemisphere stroke with one 
exception: the patient often is not aware of his function loss 
and pays no attention whatsoever to his inability. This ano-
sognosia may often be accompanied by a neglect in the 
experience by the patient of not only his own corporeal 
hemi-space but also of his environmental extracorporeal 
hemi-space. This lack of awareness of the left body half and 
world may result in a turning of the head and gaze towards 
the other side, a habitual pattern sustained by the disbalance 
between the right and left basal motor systems. This unilat-
eral neglect is not the consequence of a hemiplegia, hemi-
anopia or a hemihypaesthesia as it may also be present in 
patients that do not show any of these various neurological 
function losses. Although the right hemisphere has no domi-

nant linguistic function, it adds emotional and attitudinal 
traits to linguistic expression. If this function is lost the 
patient may show aprosodia both in the form of a motor or 
a sensory variant (see Sect. 15.6.1).

Both hemispheres are interconnected by commissural 
fiber systems, in particular by the corpus callosum. The 
fibres of the corpus callosum connect similar cortical fields 
over the midline in a reciprocal way. This interconnectivity 
of both hemispheres provides the basis for the subject’s 
experience of himself as a unique and undivided person. 
A disconnection between the two hemispheres, however, 
may occur in pathological situations such as a tumour or an 
AVM (see Clinical case 15.4) in the corpus callosum or 
when, in the case of a neurosurgical procedure for treating 
epilepsy, the corpus callosum is split. After such a split-
brain procedure, the patient seemingly reacts quite normal 
but on closer observation he appears to harbour two differ-
ent personalities corresponding with each single hemisphere 
(Fig. 15.36). His left hemisphere may perceive an object and 
be able to verbalize its features as the visual cortex at this 
side is connected to the language regions within this domi-
nant hemisphere. If, however, a similar object is presented 
in the left half of the visual field, the right occipital cortex is 
disconnected from the dominant hemisphere and, although 
there is a kind of awareness in the right hemisphere, this 
experience cannot be verbalized. The studies of this type of 
split-brain patients produced more insight into the various 
hemispheric specializations (Sperry 1967; Sperry et al. 
1969; Gazzaniga 2000). In these studies, it became clear 
that although the right hemisphere cannot report in a verbal 
way on its perceptions, the subject may be able to word the 
emotional impact accompanying this sensory impression. 
This may be mediated through the remaining commissural 
connections, in particular the anterior commissure. In the 
following sections, some aspects of laterality of visuospatial 
function and auditory processing will be discussed, whereas 
laterality of language will be treated in Sect. 15.6.

15.5.2  Lateralization of Visuospatial Processing

Since the split-brain studies, a wide variety of paradigms has 
been developed to examine the nature of the specific capacity 
of the right hemisphere to process visuospatial information, 
in patients with unilateral lesions, but even more in healthy 
subjects (Springer and Deutsch 1993). Kosslyn (1980) tried 
to integrate data on visual information processing collected 
in patients with brain lesions and in healthy individuals. In 
his categorical-coordinate model, the right hemisphere is 
specialized in processing coordinate relations between objects 
in terms of metric units, whereas the left hemisphere codes 
these relations in categorical or more abstract terms such as 
above, below or left to. The coordinate system is used for 
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guiding actions. For more abstract representations of objects 
and scenes, for instance for reasoning or problem solving, 
the metric information is not necessary (see also Jager and 
Postma 2003).

The neglect syndrome is a rather puzzling clinical phe-
nomenon (Mesulam 2000b; Vallar et al. 2003; Dieguez et al. 
2007; Adair and Barrett 2008). The patients are unaware of 
one side of space and do not only respond to visual informa-
tion but may also fail to notice auditory stimuli coming from 
that hemispace. Neglect may occur following left hemi-
sphere lesions but the impairment is more serious and longer 
lasting after right hemisphere lesions. Cantagallo and Della 
Sala (1998) extensively studied left hemineglect (see 
Clinical case 15.9). In classic clinical neurology, left 
hemineglect in patients was interpreted as a “parietal” sign 

indicating damage to the PPC, more in particular to the right 
IPL. Later on reports were published on patients with typi-
cal left hemineglect and lesions in the region of the FEF, the 
cingulate gyrus or the basal ganglia (Mesulam 2000b). 
Apparently, the function of spatial attention is mediated by 
a neuroanatomical network of several interconnected brain 
centres (see also Doricchi et al. 2008). Functional imaging 
studies showed that the areas around the intraparietal sulcus 
are mostly involved but, in addition, the supramarginal 
gyrus (area 39) and the angular gyrus (area 40) in the IPL 
contribute as well. All these posterior parietal areas have 
extensive connections with the frontal lobe (the FEF, the 
premotor cortex and the orbitofrontal cortex) and to limbic 
and paralimbic structures including the cingulate gyrus (see 
Sect. 15.3.2). Lesions in these more distant locations may be 
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patients (after Sperry 1967)
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responsible for or contribute to the clinical phenomenon of 
unilateral neglect.

Brain lesions may result in impaired face recognition, 
known as prosopagnosia. This impairment may occur with 
intact object recognition, suggesting that faces are special in 

some sense (Dien 2009). Postmortem studies have demon-
strated bilateral lesions in patients with prosopagnosia (see 
Sect. 15.7.3). Imaging studies have also shown that both 
hemispheres are active during face recognition but that the 
right hemisphere plays a special role (Sorger et al. 2007). 

Clinical Case 15.9 Left Hemineglect,  

the Case of Federico Fellini

Hemispatial neglect is among the most frequent and most 
disabling consequences of focal brain lesions, leading to 
deficits in perception and action towards the side opposite 
to a focal brain lesion (Mesulam 2000). Dieguez and co-
workers reviewed left hemineglect in two legendary Italian 
filmmakers, Luchino Visconti and Federico Fellini (Dieguez 
et al. 2007). Particularly Fellini’s case, studied by Cantagallo 
and Della Sala (1998), is most interesting (see Case report). 
Because of his fame and talent as a cartoonist, his first pro-
fession, he became a favourite target of his neurologists. His 
drawings provided one of the most dramatic artistic docu-
mentations of the hemispatial neglect syndrome.

Case report: At the age of 73, half a year after he 
received an Academy Award for his oeuvre, Fellini suf-
fered a stroke in the territory of the right MCA that left him 
with severe left hemineglect (Fig. 15.37a, b). He presented 
with a severe sensorimotor left hemisyndrome and a left 
inferior quadrantanopia. He had preserved eye movements, 
no head deviation and showed florid, unilateral visuospa-
tial neglect. The hemisyndrome showed little recovery in 
the 2 months he survived before a second, fatal stroke. Fellini’s 
neglect profile was characterized by an extrapersonal visual 

neglect in classic paper-and-pencil tasks such as geometric 
shape copying and line bisection. Fellini drew clocks with 
human limbs for hands but without numbers on the left, 
lines (depicted as seesaws) bisected by fulcrums displaced 
to the right and artistic impressions of the opposite gender 
with details missing on the left. In one such drawing 
(Fig. 15.37c), he sketched himself speeding towards his 
own right, asking himself, “Dov’é la sinistra?” (Where is 
the left?). With this question, Fellini displayed a great 
insight into the neuropsychology of neglect.

Data for this case were kindly provided by Anna Canta-
gallo (Department of Rehabilitation, University Hospital, 
Ferrara).
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Fig. 15.37 (a and b) CT scans of Federico Fellini 1 week after the 
stroke showing the large lesion encroaching upon the right temporo-
parietal regions. (c) One of Fellini’s drawings: he sketched himself 

speeding towards his own right, asking himself ‘Dov’é la sinistra? 
(Where is the left?). From Cantagallo and Della Sala (1998; courtesy 
Anna Cantagallo, Ferrara)
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Recognition of famous people may be selectively impaired. 
In patients with left or right anterior temporal lobe lesions, 
Gainotti (2001) found consistent differences in the pattern of 
impairment: following right temporal lobe lesions, there was 
a loss of familiarity feeling and of person-specific informa-
tion retrieval, whereas left lesions resulted in a prevalent 
impairment in name finding. Like neglect, face recognition is 
not a unitary process and a variety of dissociations have been 
described (Young and Perrett 1992); for instance, the inter-
pretation of facial emotion expression can be selectively 
disturbed.

15.5.3  Lateralization of Auditory Processing

In this section, primarily two types of stimulus materials, 
namely music and prosody, will be discussed. In the aphasia 
literature, amusia was frequently noted. Although some-
times dissociations were observed, in most cases amusia was 
associated with aphasia. Musical capacity is a complex func-
tion composed of recognizing and producing melodies and 
reading musical score. A number of different cognitive pro-
cesses and brain areas appear to be involved (Peretz and 
Coltheart 2003). Rhythm, for instance, appears to be a spe-
cific component of music, independent of melody, suggest-
ing that processing of timing and pitch changes may involve 
different cognitive processes and brain areas (see also Chap. 7). 
Rhythm requires the processing of an entire sequence and as 
such is a right hemisphere function, whereas melody is rec-
ognized more by noting the specific changes in pitch from 
one note to the other and is primarily a left hemisphere capac-
ity. Apart from these different aspects of the musical stimu-
lus, expertise may also play a role: a professional musician 
may deal with music in a rather different way than a normal 
adult, not specifically trained in music. Whether music is a 
left or right hemisphere function depends on the way mate-
rial is processed, analytically or more synthetically. Expertise 
may be reflected in the way an individual has learned to lis-
ten to music (Tervaniemi and Hugdahl 2003; Zatorre and 
Gandour 2008).

15.5.4  Anatomical and Functional Differences

Clear differences in the anatomy of the left and right cere-
bral hemispheres were noted by Geschwind and Levitsky 
(1968). They found a conspicuous difference in the areas of 
gyri in the superior temporal plane (Fig. 15.38). The left 
temporal plane was enlarged posteriorly to the primary 
auditory cortex in 65% of their sample of 100 normal brains, 
whereas the right was larger in 11%. Such an asymmetry 
had already been reported by von Economo and Horn 

(1930). It appeared that the auditory association cortex is 
larger in the left hemisphere of the human brain (Galaburda 
et al. 1978a, b; for recent data see Dorsaint-Pierre et al. 
2006; Toga and Thompson 2007). Comparative studies 
between human and non-human primates showed that 
chimpanzees, similarly to humans, show an asymmetry in 
the planum temporale (Gannon et al. 1998; Hopkins et al. 
1998). However, only humans have a robust asymmetry  
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Fig. 15.38 Anatomical differences between the left and right hemi-
spheres. In (a), von Economo and Horn’s data on asymmetry of Heschl’s 
gyrus (HG) are shown; in (b) Geschwind and Levitsky’s data; and in (c) 
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von Economo and Horn 1930, (b) after Geschwind and Levitsky 1968, 
and (c) after Galaburda et al. 1978b)
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in the  minicolumn morphology of the planum temporale 
(Buxhoeveden et al. 2001).

Anatomical asymmetry is already present in foetal and 
newborn brains (Wada et al. 1975; LeMay 1976; Chi et al. 
1977). A difference at the posterior end of the Sylvian fissure 
was noted as early as the fifth month of gestation. LeMay 
(1976, 1977) found a corresponding asymmetry in the endocra-
nial casts of Neanderthal skulls and in the great apes, the 
orangutan in particular (LeMay and Geschwind 1975). Most 
gross morphological asymmetries of the frontal lobes described 
in humans are the result of indirect measurements taken of inden-
tations in the skull, called petalias, that reflect outgrowth of 
the adjacent cerebral hemisphere. Geschwind and Galaburda 
(1985a, b) observed a predominance of the right frontal peta-
lia. In an MRI study of 104 normal adults, Kertesz et al. (1990) 
found that the right hemisphere was significantly larger across 
all groups, but that the left frontal width and area were larger 
in left-handers. Right-handers had larger right anterior frontal 
and left parietal and occipital widths. Differences in the mor-
phology of the planum temporale can be found in foetal and 
newborn brains by the 29th week of gestation (Wada et al. 
1975), well before language acquisition. Functional asymme-
tries have been observed in 3-month-old babies in response to 
speech sounds with a preferential activation of the left tempo-
ral cortex (Dehaene-Lambertz et al. 2002) and may also 
explain the rarity of aphasias following right brain lesions in 
children (Mariën et al. 2001; Ahmad et al. 2003). An early pat-
tern of right hemisphere specialization for selective attention 
and visuospatial processing has also been shown (Stiles-Davis 
et al. 1988).

Stephan et al. (2007) have suggested that the asymmetries 
observed in functional neuroimaging studies result from 
asymmetries in structural connectivity patterns rather than 
from local cortical activity. Like anatomical asymmetries, 
these connectional asymmetries can be observed in an early 
stage of development and may act as the structural basis for 
the development of functional lateralization. DTI studies by 
Catani et al. (2007) revealed interhemispheric differences in 
direct connections between the Broca and Wernicke areas, 
with an extreme leftward lateralization in more than half 
of the subjects and bilateral symmetrical distributions in 
only 17.5% of the subjects (observed more in females). 
Surprisingly, they noted that a more bilateral representation 
is associated with a higher performance on verbal memory 
tasks and in using semantic associations. DTI studies have 
also been carried out in other areas of cognitive functioning 
to provide new evidence for the disconnection syndromes 
(see Sect. 15.7). The picture arising from these studies is that 
it is far too simplistic to assume that a specific task is pro-
cessed by either the left or the right hemisphere. Cortical 
areas are connected to other cortical areas and depending on 
the nature of the task at hand, specific interactions between 
areas may occur. This view is also in line with the idea that 

lateralization should not be conceived of as referring to two 
more or less independent systems but to varying degrees of 
asymmetry, depending on the nature of the task and the many 
processing components that are involved.

15.6  Language and the Brain

For a long time, the key brain structures required to receive 
and produce language were the Broca and Wernicke areas, 
connected by the arcuate fascicle. Over the last decades, it 
has been demonstrated that language processing is not 
dependent on the areas of Wernicke and Broca alone, but 
depends on many neural sites linked as systems and working 
in concert. It has become clear that several regions in higher-
order left temporal and left prefrontal/premotor cortices are 
engaged in language processing (Damasio and Tranel 1993). 
Moreover, structures in the basal ganglia, the thalamus and 
the cerebellum are also engaged in language processing 
(Damasio et al. 1982; Naeser et al. 1982; Graff-Radford 
et al. 1985).

The term “aphasia” refers to a disturbance of language 
processing caused by dysfunction in specific brain regions. 
The disturbance can primarily compromise the comprehen-
sion of language, the expression of language, or both. The 
essence of aphasia is a disorder of linguistic processing 
(Damasio and Damasio 2000). The specific patterns of apha-
sic signs give rise to different aphasic syndromes. Aphasia 
can affect various aspects of language processing: (1) syntax, 
which pertains to the grammatical structure of sentences; (2) 
the lexicon, which concerns the words available in any lan-
guage and (3) the morphology of words, which concerns how 
individual speech sounds, known as phonemes, are combined 
to form morphemes, which are the base for the unique struc-
ture of a word. Because the human left hemisphere is fre-
quently dominant for language in both right-handers and 
left-handers, lesions that cause aphasia are usually located in 
the left hemisphere. Virtually, all right-handers show left 
cerebral dominance for language. Aphasia following right 
hemisphere lesions (“crossed” aphasia; Zangwill 1979) is 
extremely rare in right-handers.

15.6.1  The Classic, Clinicopathological Approach

Descriptions of individuals suffering from sudden loss of 
speech due to a traumatic accident to the brain can be found 
in the medical literature from early history onwards (Tesak 
and Code 2008). At the beginning of the nineteenth century 
interest in the relation between language and the brain 
increased dramatically, primarily due to Franz Josef Gall’s 
claims about the localization of mental functions at specific 
sites on the cortical surface of the brain. Next to his cranio-
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scopic approach (feeling the skull for bumps), he also pointed 
to the effects of frontal lesions as a source of evidence. In 
1825, Jean-Baptiste Bouillaud, later Head of the Paris 
Medical School, noted that there was some truth to the story 
(Harris 1999). He also used clinicopathological data on the 
effects of local lesions on language capacity. This clinico-
pathological approach has been developed in particular by 
Carl Wernicke and Jean Martin Charcot. In 1861, Paul Broca 
described two patients who had lost the ability to speak after 
injury of the posterior inferior frontal gyrus (Broca 1861). 
His historic cases were rediscovered and studied with CT 
(Signoret et al. 1984) and, more recently, re-investigated 
with high-resolution MR imaging (Dronkers et al. 2007). 
The lesion in Broca’s first patient was not limited to the foot 
of the frontal gyrus as Broca had claimed, but extended far 
into the white matter of the arcuate fascicle of the left hemi-
sphere. Therefore, this patient’s speech deficit might have 
been attributed to a lesion of the arcuate fascicle (Catani and 
Mesulam 2008b).

In 1874, Carl Wernicke formulated a model of language 
localization that still is influential today (Wernicke 1874). 
His basic assumption was that the brain can be conceived of 
as a sensory-motor system with one part of the brain devoted 
to analyzing incoming sensory information and another part 
responsible for reacting to the incoming stimuli (Fig. 15.39a). 
Information coming from the different senses is laid down in 
the cerebral cortex in the form of images. Language, sensed 
through the ears or the eyes, is perceived and represented in 
the form of word images, laid down in Wernicke’s area and 
these images are used to understand speech. These images 
are assumed to be related to images in a motor speech area, 
Broca’s area, and these can be used to act, in this case to 
speak. Ludwig Lichtheim incorporated a conceptual centre 

(Lichtheim 1885) and argued that the connections of the 
various features somehow should come together at a point 
where they all connect to either the sensory image or the 
motor image of a word (Fig. 15.39b). Disruption of these 
connections at that specific point should then result not in a 
problem with the sensory or motor representation, that is in 
hearing or speaking the word, but in being aware of the 
meaning of a word. The Wernicke–Lichtheim model has 
had a tremendous influence on research on language and the 
brain as well as on the clinical approach of language disor-
ders due to brain lesions. Various syndromes were derived 
from the model, depending on the site of the lesions, either 
disrupting a centre or lesioning a pathway between centres.

Damage to the speech centre localized in Broca’s area 
results in non-fluent, effortful speech, known as Broca apha-
sia, whereas damage to the language comprehension centre 
in Wernicke’s area results in a comprehension deficit 
(Wernicke aphasia). Speech is fluent but due to loss of 
 comprehension, normally working as a kind of internal feed-
back system, errors may occur (see Clinical case 15.10). 
Conduction aphasia results from a disruption of the connec-
tions between the comprehension and speech centres. Speech 
and language comprehension are intact but the patient cannot 
properly repeat what has been said to him. The lesion tends 
to be situated in the left angular gyrus. Conduction aphasia 
has long been considered to be a disconnection syndrome 
(see Sect. 15.7.1), involving damage to the arcuate fascicle. 
However, there is now good evidence that this syndrome 
may also result from cortical dysfunction (Anderson et al. 
1999; Hickok and Poeppel 2007). The term transcortical 
aphasia is used for aphasic patients with damage to the cere-
bral cortex elsewhere outside the Broca and Wernicke lan-
guage areas (see Clinical case 15.10).
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Fig. 15.39 (a) Wernicke’s model of language centres (after Wernicke 
1874): a centre for auditory images, b centre for motor images; their 
incoming and outgoing brain stem connections are also shown as a and b, 
respectively. Other abbreviations: C central sulcus, F frontal pole, 
S Sylvian sulcus, O occipital pole, T temporal pole. (b) Lichtheim’s 
model in which three language centres are presented: A centre for 

 auditory images of words, B conceptual centre, M centre for motor 
images of words (after Lichtheim 1885). The following language disor-
ders can be explained with Lichtheim’s model: (1) Broca type of apha-
sia, (2) Wernicke type of aphasia, (3) conduction aphasia, (4) motor 
transcortical aphasia, (5) dysarthria, (6) sensory transcortical aphasia 
and (7) word blindness
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The sensory-motor approach of language disorders has 
always been regarded by many as the best model, even to the 
effect that not much effort was invested in testing it further. 
Norman Geschwind re-introduced the model in the 1960s as 
a means for investigating language disorders in relation to 

cortical areas (Geschwind 1970). The model became than 
known as the Wernicke–Geschwind model (see Fig. 15.49a). 
Essentially, many still think of language in the brain as a 
system with two centres that are connected to each other as 
was formulated, for instance, by Jules Dejerine in his zone of 
language (Fig. 15.40). However, we do now recognize that 
the essence of language is not the word but the message, for-
mulated in a proposition, an idea already introduced by John 
Hughlings Jackson (Jackson 1874; for a summary of his dis-
cussions with Broca, see Schiller 1992). This implies that 
processes that combine words into a proposition form a cru-
cial part of the language system. Among these are syntactic 
processes (see Sect. 15.6.2). A second topic, not described in 
the classic model, is prosody. In 1947, the Norwegian neu-
rologist Monrad-Krohn described a woman, who suffered 
from a shrapnel injury to the left frontal area, causing a 
Broca aphasia. She made a rapid recovery but was left with 
a German sounding accent even though she was a native 
Norwegian (Monrad-Krohn 1947). Monrad-Krohn sug-
gested that she suffered from a problem with producing the 
correct prosody and introduced the term dysprosodia (see 
Sect. 15.6.4). In motor aprosodia, the language communi-
cation of a patient shows a flat type of speech with little 
modulation relative to the emotional content (Ross 2000). 
This type of aprosodia not only affects the voice but also 

Fig. 15.40 Dejerine’s “Zone of language” (from Dejerine 1901). 
Lesions within this zone, indicated by dashed lines, cause aphasia by 
affecting Broca’s zone (B, “centre for motor images of articulation”), 
Wernicke’s area (A, “centre for auditory images of words”) or the parieto-
occipital cortex (Pc, “centre for visual images of words”)

Clinical Case 15.10 Language Disorders (Broca, Wernicke, 

Global, Conduction and Transcortical Types of Aphasia)

Modern neurolinguistic studies consider the language fac-
ulty to be based on multiple interactions within a widely 
distributed language network in the brain. Two epicentres 
may be indicated within this network. In the Broca area, 
coinciding with Brodmann areas 44 and 45, syntax-related 
and articulation functions are mediated. In the Wernicke 
area, that largely coincides with Brodman area 22, lexicon-
related functions are encoded and decoded. The practice of 
the clinical neurological diagnostic approach of a patient 
defies an analysis in such depth, and we therefore will 
adhere here to the classic syndromatic classification of 
aphasias that will enable us to provide an inventory of the 
various brain regions involved in the functional defects 
occurring after specific brain lesions (Benson and 
Geschwind 1985; Damasio and Damasio 2000; Wallesch 
and Bartels 2008).

Both the Broca and Wernicke area are localized in the 
vascular territory of the MCA that supplies the perisylvian 
and insular cortices (see Chap. 2). An ischaemic stroke in 
this region of the dominant, left hemisphere, therefore, will 

have a profound impact on a patient’s language abilities. In 
case of a total circulatory failure of the MCA, a severe 
hemiplegia and hemianaesthesia of the contralateral body 
half as well as a homonymous hemianopia will ensue. The 
resulting language defect will generally be characterized as 
global aphasia, comprising both motor and sensory aspects 
of language and combining features of both Broca and 
Wernicke aphasias. Therefore, neither speech production 
nor language comprehension is present. Often, the patient 
may be induced to produce some automatic utterances, 
such as counting numbers, singing simple songs or saying 
prayer. Emotional utterances, however inarticulate, may be 
appropriate in relation to the situation. A complete global 
aphasia in general has little tendency to improvement. On 
testing there is neither word comprehension nor speech 
production. Word repetition is impossible. The patient is 
not able to name objects. Also, reading and writing are 
impossible. Often, however, the infarction of the MCA is 
incomplete and, although in the acute phase a global apha-
sia may be present, the eventual type of the aphasia after a 
few weeks of spontaneous recovery may be characterized 
as either a Broca-type aphasia or as a Wernicke-type apha-
sia (Fig. 15.41). In Broca aphasia, also called “motor 
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Fig. 15.41 Site of damage causing Broca (a) and Wernicke (b) types 
of aphasia. The areas infarcted in 14 and 13 patients, respectively, were 
determined by radioisotope brain scans (from Kertesz et al. 1977)

aphasia”, the left inferior frontal gyrus is affected. In the 
areas 44 and 45 and the adjacent heteromodal prefrontal 
cortices the phonemes, morphemes and words are format-
ted along a time axis into the grammatical structure of sen-
tences. In Broca aphasia, this temporal ordering of the 
various components of language is profoundly disturbed. 
There is also a problem in retrieving verbs. This defect 
results in an agrammatic language consisting mainly of 
nouns. The language has a non-fluent character and is often 
characterized as “telegram style language”. If the lesion is 
restricted to Broca’s area alone, only a transient type of lan-
guage disturbance of slight degree is seen. If the lesion is 
restricted to the posterior part of Broca’s area a type of dis-
turbance is observed that is on the verge between aphasia 
and anarthria and this speech defect is sometimes called 
aphemia, a term already used in the early days by Broca.

In Wernicke or sensory aphasia, the first impression 
from the language production is that of a normal fluency 
with adequate intonation and prosody. On closer analysis, 

however, the language utterances appear difficult to under-
stand because of frequent phonematic, verbal or semantic 
paraphasias (“Wortsalat”), the patient not being aware of 
them. In addition, he is no longer able to understand the 
language from his conversation partner. The damage in 
Wernicke aphasia is mostly restricted to the posterior terri-
tory of the MCA and involves Brodmann area 22 and adja-
cent cortices (BA 37, 39 and 40). These posterior sections 
near the left auditory association cortex in the STG and in 
the IPL, together form the lexical and semantic pole of the 
language network. Here, first the auditory signal is recog-
nized as language, the speech sounds are processed as 
words and further on the syntactic structure is decoded into 
lexical and semantic information that is represented as 
meaning for conscious awareness. The deficiency of this 
function explains the lack of language comprehension in 
the Wernicke patient. The Wernicke area has also a func-
tion in the continuing monitoring of the own language pro-
duction by the patient. The dysfunction thereof explains the 
verbal and semantic paraphasias and neologisms causing 
the unintelligible language production in this type of 
aphasia.

In conduction aphasia, auditory comprehension of lan-
guage and speech production at a superficial analysis level 
seems undisturbed, so the hallmarks of both Broca aphasia 
and Wernicke aphasia are lacking. The impaired repetition 
of sentences stands out as the typical characteristic of this 
type of aphasia. Although Wernicke in his original publica-
tions pointed to selective damage to the arcuate fascicle, 
later observations learned that mostly the cortex of areas 
40, 41 and 42 are involved too with extension of the lesion 
into the white matter underneath. Typically, there is no 
damage to Wernicke’s area. Neurolinguistic analysis points 
to the presence of a naming deficit and of multiple phone-
matic paraphasias.

The term transcortical aphasias has been employed 
for aphasics with damage to the cerebral cortex elsewhere 
outside the Broca and Wernicke language areas. Motor 
transcortical aphasia indicates the language disturbance 
after injury to the frontal cortex above or in front of the 
Broca area. Most likely, the lesions interfere with the con-
nections between this area and the supplementary motor 
area that contributes to the initiation of speaking. Trans-
cortical motor aphasia is often characterized by the diffi-
culty to answer questions with a completely formulated 
sentence. Also naming of objects may be a problem. Sen-
sory transcortical aphasia occurs if the area outside and 
posterior to the Wernicke cortex is damaged, resulting in a 
defect in the semantic-conceptual analysis of language, 
whereas the analysis at the phonological-lexical level is 
preserved. Semantic word substitutions prevail in this type 
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of aphasia and the patient has an inclination to answer with 
the employment of the same words used in a question 
asked, the conversation having a kind of echoing character. 
Amnestic aphasia or anomic aphasia is the term often 
used to indicate the rest disability of patients that remains 
after the otherwise recovery from other types of aphasia. 
The defect consists of a word-finding problem and can be 
related to nouns and adjectives. Most often the patient man-
ages to communicate by employing somewhat less ade-
quate alternative words but on formal testing of naming 
objects or persons the deficit becomes apparent.
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involves affect-loaded gestures and facial expressions. In 
sensory aprosodia, the right-sided brain damaged patient 
has difficulty comprehending the verbal communication 
within its context (Ross 2000). The patient may be unable to 
grasp the humour or the irony of a message. Wildgruber et al. 
(2009) concluded that, despite the early notion of right hemi-
sphere specialization, it has become clear that a widespread 
network of bilateral cerebral regions contribute to prosody 
processing. Functional imaging studies indicate enhanced 
activation within the middle part of the superior temporal 
cortex in response to human voices. Affective prosody also 
appears to activate this area with a stronger response in the 
right hemisphere than in the left one.

15.6.2  Syntax

A renewed interest in aphasia started in the sixties of the last 
century and attracted the attention of researchers of various 
disciplines. Moreover, the linguist Noam Chomsky had 
changed the agenda for research on language completely. 
Instead of words, now the capacity to formulate a message 
in a particular, grammatically correct manner became the 
core of the language capacity (Chomsky 1957). Syntax, the 
linguistic means to express the relations among agent, action 
and object through arranging words in a particular order 
(the canonical order of Subject-Verb-Object in many lan-
guages) and through adapting the word form or word mor-
phology, was conceived of as a universal language capacity 
(Grodzinsky 1986, 2000, 2006). The basic syntactic struc-
ture is determined by the lexical properties of words and by 
the rules that combine words into phrases and eventually 
sentences. The mental lexicon contains words, listed as 
sound-meaning pairs, but they are also annotated for certain 
properties relevant to syntax (LEX). For instance, the verb 
“rain” does not allow for an object, or nouns in some lan-
guages are marked for gender. The MERGE component con-
tains rules that analyze sentences into hierarchical, tree-like 
structures or graphs, the units of which are phrases and lexi-

cal categories, and the LEX properties of words in the sen-
tence are taken into account. The structure created by 
MERGE and the lexical information encoded by the format 
dictated by LEX make semantic interpretation of basic sen-
tences possible. Natural language consists of syntactically 
more complex phenomena. Elements are not always found in 
their canonical positions, like the Subject – Verb – Object 
structure: The boy kisses the girl. Certain elements might be 
displaced: the syntactic operation MOVE

XP
 governs the 

changing of position of phrases (noun phrase, verb phrase or 
prepositional phrase in a sentence (The girl was kissed by the 
boy; The boy put a card in the red box vs In which box did 
the boy put a card), whereas the MOVE

V
 operation controls 

the changing of position of verbs, like in a question: Is the 
boy ill? The syntactic operation BIND controls the relationship 
of reflexives and pronouns with noun phrases on which they 
depend for reference, for instance: The man asked the boy to 
help him.

This shift of attention towards syntactical problems has 
had important consequences for the interpretation of Broca 
aphasia. While Broca himself, and many others after him, 
claimed that language comprehension in such patients is 
more or less intact, more systematic examination of comp-
rehension revealed that they suffer from specific problems. 
A method used very frequently in this area is the sentence – 
picture matching task, in which a sentence is presented and 
the patient has to select the correct picture out of a set of 
alternatives (see Clinical case 15.11). The neurolinguistic 
approach is aimed at the integration of processes related to 
meaning or semantics (roughly situated in the temporal 
lobe), syntax (Broca’s area?) and phonology (Grodzinsky 
2006; Grodzinsky and Santi 2008). In line with this neurolin-
guistically inspired approach of language disorders, Broca 
aphasia was now “redefined” as a language disorder, charac-
terized by agrammatical sentence production. Not the mech-
anisms for articulating words are disturbed but the processes 
for ordering the elements in a sentence, referring both to 
word order issues and other adaptations. Empirical studies, 
examining a wide variety of syntactic processes, revealed 
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that in agrammatism the nature of the deficit is rather spe-
cific. Moreover, these impairments appear to be similar in 
different languages. The severity of agrammatism may vary 
over patients with Broca aphasia (Grodzinsky 2006).

Grodzinsky and Friederici (2006) suggested that different 
areas of the brain are differentially involved in distinct syn-
tactic operations. For instance, there are syntactic operations 
related to words such as the argument structure of a verb 
(LEX): the type and number of arguments that natural lan-
guage predicates require. Another class of operations can be 
characterized as merging operations (MERGE), relevant for 
the hierarchical structure within a sentence. Yet, another set 
of operations is involved in moving trees from a hierarchical 
structure (MOVE

XP
 and MOVE

V
). Of the five syntactic types 

of operations, only one is impaired in Broca aphasia, namely 
the MOVE

XP
 operation for noun phrases in a sentence 

(Grodzinsky 2006). The main loci of activation in fMRI 
studies have been found in the left inferior frontal gyrus and 

bilaterally in the STG (Grodzinsky and Friederici 2006). 
Various syntactic operations can be related to the process of 
producing a sentence: in a first phase, local phrase structures 
are computed; subsequently, dependency relations are com-
puted, followed by syntactic integration. Thus, separate syn-
tactic subnetworks can be described: one consisting of Broca’s 
area recruited for the construction of dependency relation-
ships and the posterior STG, responsible for the processes of 
final syntactic integration, and one consisting of the frontal 
operculum and the anterior STG, subserving local phrase 
structure building.

Friederici and Weissenborn (2007) reviewed studies 
on the syntax-semantic interface, that is the various 
 processes involved in mapping of a sentence onto a specific 
meaning: the processing of verbs, the verb’s argument 
structure, the verb’s selectional restriction and the 
 morphosyntactical information encoded in the inflection. 
Neurophysiological evidence indicates an initial indepen-

Clinical Case 15.11 Syntactic Approach to Broca Aphasia

To examine syntactic processing capacities in patients with 
language disorders, it is important to use sentences that 
cannot simply be interpreted on the basis of semantic fea-
tures. For instance, in the sentence John kicked the ball it 
can be inferred from the meaning of “kick” that John is the 
actor. In so-called reversible sentences, for instance John 
kissed Mary, the patient has to process syntactic informa-
tion in order to interpret the sentence correctly. Drai and 
Grodzinsky (2006) selected studies from the literature in 
which tasks with reversible sentences had been presented 
to Broca aphasics: who did what to whom. Syntactic com-
plexity varied: there were active and passive sentences (The 
girl was dried by the woman in which the girl has been 
moved from the canonical position after the verb), sen-
tences with subject relative clauses (The cat that [chased 
the dog] was very big), and sentences with object relative 
clauses (The cat that [the dog chased] was very big) in 
which the cat has been moved (The dog chased the cat). 
The data from the various studies indicated that Broca 
aphasics score at chance level on passive sentences and on 
sentences with object-relative clauses. These results are in 
line with the hypothesis that the main syntactic problem in 
Broca aphasia is a deficit in processing syntactic movement 
of phrase structures. Much evidence supports such a con-
clusion. However, there also seem to be some data that con-
trast with this general picture. Findings from Chinese 
patients indicate that they perform at chance level for sen-
tences with subject relative clauses and above chance for 
sentences with object relative clauses, a pattern completely 

opposite to that in English. In English, the relative clause 
modifies and follows a noun: the cat that [chased the dog] 
was big. In sentences with object relative clauses, the noun 
phrase has been moved. It now appears that in Chinese the 
situation is reversed: syntactic movement occurs for sub-
ject relative clauses and there is no movement for object 
relative clauses. Thus, this finding is also in line with the 
syntactic movement hypothesis. Another apparent counter 
example is provided by German or Dutch speaking Broca 
patients, who appear to score above chance on passive sen-
tences. Grodzinsky and Santi (2008) argue that this appar-
ent contradiction is solved if we look at cross-linguistic 
differences in syntactic movement rules for the passive 
form. The displaced noun phrase crosses the verb in English 
(The son was kissed by the father), but not in German (Der 
Vater wird vom Sohn geküsst) and Dutch (De vader wordt 
door de zoon gekust) and therefore these data are also 
compatible with the syntactic movement hypothesis for 
comprehension deficits in Broca aphasia. Taken together, 
these results indicate that Broca aphasia is characterized, 
not by a general problem in dealing with syntax, but by a 
specific problem with movement of phrases, interfering 
with the hierarchical structure of the sentence.
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dence of the processing of word category information from 
other information types as the basis of local phrase struc-
ture building and a later processing stage during which dif-
ferent information types interact. Just like Broca’s area, 
Wernicke’s area seems to be involved in language processes 
at the level of the sentence rather than the individual word 
(Grodzinsky and Friederici 2006). The posterior STG may 
subserve the integration of lexical and semantic informa-
tion. Moreover, this appears to hold for speech and written 
information and, therefore, for language in general. The 
inferior frontal gyrus may be specifically active for pro-
cessing syntactical complexities, whereas the STG seems 
to be involved in the integration of lexical and syntactical 
information or to understand who is doing what to whom.

15.6.3  Language Pathways

Carl Wernicke postulated the existence of a direct connec-
tion between the Broca and Wernicke areas (Wernicke 1874). 
He thought that the temporal and frontal language areas were 
interconnected by fibres passing via the external capsule and 
relaying in the insular cortex. Constantin von Monakow and 
later Jules Dejerine defined the arcuate fascicle as the prom-
inent fibre tract between the Broca and Wernicke areas 
(Dejerine 1895). A lesion of the arcuate fascicle may result 
in conduction aphasia. The heterogeneous clinical presenta-
tions of conduction aphasia, however, suggested a greater 
complexity of perisylvian anatomical connections than was 
allowed for in the classic anatomical model. Human DTI 
studies have shown that the arcuate fascicle is not the only 
white matter tract connecting the Broca and Wernicke areas, 
but that there are additional dorsal and ventral pathways 
(Parker et al. 2005; Friederici et al. 2006; Anwander et al. 
2007; Frey et al. 2008; Glasser and Rilling 2008; Saur et al. 
2008; Friederici 2009): one dorsal pathway runs from the 
posterior part of Broca’s area (area 44) via the SLF to the 
superior temporal region and is assumed to be particularly 
relevant for higher-order language functions, that is the pro-
duction of syntactically complex sentences (Friederici et al. 
2006); two ventral pathways connect Broca’s area, in par-

ticular area 45, via the ventral part of the extreme capsule 
and the UF to the anterior STG. The ventral route through 
the extreme capsule seems to be most relevant for language 
comprehension (Saur et al. 2008).

Phylogenetic and ontogenetic data suggest that the dorsal 
pathway is more strongly developed in adults than in chil-
dren or primates (Brauer and Friederici 2007; Brauer et al. 
2008; Rilling et al. 2008). Rilling et al. (2008) emphasized 
that neuroanatomical differences between human and non-
human species may be crucial for the evolution of language. 
They analyzed three pathways, the arcuate and arcuate and 
superior longitudinal fascicles as the dorsal connection and 
the extreme capsule as the ventral connection, in macaque 
monkeys, chimpanzees and humans (Fig. 15.42). The arcu-
ate fascicle was smaller in chimpanzees than in humans and 
absent in macaque monkeys. The human dorsal pathway was 
found to terminate in the temporal lobe, whereas in chimpan-
zees terminations were dominant in the parietal lobe. The 
ventral pathway from the ventral part of the inferior frontal 
gyrus through the extreme capsule to the STG was strongest 
in macaque monkeys and weakest in humans. Rilling et al. 
(2008) suggested that the expanded dorsal pathway is crucial 
for the evolution of language. DTI studies in children show 
that the arcuate and arcuate and superior longitudinal fasci-
cles are among the last to mature (Giorgio et al. 2008). The 
dorsal pathway appears not to be fully myelinated even at the 
age of 7 years (Friederici 2009). A weak myelination of this 
pathway is supported by functional imaging studies, indicat-
ing that syntactic processes at this age are not yet similar to 
adults (Brauer and Friederici 2007; Brauer et al. 2008).

Functional imaging studies suggest that intelligible speech 
activates the rostral left lateral temporal cortex when con-
trasted with equivalently acoustically complex but unintelli-
gible sounds (see Hasson and Small 2008; Horwitz and Wise 
2008). This may be the verbal “what” pathway. It is linked 
with the ventrolateral PFC via the UF. This region of the PFC 
has been linked with explicit retrieval of words from memory 
based on semantic cues. There is another route via the arcu-
ate fascicle to the dorsolateral PFC. The first route via the UF 
may process word meaning, whereas the arcuate fascicle 
may process word sound structure (phonetics and  phonology). 
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Fig. 15.42 Average tractography data on language pathways in (a) macaques, (b) chimpanzees and (c) humans. cs central sulcus, ips intraparietal 
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Wise (2003) noted that this interpretation contrasts with the 
picture arising from lesion studies in aphasic patients. Recent 
studies on semantic dementia (SD) (see Sect. 15.8) that is 
characterized by a progressive and profound loss of semantic 
knowledge, however, suggest that the rostral and ventral parts 
of the temporal lobes are critical for semantic memory (see 
Davies et al. 2004). That posterior temporal lesions result in 
comprehension problems may be explained by the wide-
spread effects such lesions appear to have throughout the ipsi-
lateral temporal lobe.

Hickok and Poeppel (2007) noted that the interpretation of 
the large number of functional imaging studies on speech pro-
cessing has been impeded by task effects. They formulated a 
dual stream model: a ventral stream processes speech sig-
nals for comprehension and a dorsal stream maps acoustic 
signals to frontal lobe articulatory networks (Fig. 15.43). 
Moreover, the ventral stream is largely bilaterally organized with 
important computational differences between the two hemi-
spheres. The dorsal stream is strongly lateralized in the left 
hemisphere. The ventral stream is similar to what others have 
referred to as the auditory “what-stream” (see Chap. 7) and 
involves structures in the superior and middle portions of the 
temporal lobe. The dorsal stream involves structures in the pos-
terior frontal lobe and the posterior dorsalmost aspect of the 
temporal lobe and the parietal operculum. Rather than as an 
auditory “where-stream”, Hickok and Poeppel regard this as an 
auditory-motor integration system. Speech perception tasks 
rely to a greater extent on dorsal stream circuitry, whereas 
speech recognition tasks depend more on the ventral stream. 
The fact that the ventral but not the dorsal stream is represented 

bilaterally explains why right hemisphere lesions generally do 
not interfere with speech recognition. Within these streams, 
Hickok and Poeppel (2007) distinguish a number of specific 
networks. Spectrotemporal analysis is localized bilaterally in 
the STG. From here, information is processed in a phonologi-
cal network situated in the midposterior superior temporal sul-
cus. This information can be forwarded to a lexical interface in 
the ventral stream, in particular the posterior middle temporal 
gyrus and the posterior intraparietal sulcus. This information is 
fed into a combinatorial network situated in the anterior middle 
temporal gyrus and the anterior intraparietal sulcus. Information 
from the phonological network can also be forwarded to the 
sensorimotor interface localized in the parietotemporal bound-
ary. Subsequently, information is sent to the articulatory net-
work composed of the posterior inferior frontal gyrus, the 
premotor cortex and the anterior insula.

15.6.4  Primary Progressive Aphasia

Mesulam (1982, 2001) introduced the notion of primary pro-
gressive aphasia (PPA), referring to language problems 
developing over a period of at least 2 years in progressive 
neurological syndromes, the language problem being the 
only factor compromising activities in daily life. Recent stud-
ies have suggested that different patterns may occur and that 
the patterns of localized cerebral dysfunction do not neces-
sarily match those affected typically by vascular strokes (see 
also Sect. 15.8). Gorno-Tempini et al. (2004) analysed the 
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Fig. 15.43 The dual stream model of the functional anatomy of lan-
guage in lateral views of the left (a) and right (b) cerebral hemispheres. 
The earliest stage of cortical speech processing involves some form of 
spectrotemporal analysis, which is carried out in auditory cortices (A) 
bilaterally in the supratemporal plane. These spectrotemporal computa-
tions appear to differ between the two hemispheres. Phonological-level 
processing and representation involves a phonological network in the 
middle-posterior parts of the supratemporal sulcus (PhN in light grey) 
bilaterally with a weak left-hemisphere bias at this level of processing. 
Subsequently, the system diverges into two broad streams: a dorsal 

pathway that maps sensory or phonological representations onto articu-
latory motor representations (ArtN in red) and a ventral pathway that 
maps sensory or phonological representations onto lexical conceptual 
representations (Lexl in grey). The ventral pathway is bilaterally orga-
nized with a weak left-hemisphere bias, whereas the dorsal pathway is 
strongly left dominant. The posterior region of the dorsal stream cor-
responds to a sensorimotor interface area at the parietotemporal bound-
ary (Sml in light red), whereas the more rostral locations in the frontal 
lobe involve Broca’s region and a more dorsal premotor area (after 
Hickok and Poeppel 2007)
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cognitive profile and the neuroanatomical characteristics of a 
group of 31 patients with PPA. They found three different 
forms (Fig. 15.44): non-fluent progressive aphasia (NFPA), 
semantic dementia (SD) and logopenic progressive aphasia 
(LPA). NFPA is characterized by apraxia of speech (AoS) 
(see also Ogar et al. 2005) and deficits in complex syntax and 
is associated with left inferior frontal and insular atrophy. SD 
is characterized by fluent speech and problems with semantic 

memory and is associated with anterior temporal damage 
(see also Agosta et al. 2010). LPA is characterized by slow 
speech with long-word finding pauses (logopenic means lack 
of words) and impaired syntactic comprehension and naming 
problems and is associated with atrophy in the left posterior 
temporal cortex and IPL. Recently, Gorno-Tempini et al. 
(2008) further characterized the logopenic/phonological vari-
ant of PPA (see Clinical case 15.12). There are indications 
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Fig. 15.44 Diagrammatic representation of the most distinctive atro-
phy sites for some major dementia syndromes in lateral (a) and medial 
(b) views of the brain. In each case, total atrophy may well extend 
beyond the shaded areas as well. The behavioural variant of frontotem-
poral dementia (bvFTD) is indicated in light red, non-fluent progressive 

aphasia (NFPA) in medium red, logopenic progressive aphasia (LPA) in 
red, semantic dementia (SD) in light grey, posterior cortical atrophy 
(PCA) in grey and amnestic dementia of the Alzheimer type (DAT) is 
uncoloured (after Weintraub and Mesulam 2009)

Clinical Case 15.12 Logopenic Variant of PPA

Mesulam (1982) introduced the notion of PPA, referring to 
language problems developing over a period of at least 2 
years in progressive neurological syndromes with language 
problems as the only factor compromising activities in 
daily life. Gorno-Tempini et al. (2004, 2008) analyzed the 
cognitive profile of patients with PPA and distinguished 
three different forms: NFPA, SD and LPA. One case of 
LPA is presented as Case report.

Case report: A 70-year-old male was seen because of a 
progressive disorder of speech, which caused him to with-
draw from social interactions. The first signs of a distur-
bance in language comprehension occurred during his 
reading aloud as a lector in Mass 2 years earlier. He felt 
uncertain about the sentences he read, being in doubt 
whether he said things the right way and whether listeners 
would understand him. Gradually, his speech became 
somewhat hesitating and he had problems with longer or 
more abstract sentences, so he preferred to talk about famil-
iar themes or the past. During conversation he gradually 

might flounder, particularly when interrupted by someone 
else. There were slight memory complaints but no impair-
ment of activities of daily living, orientation or other cogni-
tive and behavioural functions.

On examination, there were no focal neurological signs. 
His speech was clear, although often hesitating and with 
word-finding difficulties, circumlocutions and incidental 
paraphrasias. Gesturing and facial expression were ani-
mated but in the course of an argument he might stop sud-
denly. Comprehension and repetition of single words was 
normal but reading was slow and hesitating. Sentence rep-
etition and explanation of stories were affected, particu-
larly in a sentence like John asked Mary to open the gate, 
to let Susan in). His performance also got worse if he had 
to wait some time before he could get up to speak. These 
impairments match with the concept of a verbal working 
memory deficit, as suggested by Gorno-Tempini et al. 
(2008). MRI (Fig. 15.45a–c) and in particular HMPAO-
SPECT (Fig. 15.46) showed atrophy and hypoperfusion of 
the left posterior temporoparietal cortex in a pattern typical 
for LPA.
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Fig. 15.46 HMPAO-SPECT of a case of logopenic progressive aphasia, showing hypoperfusion of the left posterior temporoparietal cortex 
(courtesy Peter van Domburg, Sittard)

Fig. 15.45 Axial (a and b) and coronal (c) MRIs of a case of the logopenic variant of primary progressive aphasia, showing atrophy of the left 
posterior temporoparietal cortex (courtesy Peter van Domburg, Sittard)
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that these variants may correspond to different underlying 
pathological processes. Alzheimer disease (AD) may be the 
most common pathology underlying the LPA clinical syn-
drome (Gorno-Tempini et al. 2008; Mesulam et al. 2008; 
Weintraub and Mesulam 2009; Grossman 2010). Recently, 
Deramecourt et al. (2010) studied the different clinical vari-
ants of PPA and the resulting pathological diagnosis. The dif-
ferent anatomical distribution of the pathological lesions 
suggested that:
 1. Opercular and subcortical regions in tau pathologies are 

related to progressive anarthria.
 2. The left frontotemporal cortex in TDP-43-positive fronto-

temporal lobar degeneration (FTLD) correlates with 
agrammatic progressive aphasia.

 3. Bilateral lateral and anterior temporal cortices in FTLD-
TDP or argyrophilic grain disease correlates with SD.

 4. The left parietotemporal cortex in AD corresponds with 
LPA or jargon aphasia.

15.6.5  Reading and Writing

The original Wernicke–Lichtheim model was primarily 
directed at explaining the relation between spoken language 
and the brain but lateron also centres for reading and writing 
were added. In 1891, Jules Dejerine described a case with 
alexia and agraphia and one year later he reported a case of 
pure alexia (Dejerine 1891, 1892; see Clinical case 15.14). 
He suggested that the visual word forms used for reading and 
writing are represented in the angular gyrus of the left hemi-
sphere. This opinion was not contested until modern cogni-
tive neuropsychological models for reading and writing were 
developed (see Ben-Shachar et al. 2007; Epelbaum et al. 
2008). According to these models, a word can be read either 
by relating the visual word image to its meaning representa-
tion or there may be a process transforming letters into their 
phonological representation. Subsequently, the word may be 
recognized or uttered on the basis of the phonological repre-
sentation. Within this theoretical framework, various forms 
of dyslexia and dysgraphia have been defined, depending on 
which particular component or connection is disrupted. 
Large left perisylvian lesions appear to be associated with 
phonological and deep dyslexia. Surface dyslexia is associ-
ated with anterolateral temporal damage and letter-by-letter 

reading is usually observed after left occipital and inferior 
temporal damage. Some studies on spelling are in line with 
Dejerine’s claim that the left angular gyrus plays a role but 
the left postero-inferior temporal cortex may also be involved 
(Luzzatti 2008). With functional imaging techniques, the 
main cortical components of the reading system have been 
identified (Fiebach et al. 2002; Jobard et al. 2003; Ben-
Shachar et al. 2007). Pivotal in the reading network is the 
computation of the abstract identity of visually perceived 
strings of letters. This representation is called the “visual 
word form” and is thought to be the end product of word 
analysis in the ventral “what” visual system (Dehaene et al. 
2005). The visual word form area (VWFA) has been located 
in the middle part of the left lateral occipitotemporal sulcus 
(Cohen et al. 2000, 2002; McCandliss et al. 2003).

Patterson and Lambon Ralph (1999) suggested that dif-
ferent types of dyslexia may be inferred from a language net-
work model containing three interconnected pools of units 
for phonology, orthography and semantics. Phonological 
dyslexia may result from a deficit in phonological processing, 
surface dyslexia from reduced strength of activation from 
semantics to phonology and letter-by-letter reading from a 
deficit in orthographic processing. Typical lesion sites result-
ing in letter-by-letter reading include the left occipital and 
left posterior temporal cortex. Lesions producing phonologi-
cal dyslexia very often disrupt left frontal regions, known to 
support phonological processing. Surface dyslexia appears 
to result from lesions to left inferolateral temporal regions, 
which are considered essential for semantic processing.

15.7  Disconnection Syndromes

A large number of disconnection syndromes have been 
described in the late nineteenth century by Wernicke, 
Lissauer, Liepmann, Dejerine and their collaborators. In 
1965, Norman Geschwind outlined a pure disconnectionist 
framework, which revolutionized both clinical neurology 
and the neurosciences in general (Geschwind 1965a, b). 
Disconnection syndromes were formulated as higher func-
tion deficits resulting from white matter lesions or from 
lesions of the association cortices, the latter acting as relay 
stations between primary motor, sensory and limbic areas. 
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Geschwind classified the disconnection syndromes into three 
types (Fig. 15.47): sensory-limbic disconnection syndromes 
(such as pain asymbolia), sensory-motor disconnection 
 syndromes (conduction aphasia and apraxia) and sensory-
Wernicke’s area disconnection syndromes (tactile aphasia, 
pure word deafness, pure alexia, tactile agnosia and visual 
agnosia). More recently, disorders of hyperconnectivity, such 
as excessive repetition in autism, were included (Catani and 
ffytche 2005). A hodotopic framework for clinicopatho-
logical correlations is shown in Fig. 15.48. In this section, 

disorders of the language network, the praxis network and 
the visual network will be discussed.

15.7.1  Language Network Disorders

With DTI, Marco Catani and co-workers (Catani and ffytche 
2005; Catani et al. 2005; Catani and Mesulam 2008b) showed 
that beyond the classic arcuate pathway connecting the Broca 
and Wernicke areas (Fig. 15.49a), an indirect pathway passing 
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Fig. 15.47 Geschwind’s disconnection syndromes. The pathways 
implicated in the sensory-motor disconnection and sensory-Wernicke’s 
area disconnection syndromes described by Geschwind are shown. 
Damage to these pathways may lead to: (1) apraxia, (2) tactile aphasia, 
(3) tactile agnosia, (4) visual agnosia, (5) pure alexia, (6) pure word 
deafness and (7) conduction aphasia. A1 primary auditory cortex, BA 
Broca’s area, PMC premotor cortex, SA somaesthetic areas, SMG/AG 
supramarginal and angular gyri, VA visual areas, WA Wernicke’s area 
(after Catani and ffytche 2005)
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Fig. 15.48 A hodotopic framework for clinicopathological correlations: 
(a) The contemporary view of the cerebral cortex and its connections. 
Different regions of specialized parts of the cerebral cortex are connected 
by: (1) U-shaped fibres (uf) to form extended territories, and (2) long 
interterritorial fibres. (b) Cortical pathology in the black region of the 
cerebral cortex may lead to dysfunction of the extended territory. (c) 
White matter pathology of the long association fibres (laf) may lead to 
disconnection syndromes (after Catani and ffytche 2005; ffytche 2008)
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Fig. 15.49 Perisylvian language networks in the human brain as distin-
guished by (a) Geschwind (1970) and (b) Catani et al. (2005). af arcuate 
fascicle, as anterior segment of indirect pathway, connecting Broca and 
Geschwind territories, B Broca area, BT Broca territory, GT Geschwind 

territory, ls long segment or direct pathway, connecting Wernicke and 
Broca territories, ps posterior segment of indirect pathway, connecting 
Wernicke and Geschwind territories, W Wernicke area, WT Wernicke 
territory (a after Geschwind 1970; (b) after Catani et al. 2005)
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through the inferior parietal cortex is present (Fig. 15.49b). 
This indirect pathway runs parallel and lateral to the classic 
arcuate fascicle and is composed of an anterior segment 
 connecting Broca’s territory with the IPL (“Geschwind’s 
territory”) and a posterior segment connecting the IPL with 
Wernicke’s territory. The indirect pathway’s function may be 
semantically based and the direct pathway’s function phono-
logically. This model of two parallel pathways may help 
explain the diverse clinical presentations of conduction 
 aphasia. In tract-tracing and DSI studies in rhesus monkeys, 
Jeremy Schmahmann and collaborators suggested an important 
role of the extreme capsule for the connectivity between the 
Broca and Wernicke areas (Schmahmann and Pandya 2006; 
Schmahmann et al. 2007).

Each of these connecting pathways may play a different 
role (Catani et al. 2005): the direct pathway being involved 
in phonologically based language functions such as repeti-
tion and the indirect pathway being involved in semantically 
based language functions such as auditory comprehension 
(the posterior segment) and vocalization of semantic content 
(the anterior segment). With the hodotopic model presented 
in Fig. 15.48, Catani and ffytche (2005) suggested that 
lesions affecting different territories, white matter segments 
or combinations of both may cause different types of lan-
guage deficit. For a lesion of the IPL, a pure hodological 
mechanism may give rise to two scenarios: (1) with a pure 
subcortical lesion, affecting the arcuate fascicle only, a clas-
sic conduction aphasia would be expected with a repetition 
deficit in the presence of normal auditory comprehension 
and verbal fluency; (2) a subcortical lesion affecting both 
the direct and indirect pathways may give rise to a global 
aphasia, despite an intact cerebral cortex. A cortical lesion of 
Geschwind’s territory would be expected to produce other 
deficits: (1) a lesion of the anterior part of Geschwind’s terri-
tory (the cortical endstation of the anterior segment) would 
give rise to non-fluent aphasia with spared repetition and 
comprehension; (2) a lesion of the entire Geschwind’s terri-
tory (the cortical endstation of both anterior and posterior 
segments) would result in mixed transcortical aphasia with 
normal repetition but with both reduced verbal fluency and 
comprehension and (3) if such a complete lesion extends 
into the deep white matter, global aphasia with impaired 
 repetition, fluency and comprehension can be expected. 
Hyperfunction of the various territories and white matter 
segments may give rise to a variety of positive symptoms. 
Hyperfunction of the indirect pathway may cause semanti-

cally based symptoms, whereas hyperfunction of the direct 
pathway may cause disorders of excessive repetition such as 
the echolalia of autism.

Various subcortical structures in the basal ganglia, the 
thalamus and the cerebellum are also engaged in language 
processing (Wildgruber et al. 2001; Nadeau 2008; Murdoch 
2009). Wallesch et al. (1997) concluded that thalamic lesions 
result particularly in paraphasic aphasia. Lesions of the fron-
tostriatal pathways appear to result in propositional aphasia. 
Transcortical motor aphasia has been observed following 
lesions of the genu of the internal capsule and paraphasic 
aphasia following lesions of the anterior limb of the internal 
capsule. Lesions of the basal ganglia only rarely produce 
clear-cut language disorders (van Lieshout et al. 1990; 
Nadeau and Crosson 1997; Nadeau 2008; Clinical case 
15.13). Functional imaging studies indicate that subcortical 
lesions only produce aphasia if sufficient cortical dysfunc-
tion occurs, suggesting that cortico-subcortico-cortical net-
works are involved (Demeurisse 1997). De Witte et al. (2006) 
provided compelling evidence of syntactic simplification and 
possibly agrammatism in a patient with bilateral parame-
dian thalamic infarcts. Murdoch (2009) concluded that the 
 cerebellum is involved in a broad spectrum of linguistic 
functions such as verbal fluency, word retrieval, syntax, read-
ing and writing. There are very precise topographical rela-
tions between cortical and cerebellar areas (see Chap. 10). 
Cerebellar-induced language impairments may consist of 
agrammatism and frontal (dynamic) aphasia-like phenomena 
along with semantic retrieval deficits, syntactic comprehen-
sion difficulties and depressed phonological verbal fluency 
(Paquier and Mariën 2005).

Jules Dejerine suggested a model for occipital reading 
pathways (Dejerine 1892). He based his model on postmor-
tem studies of two case studies: the famous Monsieur C who 
suffered from alexia without agraphia (pure alexia) and an 
earlier case study of a patient who suffered from alexia with 
agraphia (Dejerine 1891). In the alexia with agraphia case, 
Dejerine found a large cortical lesion in the inferior parietal 
and the superior temporal cortex around the inferior part of 
the angular gyrus and the underlying white matter. In the 
pure alexia case, there were several lesion sites, including 
occipital ventral and dorsomedial cortical lesions as well as 
an occipital white matter lesion and a small splenial lesion. 
Dejerine suggested the angular gyrus as the cerebral centre 
for the representation of visual images of letters. Gaillard 
et al. (2006) described a comparable case in a 46-year-old 
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Clinical Case 15.13 Bilingual Language Processing After 

a Lesion in the Left Thalamic and Temporal Regions

Thalamic lesions may lead to a specific type of aphasia 
often accompanied by short-term memory defects result-
ing from lesions of the mediodorsal thalamic nucleus 
(Schmahmann 2003; Nadeau 2008). Van Lieshout et al. 
(1990) studied the language deficits in an 18-year-old girl, 
who had suffered radiation damage at the age of four (see 
Case report).

Case report: An 18-year-old bilingual girl presented 
with a lesion of the left thalamic and temporal region 
caused by irradiation of a neoplasm in the deep posterior 
thalamus when she was 4 years old. MRI showed white 
matter lesions in the left posterior thalamic region, parts of 
the internal and external capsules, the insula and the medial 
temporal lobe (Fig. 15.50). She complained of difficulties 
in verbal communication consisting of anomia, verbal 
paraphrasias and orthographic problems. English was her 

mother tongue and was acquired before and Dutch after the 
onset of the lesion. Both languages were affected in a simi-
lar way and were characterized by severe impairment of 
auditory short-term memory, auditory and word compre-
hension, non-word repetition, syntactic processing, word 
fluency and naming tasks. Most deficits appeared to be 
related to a verbal short-term memory dysfunction.
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Fig. 15.50 Sagittal (a), coronal (b) and axial (c) MRIs, showing white matter lesions in the left posterior thalamus, parts of the internal and 
external capsules, the insula and the medial temporal lobe (from van Lieshout et al. 1990; courtesy Willy O. Renier, Nijmegen)

Clinical Case 15.14 Dejerine’s Case on Pure Alexia

Pure alexia, also known as alexia without agraphia or word 
blindness, is a disorder of visual recognition. The reading 
of most words and of sentences is severely impaired. Any 
lesion capable of disconnecting both visual association cor-
tices from the dominant, language-related, temporoparietal 

cortex will cause pure alexia (Damasio et al. 2000). Dejerine 
(1892) published the first case of a patient, in whom a 
lesion strategically located in the so-called left paraven-
tricular area (the region behind, beneath and under the 
occipital horn of the left lateral ventricle) damaged path-
ways en route from the corpus callosum and pathways en 
route from the left visual association cortex (Fig. 15.51). 
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Dejerine suggested that the angular gyrus was the target 
of such projections. In his 1895 textbook, however, 
Dejerine suggested that the lesion disrupted the ILF 
(Dejerine 1895).

Gaillard et al. (2006) studied the connectivity of the 
VWFA in the left lateral occipitotemporal sulcus (see also 
Epelbaum et al. 2008). In a 46-year-old right-handed 
man, suffering from epilepsy since the age of 12, surgery 
removed a small portion of the cortex in the vicinity of the 
VWFA. Following surgery, the patient developed pure 
alexia with letter-by-letter reading but intact recognition of 
other visual categories. White matter tractography and 
VBM showed that the VWFA was mainly linked with the 
occipital lobe through the ILF.
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right-handed man suffering from epilepsy since the age of 12 
(see also Epelbaum et al. 2008). Any lesion disconnecting 
both visual association cortices from the dominant, language-
related, temporoparietal cortices will cause pure alexia (Damasio 
and Damasio 1983; Damasio et al. 2000):
 1. In most cases, a lesion in the corpus callosum or its out-

flow, in either hemisphere, achieves an interhemispheric 
disconnection (or right-to-left visual information), whereas 
an additional lesion in the left occipital lobe achieves an 
intrahemispheric disconnection (from left visual associa-
tion cortex to left language cortex).

 2. In some cases, the lesion in the left occipital lobe actually 
prevents the arrival of visual information in the visual 
cortex.

 3. In many cases, a single lesion strategically located in the 
so-called paraventricular area (the region behind, beneath 
and under the occipital horn of the left lateral ventricle) 
can cause both types of disconnection by damaging path-
ways en route from the corpus callosum and pathways en 
route from the left visual association cortex. Dejerine 
(1892) published the prototype of a patient with such a 
lesion (see Clinical case 15.14).

15.7.2  Praxis Network Disorders

In 1908, Hugo Liepmann proposed the now classic concept 
of three types of apraxia (Liepmann 1908; Fig. 15.52). The 
term apraxia was introduced by Steinthal (1871) to describe 
the misuse of tools and objects. The common feature of the 
different forms is a disturbance of purposive movements 
that was not due to paresis, ataxia, aphasia or dementia. 
Geschwind (1965a, b) noted that apraxia, as other neurobe-
havioural disorders, can be induced by destruction of the 
portions of the brain that store information (representa-
tions) as well as a disconnection of these modular repre-
sentations from other parts of the brain. Heilman and 
Watson (2008) focussed on how disconnection of these 
modular representations may induce apraxia. Despite the 
ongoing controversies about the terminology for the aprax-
ias, Liepmann’s classification still forms the most widely 
accepted scheme (Freund 1987; Leiguarda and Marsden 
2000; Leiguarda 2005; Goldenberg 2008; Heilman and 
Watson 2008):
 1. Ideatorische Apraxie (ideational or conceptual apraxia). 

Ideational apraxia is characterized by a deficit of the con-
ception of the movement so that the patient does not know 
what to do.

 2. Ideokinetische Apraxie (ideokinetic or ideomotor apraxia). 
In ideokinetic apraxia, the patient does not know how to 
perform particular motor acts.

 3. Gliedkinetische Apraxia (limb-kinetic apraxia). Limb-
kinetic apraxia concerns a slowing, clumsiness and awk-

wardness of movements with loss of the kinetic melody, 
temporal deordering and decomposition of movements.
Praxis is the faculty to perform skilled movements. This 

ability develops during life and is a complex activity that is 
characterized by a hierarchical structure. The execution of 
skilled movements is coordinated at the level of the premotor 
cortex and/or the supplementary motor cortex (see Chap. 9). 
Especially Brodmann area 6 is involved in the execution of 
complicated movements. These intentional activities target-
ing an external object can only be accomplished if the brain 
has at its disposal an internal representation of the object’s 
spatial coordinates in the external world and an internal rep-
resentation of the part of the locomotor system involved. 
Dressing apraxia is an obvious example of misalignment. 
The execution of the movement therefore is initiated as a 
response to stimuli from the heteromodal PPC, which inner-
vates the frontal areas. A disconnection between the PPC 
and the frontal lobe may give rise to apraxia. Praxis is clearly 
related to handedness and this faculty in general is linked 
with the function of the left hemisphere. Damage to restricted 
cortical structures in the left hemisphere may abolish this 
functional ability and result in a loss of praxis. This defect is 
called apraxia or dyspraxia. For a diagnosis of apraxia, a 
number of conditions are required. First, there should be an 
absence of any motor impairment such as paresis or paralysis. 
Second, normal somatosensory function prevails. Third, 
coordination is not formally disturbed. And fourth, normal 
consciousness is required. If these criteria are fulfilled and 
skilled movements are decomposed and impossible to exe-
cute, apraxia or dyspraxia is present.

Liepmann’s ideational apraxia has been redefined as 
conceptual apraxia to denote a loss of knowledge of how 
objects are used (Ochipa et al. 1992). Patients with this type 
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of apraxia exhibit primarily content errors or semantic para-
phrasias. They are unable to associate tools with the objects 
that receive their action. Ideational apraxia has been tradi-
tionally allocated to the left parieto-occipital and parietotem-
poral cortices. Semantic or conceptual errors are, however, 
observed particularly in patients with temporal lobe pathol-
ogy such as SD (Hodges et al. 2000).

In ideomotor apraxia, the patient has the exact idea of a 
motor activity he should like to perform, but he is not able to 
execute that skilled movement in a normal and elegant way 
along its programmed time axis and only awkward movement 
results. The same applies to movements of the mimic muscu-
lature. This type of apraxia can be tested by instructing the 
patient verbally to perform some skilled movement (e.g., 
brushing teeth, combing hair) or do a pantomime act. Imitating 

Clinical Case 15.15 Primary Progressive Apraxia

A slowly progressive apraxia as the first sign of a neuro-
degenerative disease is quite rare (Mesulam 2000; 
Leiguarda 2005). It often happens in CBD. Here, a case is 
presented of a primary progressive apraxia, which devel-
oped into AD.

Case report: A 63-year-old female was seen because of 
a gradual decline of her routine daily activities for the last 
5 years. She had worked as an administrator at an accoun-
tancy. Routine activities such as housekeeping or the use of 
simple tools progressively failed. Initially, her performance, 
including language and social abilities, was unimpaired, 
apart from slight dyspraxia, which was attributed to emo-
tional factors after the divorce of her two daughters. 
Gradually, she also developed apathy and signs of depres-
sion. An MRI and an HMPAO SPECT with atrophy and 

hypoperfusion of the left parietal lobe, respectively, are 
shown in Fig. 15.53. On examination, she was in good 
health and no other neurological disturbances were found. 
Mini-mental status examination (MMSE) at the time of 
imaging, two years later, was 27/30. CSF showed elevation 
of tau and low Abeta-42 levels, suggestive for AD. She 
gradually developed global cognitive impairment in a pat-
tern comparable to AD.
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Fig. 15.53 Axial MRI (a) and HMPAO-SPECT (b) of a case of primary progressive apraxia, showing atrophy and hypoperfusion of the left 
parietal lobe, respectively (courtesy Peter van Domburg, Sittard)
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of gestures that are shown visually is often preserved. This 
type of apraxia is attributed to a disconnection between visual, 
tactile or auditory cortical areas, especially of the left hemi-
sphere, with the precentral gyrus. Such disturbances are seen 
after lesions of the parietal cortex white matter. Buccofacial 
apraxia often goes in combination with a Broca-type aphasia. 
The apraxia may indeed be restricted to the buccal move-
ments or may concern one limb or a whole body half.

In the upper extremity, apraxia deteriorates mostly move-
ments of the distal limb musculature and a fractionated 
movement pattern results, known as limb-kinetic apraxia. 
Manipulative finger movements are predominantly affected 
(see Chap. 9). This type of apraxia is due to lesions of the 
precentral gyrus. Interestingly in patients with a left hemi-
spheric lesion and a right-sided hemiparesis, also the left 
hand shows dyspraxia (sympathetic apraxia). This observa-
tion points to the preponderant function of the left hemi-
sphere for the development of skilled motor function in both 
hands. Often the patient himself or his next of kin, however, 
do not complain about these phenomena and ideomotor apraxia 
or dyspraxia therefore may be underdiagnosed. The ideomotor 
apraxia as a rule points to a left parietal syndrome. Most often 
a vascular or traumatic lesion may be the cause but apraxia 
may also be the predominant sign in PDDs (see Clinical case 
15.15) and can be present in corticobasal degeneration (CBD) 
(see Chaps. 9 and 11).

15.7.3  Visual Network Disorders

The process of visual gnosis appears to be a multifaceted 
function as may be concluded from observations in clini-
cal neurological practice. Lesions of the neuronal struc-
tures involved or damage to the fibre connections in 
between result in a variety of disturbances. These distur-
bances may be interpreted as disconnection syndromes 
that impair the comprehensive visual function, leaving 
only a number of its components intact. Beyond the striate 
cortex, vascular or other lesions cause very different 
effects compared to findings from lesions of the retino-
geniculocalcarine pathway (Damasio et al. 2000; Barton 
and Caplan 2001). Visual processing and its defects 
become less specific for the part of the visual field affected 
and more specific for the type of information involved. 
Some of these deficits can be explained using the “what/
where” dichotomy of extrastriate visual pathways. Most 
parts of the dorsal visual stream lie in the watershed area 
between the middle and posterior or anterior cerebral 
arteries. Many lesions, however, involve both the dorsal 
and ventral streams, and the resulting pattern of dys-

function may present as a varying mixture of dorsal and 
ventral impairments (Barton and Caplan 2001). Dorsal 
pathway lesions involve akinetopsia (see Chap. 8) and 
Bálint syndrome (Bálint 1909; Luria 1959; Damasio et al. 
2000). Ventral pathway lesions may be unilateral or bilat-
eral. A left-sided ventral lesion may cause pure alexia, 
whereas a right-sided ventral lesion may give rise to pros-
opagnosia. Prosopagnosia is, however, mostly due to 
bilateral involvement of the ventral visual pathways 
(Damasio et al. 2000; Kleinschmidt and Cohen 2006; Fox 
et al. 2008). Cerebral achromatopsia is also caused by 
bilateral ventral visual pathway lesions (see Chap. 8).

Bilateral lesions of the cortex and the fibre tracts in the 
SPL may result in Bálint syndrome (Bálint 1909). The func-
tional defect consists of simultanagnosia (not being able to 
observe two objects in the visual field at the same time), 
oculomotor apraxia (that becomes apparent by the searching 
and scanning eye movements of the patient who is unable to 
produce smooth pursuit eye movements) and optic ataxia in 
such a way that the patient has difficulty grasping and avoid-
ing obstacles when walking, i.e. in relation to the free 
extrapersonal space (see Clinical case 15.16). Bálint syn-
drome is a visuospatial agnosia in combination with a 
severely restricted visual field and also oculomotor distur-
bances. A peculiar feature is the fact that no disturbances of 
spatial orientation as to the personal space are present, but 
that the functional defect remains restricted to the extraper-
sonal space.

An impressive example of visual agnosia is the phenom-
enon of prosopagnosia, the impossibility to recognize and 
identify the face of someone who is familiar to the patient 
(face agnosia; Bodamer 1947; see Clinical case 15.17). Face 
recognition depends on the intactness of a circuitry that com-
prises the primary visual cortex, the unimodal associative 
visual cortex and the heteromodal cortical structures in the 
ventral occipitotemporal and temporal cortices (Kanwisher 
et al. 1997; Hadjikhani and de Gelder 2002). The most likely 
fibre pathway for connecting regions of the core system of 
face processing is the ILF (Fox et al. 2008). In the cascadic 
process of face recognition, the superior temporal cortex and 
the temporopolar cortex contribute to the naming of the per-
son involved. Connections with the paralimbic area contrib-
ute the emotional colour to this recognition process and the 
memory-related aspects. In human pathology, disconnec-
tions at any site along the pathway sketched above interfere 
with (part of) the realization of face recognition. Although 
earlier investigations pointed to a right hemisphere localiza-
tion (Hécaen and Angelergues 1962; Meadows 1974), this 
faculty appears to have a bilateral representation in the hemi-
spheres as prosopagnosia mostly occurs after bilateral hemi-
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Clinical Case 15.16 Bálint Syndrome

Bálint syndrome (Bálint 1909) is one of the most striking 
disorders of spatial analysis (Damasio et al. 2000) and is 
composed of three major components: visual disorienta-
tion (or simultanagnosia), optic ataxia (a deficit of visu-
ally guided reaching) and ocular apraxia (a deficit of visual 
scanning). A full Bálint syndrome appears to be related to 
bilateral damage of the occipitoparietal region, mostly due 
to infarctions in the border zone between the anterior and 
posterior cerebral arteries (Damasio et al. 2000). Some 
involvement of area 7 is common. Both human and animal 
studies suggest that the parietal lobe, especially area 7, 
contains a visuomotor centre capable of directing gaze 
towards interesting new stimuli that appear in panoramic 
vision and of guiding hand movements towards visual tar-
gets (see Chap. 9). A case of progressive visuospatial dys-
function is shown as Case report. Cases like this one, 
defined as posterior cortical atrophy (PCA), show particu-
lar impairments in the dorsal stream of higher-order visual 
processing and generally anticipate more broad Alzheimer 
pathology (Renner et al. 2004; McMonagle et al. 2006; 
Migliaccio et al. 2009).

Case report: A 64-year-old housepainter suffered from 
slight memory disturbances and gradual loss of technical 
abilities and crafts. A passionate handyman he now pro-
gressively got baffled by his incapacity to “see solutions” 
for even minor technical problems. Although he was an 
experienced painter, he lost his sense of colour combina-
tions and nuances. His sight was unimpaired but his sur-
rounding visual world appeared progressively chaotic. He 
often could not adequately reach to one object (optic ataxia) 
and he had difficulties to perceive several objects at a time 

(simultanagnosia as part of Bálint syndrome). Reading 
and writing were initially normal and he could even inter-
pret deliberately incorrect written sentences. He was quite 
aware of his impairments and suffered severely from his 
cognitive decline until late in the course of his disease. 
His social abilities remained unimpaired and there were 
no motor disturbances. Gradually, he became completely 
dependent on his wife, however, even for simple daily activ-
ities such as clothing. His MRI showed atrophy of posterior 
parietal regions with relative sparing of posterior temporal 
regions (Fig. 15.54a), whereas an HMPAO SPECT showed 
an occipital perfusion deficit in comparison with relatively 
spared frontotemporal perfusion (Fig. 15.54b).
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Fig. 15.54 Axial MRI (a) and HMPAO-SPECT (b) of Bálint syndrome in a case of progressive visuospatial dysfunction (courtesy Peter van 
Domburg, Sittard)
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Clinical Case 15.17 Prosopagnosia

Prosopagnosia or face agnosia, a selective deficit in rec-
ognizing familiar faces, has been documented since at least 
the end of the nineteenth century (Damasio et al. 2000). 
Although prosopagnosic patients are aware that faces are 
faces, they fail to reliably identify or even achieve a sense 
of familiarity from the faces of co-workers, family mem-
bers, famous persons and other individuals, previously well 
known to them. Prosopagnosia is caused by damage to the 
ventral occipitotemporal and temporal cortex, usually bilat-
erally (Fox et al. 2008; see also Chapter 8) and may also 
occur in SD (Josephs et al. 2008; Chan et al. 2009).

Case report: A 70-year-old right-handed female was 
referred to an ophthalmologist for an unexplained change 
in her vision. Her complaints had started three days before, 
during a theatre attendance. She suddenly experienced a 
headache and had difficulties with recognizing the faces of 
the actors. Looking around, she also experienced a change 
in the recognition of other, familiar faces. Looking into a 
mirror her own face likewise seemed unfamiliar. There 
were no loss of vision or any limitation of her visual fields, 
no motor disturbances or any associated complaints. She 
remembered to have had a similar experience some months 
ago which lasted only a few moments. Many years ago, she 
had migraine attacks but without visual disturbances. She 

was treated for carcinoma of the breast seven years before 
and there were no signs of recurrence. There were no fur-
ther vascular risk factors or possible intoxications. On clin-
ical examination, there was hypertension (180/100) but no 
focal neurological signs. The visual disturbances gradually 
declined in the course of 1 month. She repeatedly con-
firmed that the visual changes were specifically related to 
the recognition of faces and present in both visual fields 
(prosopagnosia). A cranial CT showed an ischaemic lesion 
at the right temporo-occipital junction zone, spreading 
from the posterior ventricular horn to the fusiform gyrus 
(Fig. 15.55).
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spheric damage in the area of the fusiform and lingular gyri 
(Lhermitte et al. 1972; Benson et al. 1974; Cohn et al. 1977; 
Damasio et al. 1990, 2000). A peculiar feature in some 
patients with prosopagnosia is the fact that an auditory cue, 
the hearing of the voice of the person in front, immediately 
leads to the correct identification of that person’s face. 
Prosopagnosia is rather common in patients with SD (Josephs 
et al. 2008). In a voxel-based morphometry (VBM) study, in 
15 out of 27 of such patients prosopagnosia was apparent. 
These 15 patients all showed bilateral atrophy but with 
greater involvement of the right temporal lobe, whereas those 
without prosopagnosia showed predominantly left anterior 
temporal lobe atrophy. Moreover, the patients with pros-
opagnosia showed greater loss predominantly in the right 
amygdala, the hippocampus, the fusiform gyrus and the ante-
rior temporal pole than those without prosopagnosia. In gen-
eral, prosopagnosia appears to be a symptom in patients with 
right temporal lobe atrophy (Chan et al. 2009).

A peculiar type of visual agnosia is the rare Capgras syn-
drome in which the subject perfectly well recognizes the 
face of the person in question but is convinced that he has to 
do with an imposter or Doppelgänger with bad intentions 
(Capgras and Reboul-Lachaux 1923; Alexander et al. 1979). 
This phenomenon may be explained by brain damage dis-
connecting the occipitoparietal region from the temporal 
limbic areas, bereaving the face recognition process from its 
usual and trusted emotional colour, inducing a kind of para-
noid connotation.

15.8  The Neuroanatomical Basis of Cognitive 
Impairment in the Primary Degenerative 
Dementias

Dementias are clinically and neuropathologically very het-
erogeneous (Esiri et al. 2004). They may be caused by many 
pathophysiological processes including infectious agents, 
inflammatory processes, nutritional deficiencies, cerebrovas-
cular diseases, auto-immune diseases, neoplasms and other 
space-occupying processes, storage diseases and primary 
degenerative central nervous system (CNS) disorders, which 
cause a gradual destruction of neurons. Ever since Alois 
Alzheimer defined the histopathology of the most common 
variant of the primary degenerative dementias (PDDs), its 
classification was histopathologically based and its existence 
could only be proven by postmortem examination. From this 
point of view, the PDDs can be classified by the accumula-
tion of degenerated amyloid-beta protein, phosphorylated-
tau protein (including Pick bodies), alpha-synuclein 
(including Lewy bodies (LBs) and ubiquitin-like deposits, 
each with a more or less preferred anatomical predilection 
distribution pattern. The PDDs include AD, focal atrophies 
such as frontotemporal dementia (FTD) and PPA, Pick dis-
ease, diffuse LB disease and hereditary tauopathies. In daily 
practice, however, the in vivo diagnosis rests largely on the 

characterization of the presenting cognitive profile and imag-
ing data available.

15.8.1  The Clinical Profile of PDDs

Now that dementia may also be suspected in early phases, 
the cognitive profile may show even more variation, affect-
ing any cognitive domain (Mesulam 2000c). Such cases of 
either latent AD or FTD and CBD (both tauopathies) may all 
present with a non-memory phenotype of a focal syndrome 
(Alladi et al. 2007). These findings favour a primary neuro-
anatomically defined clinical approach, determined by those 
parts of the brain that are particularly affected by the process 
of degeneration (Mesulam 2000c). Following a “final common 
pathway”, the decline may gradually involve any  combination 
of frontal/executive (comportmental), focal/cognitive and 
limbic/neuropsychiatric disturbances. Mesulam (2000c) sug-
gest four clinical profiles for the first two years after symp-
tom onset. An updated version of Mesulam’s scheme is 
presented in Clinical case 15.18.

Mesulam’s four profiles will be taken as the starting point 
for a brief discussion of the clinical profile of primary pro-
gesssive dementias. He suggested:
 1. Progressive comportmental/executive dysfunction (PC/

ED). These patients show an insidious onset and gradual 
progression of abnormalities in comportment (conduct), 
attention, motivation and other executive functions as the 
only significant areas of primary impairment for at least 2 
years after disease onset. The deficits in comportment 
include social inappropriateness, excessive docility or 
 irritability, disinhibited behaviour, impaired judgement 
and foresight, diminished concern about failing compe-
tence, carelessness in social and personal responsibilities 
and a loss of empathy. The relative sparing of language, 
visuospatial skills and especially of memory is a central 
feature of this syndrome. Onset of this clinical profile is 
usually before the age of 65. This syndrome is also known 
as frontal lobe dementia or as FTD. Neuroimaging fre-
quently shows atrophy, hypoperfusion and decreased 
metabolism of the frontal lobes (see Clinical case 15.19). 
About 75–80% of patients with this clinical profile have an 
underlying non-specific lobar atrophy, whereas the other 
20–25% have Pick disease (Brun 1987; Mesulam 2000c).

 2. Primary progressive aphasia (PPA). This clinical profile 
is characterized by the gradual and relatively isolated dis-
solution of language function (Mesulam 1982, 1987; 
Sonty et al. 2003). A diagnosis of PPA is made when other 
mental faculties such as memory, visuospatial skills, rea-
soning and comportment are relatively uninvolved and 
when the language impairment is the only factor that comp-
romises daily living activities for at least during the first 2 
years of the disease (Mesulam 1982). Primary deficits in 
other cognitive domains may become evident after the 
first two years (see Clinical case 15.20) but many patients 
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show no impairment other than the aphasia for as many as 
five to ten years (Weintraub et al. 1990). There is no sin-
gle pattern of language disorder that is pathognomic for 
PPA, but in contrast to AD the aphasias in PPA are fre-
quently non-fluent (Weintraub et al. 1990; Westbury and 
Bub 1997; Josephs et al. 2006; Josephs and Duffy 2008). 
The term “semantic dementia” has been used to describe 
PPA patients with fluent aphasias and impaired compre-
hension (Snowden et al. 1989; Wang and Miller 2007). 
Many of the PPA patients show gyral atrophy and hypo-
metabolism in the frontal, temporal and perisylvian 
regions of the left hemisphere (Mesulam 2000c).

 3. Progressive visuospatial dysfunction (PVD). This group 
of patients is characterized by the insidious onset and 
relentless progression of prominent deficits in visuospa-

tial processing such as components of Bálint syndrome, 
spatial disorientation, dressing apraxia and hemispatial 
neglect. Neuroimaging shows focal atrophy or hypome-
tabolism in the parieto-occipital cortex along the dorsal 
visual stream (Croisile et al. 1991; see Chap. 8). The few 
cases that came to autopsy showed non-specific focal 
degeneration (Cambier et al. 1981) or AD with an unusual 
concentration of neurofibrillary tangles in the superior 
colliculus and the parietal neocortex (Hof et al. 1990). In 
Clinical case 15.16, a case of posterior cortical atrophy 
with progressive visuospatial dysfunction is shown.

 4. Progressive amnestic dysfunction (PAD). The defining 
feature for this clinical profile is a progressive amnesia, 
which eventually interferes with daily living activities. 
The amnesia can remain isolated or it can be accompanied 

Clinical Case 15.18 The Enigma of Lobar Degeneration

Dementias are clinically and neuropathologically very het-
erogeneous. The gold standard for any classification to date 
is based on the final neuropathology of the brain at autopsy, 
by which PDDs essentially are classified by the accumula-
tion of degenerated amyloid-b protein, phosphorylated-tau 
protein, a-synuclein and ubiquitin-like deposits. These 
deposits seem to have a more or less anatomical predilec-
tion distribution pattern, both in cortical domains and 
 subsequently in large-scale function-critical networks as 
suggested by recent network-sensitive neuroimaging stud-
ies (Seeley et al. 2009). The PDDs include AD, focal atro-
phies such as FTD and PPA, Pick disease, LB disease and 
hereditary tauopathies. Unfortunately, the field is compli-
cated by overlapping clinical syndromes and variably 
emphasized histopathological changes. Therefore, it is not 
easy to identify relations between individual clinical syn-
dromic presentations and the final underlying neuropathol-
ogy. In daily practice, the clinical diagnosis rests largely on 
the characteristics of the presenting cognitive profile and 
imaging data available. Mesulam’s view of a primary neu-
roanatomically defined clinical approach, determined by 
those parts of the brain that are particularly affected by the 
process of degeneration (Mesulam 2000), remains the best 
approach for the initial stages. Early clinical syndromic 
diagnoses have been matched with the associated neuro-
pathological diagnoses (Kertesz et al. 2005; Josephs 2008; 
Mesulam et al. 2008; Deramecourt et al. 2010). There 
appear to be certain trends for particular early clinical syn-
dromes to be associated with certain pathologies and bio-
chemistry (Fig. 15.56).

At one end of the scale, initial gradual changes in char-
acter, social conduct and executive functions, without 
major changes in memory, practical skills or visuospatial 

functions, represent the rapidly growing spectrum of 
FTLD. The clinical presentation of FTLD is heterogeneous 
and driven by the variable involvement of the left or right 
frontal or temporal regions and the additional involvement 
of the basal ganglia and motoneurons (Neary et al. 1998; 
Josephs 2008). Two broad categories of FTLD are recog-
nized (Cairns et al. 2007; see Clinical case 15.23): (1) 
brains with tau-positive inclusions (FTLD-tau) and (2) 
brains with ubiquitinated, mostly TDP-43-positive inclu-
sions (FTLD-U or FTLD-TDP43). Genetically, TDP-43 
immunoreactivity is associated with various mutations in 
the gene that encodes progranulin (GRN), whereas tau-
positive inclusions are particularly associated with a micro-
tubule-associated protein tau (MAPT) gene defect (van 
Swieten and Heutink 2008). Tau-positive isoproteins tend 
to aggregate not only in frontotemporal regions, but also in 
the basal ganglia, the midbrain and the pons. FTLD-tau, 
therefore, is associated with extrapyramidal phenotypes 
such as PSP and CBD (Kertesz et al. 2005; Josephs 2008). 
FTLD-U phenotypes are associated with MND and PPA, 
phenotypes with their own nosological status (Josephs 
2008; Mesulam et al. 2008). The clinical syndrome PPA, 
traditionally considered as a typical phenotype of FTLD, 
finally may appear to have been the initial presentation of 
focal Alzheimer pathology or even a-synucleinopathy 
(Deramecourt et al. 2010), usually presenting as the 
logopenic type of aphasia (LPA). Apraxia of speech (AoS) 
is characteristically related to FTLD-tau variants, but 
mostly in connection with an already clinically manifest 
multisystem degeneration (Josephs 2008).

The PPA phenotype is prototypical for the assumption 
that it is the anatomy and not the cellular or molecular 
genetic pathology, that dictates the dementia phenotype, at 
least in the beginning (Mesulam et al. 2008; Weintraub and 
Mesulam 2009). Whereas mixed forms of aphasia are 
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salient features later in the course of AD, when there is 
more widespread damage to the perisylvian language net-
work, the typical profile of LPA has localizing, and with 
that probably also diagnostic, value (Gorno-Tempini et al. 
2008; Deramecourt et al. 2010). Primary PCA, the proto-
type of progressive visuospatial dysfunction, is associated 
with the primary neurodegeneration of parieto-occipital 
higher-order visual integration areas, that are particularly 
vulnerable to both Alzheimer and LB pathology (Renner 
et al. 2004; Migliaccio et al. 2009), which again may over-
lap with LPA. Lewy body dementia (LBD) is characterized 
by early higher-order visual processing and attention defi-
cits, with preserved memory and naming skills, in contrast 
to AD (see Sect. 15.8.4). Alpha-synuclein-positive inclu-
sions are most abundant in limbic and temporal lobe struc-
tures, particularly the amygdala, the basal forebrain and the 

ventral part of the temporal lobe (see Clinical case 15.24). 
This is in accordance with the initial phenotype of LBD, 
somewhere between AD and FTLD. In the course of the 
disease, LBD obviously has more features in common with 
both AD and FTLD.

At the other end of the scale, the phenotype of primary 
progressive amnestic dysfunction correlates best with spe-
cific extracellular b-amyloid deposits and characteristic 
tau-positive NFTs, that are most abundant in (para)limbic 
and parietotemporo-occipital regions in the early stage of 
disease (see Chap. 14). Both the identification of b-amyloid 
and tau deposits depend on the technique used to reveal 
their various isoforms, but particularly also the stage of dis-
ease. The Braak stages, with a hierarchical topography of 
NFTs and neuropil threads, are now adapted to routine pathol-
ogy and are fairly well linked with clinical manifestations 
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Fig. 15.56 Schematic representation of the most prominent clinico-
anatomical, neuropathological and genetic associations in localized 
patterns of neurodegeneration preceding common dementia syndromes 

(based on Mesulam 2000c; Josephs et al. 2008 and many other 
sources; courtesy Peter van Domburg, Sittard)
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(Duyckaerts et al. 2009; Nelson et al. 2009). It ends with 
the widespread distribution of Alzheimer pathology in the 
later, clinically less specific, stages of disease. An atypical 
non-memory phenotype, however, may present as focal 
cortical degeneration (such as aphasia, apraxia or visuoper-
ceptual disturbances) and generally occurs in the absence 
of the APOE-e4 allele, the well-known risk factor for older 
AD patients (van der Flier et al. 2006). Van der Zee et al. 
(2008) suggested an overlap of pathological and genetic 
hallmarks in the AD and FTLD spectrum. Prosopagnosia 
is common and non-specific in the late stages of AD, when 
patients in nursing homes do not recognize their family 
members anymore. But it may also be a particularly valu-
able early clinico-anatomical entity, that indicates a more 
predominant temporal lobe involvement of FTLD-U, the 
right temporal equivalent of SD (Chan et al. 2009).

Abnormal TDP-43 immunoreactivity, the hallmark of 
FTLD-U, has been shown in advanced cases of AD, pure 
hippocampal sclerosis, LB disease and FTLD with ALS or 
parkinsonism (Josephs 2008; see Fig. 15.61). Whereas 
NFTs may also get ubiquinated in the end stage, toxic pro-
teins such as b-amyloid are rather uniform and persistent 
(even in non-demented persons), providing the most robust 
and easy to detect neuropathological findings. LBs, on the 
contrary, may disappear with the neurons that bear them 
(Duyckaerts et al. 2009; Kalaitzakis and Pearce 2010). 
Neocortical Lewy neurites and LBs, immunohistochemi-
cally stained for a-synuclein, are found in some 20–35% 
of demented persons and may be genetically associated 
with “Park” genes (Hardy et al. 2006). Even in those cases 
that have been genetically characterized, it is not uncom-
mon to find co-existing neurodegenerative pathology in 
the later stages of disease, which may have contributed to 
the clinical picture in a varying degree. Recently, a syner-
gistic interaction between toxic proteins such as b-amy-
loid, tau and a-synuclein has been suggested in the 
neuropathology of cognitive decline (Clinton et al. 2010). 
Therefore, it is not surprising that a clinico-anatomical or 
neuropathological differentiation increasingly falls short 
in the later stages of disease, when there is more wide-
spread neocortical pathology and more global clinical 
dysfunction.
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Clinical Case 15.19 Progressive Comportmental/Executive 

Dysfunction (Behavioural Variant of FTD)

Two cases of frontotemporal degeneration (Snowden et al. 
2001; Kertesz et al. 2005), a lateral, inhibited variant (apa-
thetic FTD or FTD-a) and a medial, disinhibited variant 
(disinhibited FTD or FTD-d), are shown as Case reports. 
Distinct anatomical subtypes of FTD have been reported 
by Whitwell et al. (2009).

Case report 1: A 53-year-old physiotherapist was 
referred for psychiatric examination because of progres-
sive unsociability, particularly in his practice. He had 

grown indifferent to the complaints of his patients and the 
problems of his practice. He did not feel spiritless, how-
ever, and mentioned that his father had shown a similar 
change of personality. Apart from a compulsive eating dis-
order, he mainly showed signs of inhibition and reserve. 
An MRI and HMPAO SPECT are shown in Fig. 15.57a, c. 
Atrophy and hypometabolism were most marked in the lat-
eral prefrontal and temporal cortices. He became inconti-
nent and developed global dementia for which he was 
referred to a nursing home. CSF analysis was normal.

Case report 2: A 57-year-old female was referred to a 
memory clinic because of cognitive decline with a positive 

a

c

b

Fig. 15.57 Axial MRIs of lateral, inhibited (a) and medial, disinhib-
ited (b) variants of frontotemporal degeneration. In (c), a HMPAO-
SPECT of the first case is shown. In the first case, atrophy (a) and 

hypometabolism (c) are most marked in the lateral prefrontal and 
temporal cortices, whereas the second case (b) showed marked medial 
prefrontal cortical atrophy (courtesy Peter van Domburg, Sittard)
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family history for dementia. She was in good health and of 
average intelligence. At the age of 53, she had developed a 
depressive mood, followed by a gradual loss of affect and 
marked indifference to all personal and family matters at 
the age of 56. Her character changed into that of an impul-
sive and compulsive woman who undertook many sense-
less activities. Her conversation showed many aberrations, 
yet without phasic disturbances. An MRI showed marked 
medial prefrontal cortical atrophy (Fig. 15.57b). Later on 
she developed MND and died unexpectedly. CSF analysis 
was normal.
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Clinical Case 15.20 Primary Progressive Aphasia

Three types of PPA (Mesulam 1982; Mesulam et al. 2003; 
Gorno-Tempini et al. 2004, 2008) are shown as Case reports. 
Although PPA generally is considered as a prelude to FTD, 
there is growing evidence for a more variable type of neuro-
degeneration leading to various kinds of FTLD. The logopenic 
form of PPA is somewhat controversial and may be particu-
larly associated with Alzheimer-like changes in the parieto-
temporo-occipital junction area (Deramecourt et al. 2010; see 
Case 1). At the other end of the spectrum of PPA, progressive 
non-fluent aphasia (NFPA) may lead to a typical kind of 
TDP-43 or tau-positive FTLD that may co-occur with motor 
disturbances. When motor disturbances are an initial sign and 
there is no PPA, the term apraxia of speech (AoS) appears to 
be more appropriate (Josephs et al. 2006a, b).In the third case, 
SD dominates (Davies et al. 2005).

Case report 1: A 68-year-old otherwise healthy male 
technician suffered from gradual progressive non-fluent 
aphasia. Initially, there were no significant memory dis-
turbances, normal comprehension of speech and no 
impairment of praxis or other cortical functions. There 
was progressive hesitation and delay in speech production 
with increasing paraphasia. Two years later, he showed 
also signs of more diffuse, particularly left hemispheric 
cortical disturbances with apraxia, short-term memory 
disturbances and executive dysfunctioning. Social and 
emotional performances remained quite normal. MRI 
showed atrophy of the left parietal (insular) and temporal 
cortices and the hippocampus (Fig. 15.58a). HMPAO 
SPECT showed a perfusion defect of the left parietotem-
poral cortex (Fig. 15.58c). In the CSF, elevated tau and 
phospho-tau and lowered Abeta-42 protein concentra-
tions were found, highly suggestive for AD.

Case report 2: A 78-year-old man presented with grad-
ual evolution of word finding difficulties and impoverish-
ment of speech. Besides, there was some instability of gait, 
causing him to stumble and fall over even tiny protrusions. 
He was known for hypertension and depression for which he 
was successfully treated with anti-depressants. His speech 
showed progressive reduction of lexicon and a telegraphic 
style with features described as AoS (Josephs et al. 2006a). 
Recognition and naming of objects was unimpaired. There 
was marked bradyphrenia and reduced attentional span. 
There were no evident memory disturbances, normal orien-
tation and orders were adequately carried out at clinical 
examination. His right arm showed rigidity and incidental 
aimless bradykinetic movements without weakness. Social 
abilities were roughly preserved but some apathy, loss of 
affect and indifference to the emotions of others were noted. 
Eating behaviour was often disinhibited and he seemed to 
have lost his taste or preference for certain foods. Further 
neurological examination showed marked increase of latency 
of ocular saccades in all directions but particularly vertically 
with preserved vertical reflexive eye movements and Bell’s 
phenomenon. Tendon reflexes were brisk and plantar reflexes 
were extensor. Apart from progressive speech disturbances 
there was a progressive gait instability with axial rigidity and 
unexplained falls in the course of the disease. CSF data were 
normal. This clinical phenotype shows some features of PSP, 
CBD and progressive non-fluent aphasia (PNFA)/AoS. 
Although the pathological features remain uncertain without 
postmortem examination, tau-positive pathology mostly 
underlies the syndrome of PNFA with PSP and/or CBD-like 
features (Josephs et al. 2006b; Williams and Lees 2009). MR 
imaging showed marked atrophy of the left frontotemporal 
regions but also of the midbrain (Fig. 15.58b). The parietal 
cortex was relatively spared.
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Fig. 15.58 Three cases of primary progressive aphasia: (a and c) 
Coronal MRI and HMPAO-SPECT of a case of logopenic progressive 
aphasia; (b) a case with features of progressive supranuclear palsy, 

corticobasal degeneration and progressive non-fluent aphasia/apraxia 
of speech (see text for explanation) and (d) a case of semantic demen-
tia (courtesy Peter van Domburg, Sittard)

a

c

b
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Case report 3: A 75-year-old former staff member of a 
large company was referred because of behavioural 
changes. He had already had neurological examination for 
some form of aphasia that was attributed to a cerebral con-
tusion after a whiplash accident 5 years before. In the fol-
lowing years, he also had a heart attack and underwent a 
lumbar laminectomy for spinal stenosis. According to his 
wife, progression of aphasia, changes of mood and behav-
iour were the consequences of these events. Yet, all phasic 
disturbances were progressive over the last 3 years. By 
now, his speech was devoid of content words, producing an 
uncomprehensible welter of words in different languages. 
Once engaged in a talk, he would compel his audience to 
listen to him, without understanding anything they asked or 
answered. Occasionally, he was found before a mirror, talk-
ing and gesturing to himself excitedly. He had also a period 
of hypergraphy during which he had produced a lot of non-
sense poetry but with striking preservation of rhythm, meter 
and rhyme. There seemed to be a loss of insight into his 
own illness, a slight loss of decorum but no particular utili-
zation or imitation behaviour. Furthermore, there was  
 emotional lability and a disturbed sense of reality, revealed 
by the fear of people on television who might attack him. 

On awakening at night he would take a shower, got dressed 
and wandered around. Apart from compulsory talking, 
there was a global loss of interest and apathy. He resisted 
further neurological examination and any body contact, 
apart from shaking hands. On admission, however, he 
kissed a female assistant. His episodic memory was rela-
tively spared as could be resolved from his correct reac-
tions in this respect. MR imaging showed severe atrophy of 
the left temporal lobe, particularly of the temporal pole 
(Fig. 15.58d). On coronal T2-weighted images, severe 
atrophy of the hippocampus and entorhinal cortex was 
noted. The involvement of anterior and inferior parts of the 
temporal lobe is consistent with a disorder of semantic pro-
cessing and semantic memory which are at the core of this 
subtype of frontotemporal degeneration.
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Clinical Case 15.21 Progressive Amnestic Dysfunction (AD)

Usually, dementia presenting with initial short-term mem-
ory disturbances is a consequence of age-related Alzheimer-
like changes. In some atypical cases, particularly those of 
young-age onset, the initial phase of cognitive decline is 
characterized by focal cortical signs such as aphasia, 
apraxia, agnosia or visuospatial impairment (Alladi et al. 
2007). For the typical amnestic phenotype of AD, the 
APOEe4 genotype is a well-founded risk factor, whereas 
the atypical non-memory phenotype occurs more often in 
the absence of this allele (van der Flier et al. 2006). Apart 
from memory loss, attentional and executive deficits, pre-
dominant left hemisphere signs to appear are aphasia, 
apraxia, visuospatial and perceptive deficits. Predominant 
right hemisphere degeneration may be characterized by 
delusions and affective disturbances early in the course of 
the disease, similar to Alzheimer’s case Auguste D. (see 

Rosen et al. 2005; Devinsky 2009). Two cases are presented 
as Case reports.

Case report 1: An 84-year-old clergyman was found on 
the street in a disoriented state after stumbling over and 
without knowing how to get into his stride again. There 
were no focal neurological signs or disturbance of con-
sciousness but he was severely bradyphrenic, apathetic and 
fearful. He appeared to have developed a gradual non-flu-
ent aphasia over the last months during which his fellow 
brothers had taken care of him. He could understand and 
carry out basic instructions but executive functions and 
memory were severely disturbed and he could not write 
anymore. A visuospatial disorder was suggested by his 
inability to draw a clock correctly. After exclusion of other 
causes of his cognitive disturbances, he was diagnosed as 
suffering from senile dementia Alzheimer type (SDAT), 
which was supported by cerebral imaging (Fig. 15.59a, b). 
SPECT data are shown in Fig. 15.59c. Apparently, in this 

Fig. 15.59 Two cases of progressive amnestic dysfunction: (a–c) 
Axial (a) and coronal (b) MRIs and HMPAO-SPECT (c) of a case of 
senile dementia of the Alzheimer type with predominant left hemi-

sphere signs; (d) axial MRI of a case of predominant right hemisphere 
degeneration (courtesy Peter van Domburg, Sittard)
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AD case there is predominant frontal impairment. However, 
whereas in MRIs in PPA and FTD with aphasia the focus of 
atrophy is in the left lateral temporal lobe, in SDAT patients 
with aphasia the medial temporal lobes are generally 
 atrophic with bilateral hippocampal involvement and more 
generalized atrophy with age-related vascular changes. The 

language disturbances are reflected in predominant left 
hemisphere involvement, particularly of the insular region.

Case report 2: Predominant right hemisphere degener-
ation was found in a former garage-owner who presented 
with progressive memory complaints at the age of 74. He 
was in good general health and did not use any medication. 
Although he left his business to his son some years ago, he 
still found himself indispensable, in spite of severe memory 
deficits and executive dysfunctioning. Praxis, phasis and 
visuospatial function were not significantly impaired and 
he still could carry out routine activities in the garage. In 
spite of his former calm character, he got irritable and sus-
picious with poor self-judgement. He tried to compensate 
for his severe memory disturbances by talking round things 
and sometimes even confabulating. Yet, he remained 
socially adapted, there was no apathy or disinhibition and 
he kept his commitment towards family affairs. This makes 
FTD unlikely. His MRI is shown in Fig. 15.59d. CSF anal-
ysis showed characteristic reduction of Abeta-42, elevated 
tau and phospho-tau.
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Fig. 15.59 (continued)

by other cognitive deficits. The latter pattern fulfils the 
criteria for the diagnosis of probable AD. This profile 
accounts for at least 80% of all late-onset dementias (see 
Clinical case 15.21). Onset is usually after the age of 
65 with a slight preponderance of females over males. 
Hippocampal and parahippocampal atrophy are the most 
prominent initial findings in neuroimaging (deToledo-
Morrell et al. 1997; see Chap. 14). The vast majority of 
cases show AD pathology with its preferential affinity for 
the entorhino-hippocampal components of the limbic sys-
tem. In the other cases, focal non-specific degeneration, 
Pick disease or diffuse LB dementia with a concentration 
of lesions within the limbic system were found.
The first three profiles are dementias in the sense that they 

involve a gradual dissolution of cognition and comportment 
or conduct, but they are also unusual because they are based 
on the relatively isolated impairment of a single domain and 
the relative preservation of memory. The four profiles out-

lined by Mesulam (2000c) show that the clinical picture of a 
dementing disease reflects the anatomical distribution of the 
lesions rather than the nature of the disease. The same clini-
cal profile may be caused by different primary dementias, 
whereas the same neuropathological entity may have several 
clinical manifestations. Evidence is accumulating for a clini-
cal, pathological and genetic spectrum of neurodegenerative 
brain diseases in which AD and FTLD occur along one con-
tinuum (van der Zee et al. 2008). Patients with a clinical phe-
notype of early-onset AD, in which no AD-related mutations 
could be identified, have been shown to be actually carriers 
of FTD mutations.

15.8.2  Alzheimer Disease

Alzheimer disease (AD) typically begins with a progressive 
memory impairment and later affects language, executive 
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function, visuospatial skills and daily living. This clinical 
progression reflects the relatively predictable sequence of 
neurofibrillary tangle accumulation, beginning in the ento-
rhinal cortex and spreading to other cortical regions (Brun 
and Englund 1981; Arnold et al. 1991; Braak and Braak 
1991; see Chap. 14). The classic AD pathology also includes 
neuron loss, the abnormal accumulation of b-amyloid in 
senile plaques with hyperphosphorylated tau proteins and 
dystrophic neurites (see Morris and Nagy 2004). Alois 
Alzheimer’s first patient, Auguste D, a 51-year-old woman, 
suddenly developed jealousy towards her husband and 
shortly later experienced a rapid decline in memory. She 
 frequently got lost and had delusions that people were going 
to kill her. At autopsy, Alzheimer (1907) found an evenly 
affected atrophic brain without macroscopic foci, and the 
deposition of cored plaques and intracellular fibrils, now 
known as neurofibrillary tangles. A few years later, Alzheimer 
(1911) described a second patient, Johann K, a 56-year-old 
male who first became quiet and dull, and after one and a half 
years developed symptoms of forgetfulness, getting lost, 
overeating, poor hygiene and difficulty performing simple 
tasks. At autopsy, he noted that especially the parietal and 
temporal lobes were affected, much more than the frontal 
lobes.

Atypical presentations of AD have been described 
from clinical, imaging and neuropathological perspectives 

(Mesulam 2000c; Grabowski and Damasio 2004; Alladi 
et al. 2007; Johnson et al. 2007). In these variants, non-memory 
or behavioural changes may be the first symptom and may 
predominate throughout the course of the disease, and the 
distribution of neuropathology may differ from the typical 
pattern. In a large study of 407 autopsy-confirmed patients 
with AD, Kanne et al. (1998) correlated three subgroups 
with different distributions of neuropathology, including 
frontal cortex/mental control, temporal cortex/verbal mem-
ory, and parietal cortex/visuospatial subgroups. Johnson 
et al. (1999, 2007) extensively discussed the frontal variant 
of AD. The best characterized variant of AD is the visual or 
posterior variant, by far the most common cause of PCA 
(Grabowski and Damasio 2004). These cases of AD present 
with higher visual disturbances, rather than with amnesia 
(Cogan 1985; Hof et al. 1990; Hof and Bouras 1991; Levine 
et al. 1993; Renner et al. 2004). Levine et al. (1993) reported 
the case of a 59-year-old male executive whose first diffi-
culty was reading. Two years later, problems in locating and 
identifying objects by sight were found at his first neurologi-
cal examination. No objective memory impairment was 
detected. His illness lasted 12 years and was remarkable for 
the progressive visual dysfunction and the relatively late 
development of marked amnesia and aphasia. At autopsy, 
striking occipitoparietal atrophy was found. Neurofibrillary 
tangles were abundantly present in Brodmann areas 17, 18 

Clinical Case 15.22 Neuropathological Assessment  

of PDDs (Consensus Criteria)

In Clinical case 14.13, Consensus criteria for the neuro-
pathological diagnosis of AD have been summarized. Here, 
such criteria for FTLD and for dementia of LB type will be 
discussed. Frequently, in dementia cases coming to autopsy, 
immunohistochemical labelling for more than one of the 
major types of inclusion bodies is found (Fig. 15.60).

Frontotemporal lobar degeneration (FTLD) includes 
several disorders with clinical FTD and can be subdivided 
according to their immunohistochemical profile using tau, 
ubiquitin and TDP-43 (TAR DNA-binding protein). Cairns 
et al. (2007) reported neuropathological consensus criteria 
for FTLD. Two broad neuropathological subdivisions of 
FTLD are recognized: (1) brains with tau-positive inclusions 
(FTLD-tau) and (2) brains with TDP-43 inclusions (FTLD-
TDP). The classic, sporadic form with sharply demarcated, 
intranuclear, tau-positive inclusions is Pick disease with 
Pick bodies (see Clinical case 15.23). Autosomal dominant 
forms of FTLD with tauopathy show mutations in the MAPT 
gene on chromosome 17 and have been described before as 
FTLD-17. Moreover, FTLD with tauopathy can also be seen 
in PSP, CBD, sporadic multisystem tauopathy with demen-
tia, and neurofibrillary tangle dementia. The majority of 
FTLD cases, however, are not tau-positive and are even more 

heterogeneous. Cases with TDP-43 inclusions form a major 
group. Improvements of immunohistochemical techniques 
led to the discovery of several new subtypes (Mackenzie 
et al. 2010), one of which is FTLD-FUS and due to muta-
tions encoding the FUS protein (Neumann et al. 2009).

There are no characteristic or specific macroscopical 
abnormalities for DLB. In the brain stem, variable pallor of 
the substantia nigra is visible and the locus coeruleus is usu-
ally depigmented. Brain stem or cortical LBs are the only 
features considered essential for the neuropathological 
diagnosis of DLB (Fig. 15.61). AD pathology is frequently 
present in DLB patients (see Clinical case 15.24). Consensus 
neuropathological guidelines have been formulated to score 
the severity and anatomical distribution pattern of LBs in 
five cortical regions (McKeith et al. 2005). The DLB con-
sortium proposed a semiquantitative grading of the severity 
of LB pathology: 0 = none; 1 = mild; 2 = moderate; 3 = severe 
and 4 = very severe. Depending on the anatomical distribu-
tion pattern, three different categories can be assigned: (1) 
brain stem dominant; (2) limbic or transitional and (3) dif-
fuse neocortical type. The DLB consortium proposed that 
diffuse neocortical DLB cases with low Braak stages most 
likely were clinically diagnosed with DLB. It should be 
emphasized that DLB and Parkinson disease with dementia 
form a spectrum in which the anatomical distribution of 
Lewy pathology overlaps (see Clinical case 11.11).
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Fig. 15.60 A case of primary degenerative dementia with characteristics of an a-synucleinopathy (a), a tauopathy (b) and a TDP-43-
proteinopathy (c; courtesy Benno Küsters, Nijmegen)

Fig. 15.61 Lewy bodies (LBs) in a case of Lewy body dementia: (a) LBs in the anterior cingulate cortex (HE-stain); (b) LBs in the anterior 
cingulate cortex (a-synuclein stain); (c) LBs in the substantia nigra (a-synuclein stain; courtesy Benno Küsters, Nijmegen)
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and 20, the posterior cingulate gyrus, the hippocampus, the 
amygdala and the temporal isocortex. Plaque distribution 
also dominated in the primary visual and visual association 
cortices. Hof and collaborators reported eight cases (out of 
an autopsy series of 2,500), pathologically similar to Levine’s 
case, but with far less clinical information available. All pre-
sented with the Bálint syndrome, probably due to interrup-
tion of the dorsal visual stream (Hof et al. 1989, 1990). Hof 
and Bouras (1991) reported a case of an 89-year-old 
Alzheimer patient with a primary defect in visual object rec-
ognition at the time of diagnosis, but with only slight mem-
ory disturbances. Tactile agnosia and prosopagnosia occurred 
later. At autopsy, disproportionate occipitotemporal atrophy 
was observed. This case may have been due in part to inter-
ruption of the ventral visual stream. More recently, Renner 
et al. (2004) found that AD was the most frequent cause of 
progressive posterior cortical dysfunction (PPCD). In a series 
of 27 PPCD cases, nine had PPCD in isolation, whereas the 
other 18 cases showed posterior dysfunction as a feature of a 
more generalized dementia. With VBM, Migliaccio et al. 
(2009) studied 14 patients with PCA, 10 with LPA and 16 
with early-onset AD. LPA and PCA showed largely overlap-
ping anatomical and biological features with early-onset AD, 
suggesting that these clinical syndromes represent the spec-
trum of clinical manifestations of the non-typical form of 
AD that presents at an early age.

15.8.3  Frontotemporal Lobar Degeneration

Frontotemporal lobar degeneration (FLTD) includes a 
cluster of diseases characterized by disproportionate atro-
phy of the frontal and temporal lobes (Trojanowski and 
Dickson 2001; Cairns et al. 2007a, b; Wang and Miller 
2007). FTLD occurs in 5–15% of patients with dementia 
and is the third common neurodegenerative dementia fol-
lowing only AD and dementia with LBs. Typical age of 
onset is between 50 and 60 years (Ratnavalli et al. 2002; 
Rosso et al. 2003; Knopman et al. 2004). In 1892, Arnold 
Pick described a 71-year-old patient with progressive lan-
guage loss and cognitive decline (Pick 1892). Autopsy 
revealed prominent left anterior temporal atrophy. Today, 
this patient may be considered to suffer from the FTLD sub-
type SD (Wang and Miller 2007).

In FTLD, the cerebral cortex and white matter are both 
affected heavily so that the affected gyri may narrow to a 
“knife-edged” configuration. FTLD includes the disorders 
known as Pick lobar atrophy, frontal atrophy associated with 
motoneuron disease (MND), frontal atrophy without distinc-
tive histopathology, also known as frontal lobe degeneration 
(Brun and Passant 1996), and some cases of CBD and progres-
sive supranuclear palsy (PSP) (Grabowski and Damasio 2004; 
Cairns et al. 2007a, b). FTLD usually manifests itself as a syn-
drome of FTD, in which the neuropsychological profile is 

dominated by defective executive functioning and social mis-
conduct, rather than defects in memory and visuospatial func-
tion (Knopman et al. 1989; Mesulam 2000c; Wang and Miller 
2007). Usually, there is prominent bilateral frontal involve-
ment. When the atrophy is markedly lateralized to the left, 
there is a PPA, in which language disturbances dominate the 
clinical presentation before more widespread deficits ensue.

The clinical presentation of FTLD is heterogeneous and 
driven by the variable involvement of the left or right frontal 
or temporal regions and the additional involvement of the 
basal ganglia and motoneurons. FTLD is divided into three 
clinical types (Neary et al. 1998). Each subtype presents dis-
tinctive clinical manifestations driven by the different brain 
regions that are predominantly involved:
 1. In frontotemporal dementia (FTD), the behavioural vari-

ant, the disorder is frontally predominant and involves the 
right hemisphere more than the left (Miller et al. 1993; 
Rosen et al. 2002a). FTD is characterized by early decline 
in social and personal conduct, emotional blunting and 
loss of insight. Selective brain degeneration is seen in the 
dorsolateral, orbital and medial frontal cortices as well as 
in the insular cortex (Rosen et al. 2002a). Two examples 
are shown in Clinical case 15.19.

2. Non-fluent progressive aphasia (NFPA) involves the left 
frontal region. It is defined as an expressive language dis-
order with non-fluent spontaneous speech, agrammatism, 
phonemic paraphasias and anomia (Kertesz et al. 2005). 
VBM of NFPA patients showed significant cortical atrophy 
in inferior and middle frontal, precentral, anterior insula 
and caudate regions of the left hemisphere (Gorno-Tempi-
ni et al. 2004; Grossman et al. 2004; Grossman 2010).

 3. Patients with SD show impairment of word meaning and 
object identity, and exhibit fluent empty, spontaneous 
speech (Hodges et al. 1992). Behavioural and emotional 
disorders such as depressive features, loss of empathy and 
emotional blunting, are also present in SD, but differ 
qualitatively from those in FTD (Snowden et al. 2001; 
Rosen et al. 2002a; Gorno-Tempini et al. 2004). These 
behavioural and emotional changes strongly correlate 
with degeneration of the orbitofrontal cortex and the right 
anterior temporal lobe. The amygdala is severely involved 
in nearly all cases of SD and may be the site where the 
illness begins (Rosen et al. 2002b). Mummery et al. 
(2000) found bilateral cortical atrophy in the temporal 
pole, but only in the left middle and inferior temporal gyri 
and in the ventromedial part of the left frontal lobe (see 
also Grossman et al. 2004; Grossman 2010). Prosopagnosia 
is also rather common in patients with SD (Josephs et al. 
2008; Chan et al. 2009). For DTI data on compromised 
white matter tracts in the left temporal lobe of SD patients, 
see Studholme et al. (2004). Davies et al. (2005) studied 
the pathological basis of SD. In 13 out of 18 postmortem 
cases, the pathological diagnosis was frontotemporal 
degeneration with ubiquitin inclusions.
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Clinical Case 15.23 Frontotemporal Lobar Degeneration

Two broad neuropathological subdivisions of FTLD are 
recognized (Cairns et al. 2007): (1) brains with tau-positive 
inclusions (FTLD-tau) and (2) brains with TDP-43-positive 
inclusions (FTLD-TDP). Examples of the two categories 
are shown as Case reports.

Case report 1: A 71-year-old male showed cognitive 
decline with aphasia, amnesia and behavioural changes 
over the last 17 years. An MRI and PET scan, 15 years 
before, showed extensive atrophy of the brain, predomi-
nantly of the left frontotemporal regions. Four years later, 
he became a patient in a psychogeriatric hospital, where he 
gradually became mutistic, incontinent and completely 
dependent on help from others. A CT at that time is shown 
in Fig. 15.62a. He died after a period of atrial fibrillation. 
At autopsy, his brain weighed 750 g and showed extensive 
atrophy of the frontotemporal lobes (Fig. 15.63a) and, 
microscopically, Pick bodies (Fig. 15.63b). These were 
confirmed in tau-staining (Fig. 15.63c). This case is typical 
for Pick disease.

Case report 2: A 48-year-old male developed a prese-
nile dementia syndrome 4 years before, possibly of the 
Pick type. A CT showed evidence of frontal lobar degen-
eration (Fig. 15.62b). One year before his death, he devel-
oped progressive swallowing problems for which a PEG 
catheter had to be placed. Increasing fasciculations over his 
whole body suggested ALS. He suddenly died of pneumo-
nia. At autopsy, the brain weighed 1,300 g and showed no 
evidence of lobar atrophy. Microscopically, the typical 
signs of FTLD in combination with ALS were found. In 
the frontal cortex, striking spongiotic changes were present 
in the outer cortical layers (Fig. 15.63d). In the dentate 
gyrus, cytoplasmic inclusions positive for TDP-43 were 
found in a few neurons (Fig. 15.63e). In the spinal cord, 
alpha-motoneurons also stained for TDP-43 (Fig. 15.63f). 
This case is typical for FTLD-MND.

Data for these cases were kindly provided by Hennie 
Schoonderwaldt (Department of Neurology) and Pieter 
Wesseling (Department of Pathology), both of the Radboud 
University Nijmegen Medical Centre.

Fig. 15.62 CTs of (a) a case of Pick disease (Case 1) and (b) a case of frontotemporal lobar degeneration with motoneuron disease (Case 2; 
courtesy Hennie Schoonderwaldt, Nijmegen)
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Fig. 15.63 (a–c) A case of Pick disease (Case 1): (a) lateral view of 
the left cerebral hemisphere of a case of Pick disease; (b) Pick bodies; 
(c) tau-staining of cortical neurons; (d–f) a case of frontotemporal 
lobar degeneration with motoneuron disease (Case 2): (d) spon giform 
degeneration of the frontal cortex; (e) TDP-43 staining of a spinal 

motoneuron; (f) TDP-43 staining of the dentate gyrus. Note the cyto-
plasmatic inclusions positive for TDP-43 in a few neurons, their 
nuclei are not stained; nuclei are stained in unaffected neurons (cour-
tesy Pieter Wesseling and Benno Küsters, Nijmegen)
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There is a great overlap between FTD and ALS both clini-
cally and pathologically (Neary et al. 1990; Bigio et al. 2003) 
as well as with CBD and PSP (Kertesz et al. 2005; Neumann 
et al. 2006; Donker Kaat et al. 2007; Forman et al. 2007). Two 
broad neuropathological subdivisions of FTLD are recog-
nized (Cairns et al. 2007a, b): (1) brains with tau-positive 
inclusions (FTLD-tau) and (2) brains with TDP-43 inclusions 
(FTLD-TDP). Two examples are shown in Clinical case 
15.23. Approximately 10–15% of cases remain with ubiquit-
inated inclusions (FTLD-U), of which recently discovered 
mutations in the gene encoding the fused in sarcoma (FUS) 
protein form an important group (Neumann et al. 2009), clas-
sified as FTLD-FUS (Mackenzie et al. 2010).

15.8.4  Dementia with Lewy Bodies

Dementia in association with parkinsonism is usually not due to 
AD but to dementia with Lewy bodies (DLB). Criteria for prob-
able DLB are the presence of dementia and two of the three 
following features (McKeith et al. 2005): fluctuating senso-
rium/cognition, parkinsonism and visual hallucinations. 
Delusions, frequent falls and an REM sleep behaviour disorder 
are often present. Dementia with levodopa-unresponsive par-

kinsonism is usually due to either CBD or PSP. About 20–40% 
of patients with idiopathic Parkinson disease exhibit some 
degree of dementia, usually one of “subcortical” dementia, 
characterized by slowed cognition, impaired problem solving 
and memory retrieval difficulty (Dubois et al. 2007). The REM 
sleep behavioural disorder has been associated with synucle-
inopathies such as DLB, Parkinson disease, multiple system 
atrophy and pure autonomic failure. It is far less commonly 
associated with non-synucleinopathies (Boeve et al. 2007). 
This disorder often precedes the onset of cognitive impairment 
and/or parkinsonism by years or even decades (Boeve et al. 
2007; Postuma et al. 2009; Molano et al. 2010). The neuro-
pathological disorder is termed LB disease (McKeith et al. 
2005; Fujishori et al. 2008; see Clinical case 15.24). Alpha-
synuclein immunohistochemistry and a semiquantitative grad-
ing of lesion density are recommended. The grading involves 
categorizing LB densities as mild, moderate, severe and very 
severe and then assessing the regional pattern of Lewy-related 
pathology by grading by the CERAD system. Finally, the prob-
ability that the neuropathological findings are associated with a 
DLB clinical syndrome will be determined taking into account 
both Alzheimer and LB pathologies. Currently, MRI and DTI 
are used to differentiate neurodegenerative patterns in dementia 
with LBs and AD (Whitwell et al. 2007; Kantarci et al. 2010).

Clinical Case 15.24 Dementia of Lewy Body Type (DLB)

Dementia of Lewy body type (DLB) is a synucleinopathy, 
characterized by LB inclusions in the neuronal cytoplasm 
and/or neuropil. There is a spectrum of the distribution of 
LBs from the brain stem (Parkinson disease), predomi-
nantly in the limbic system (DLB of limbic type) to the 
cerebral cortex (DLB of neocortical type). Characteristic 
clinical features are cognitive decline, visual hallucinations 
and fluctuating cognition. Often DLB patients show par-
kinsonism. The autonomic nervous system may be involved 
and corresponding symptoms are possible. REM sleep 
behavioural disorder is another characteristic of DLB. In 
1978, Kosaka described three patients with dementia with 
LBs in the cerebral cortex (Kosaka 1978) and suggested the 
concept of a dementia-type “diffuse Lewy body disease” 
(Kosaka et al. 1988), which is now known as DLB for 

which Consensus Criteria were proposed in 1996, now in 
their third version (McKeith et al. 2005).

Case report: A 93-year-old female patient died of renal 
insufficiency. Fourteen years before her death, her cogni-
tive ability decreased and she failed to take her pills. After 
changing her domicile, she became forgetful and com-
plained of persecutive delusions. She also complained of 
some visual hallucinations. Five years later, her dementia 
had worsened just after her sister’s death. In the next years, 
she became inactive, incontinent, had gait impairment and 
frequently fell. Then, tremor, rigidity, “marche a petit pas” 
and a mask face developed, so parkinsonism became mani-
fest. On CT imaging, progressive cerebral atrophy was 
found (Fig. 15.64). On admission to the Fukushimura 
Hospital, 11 months before her death, dementia was appar-
ent as well as muscle rigidity, bradykinesia and a right-
sided tremor. Anti-parkinsonism drugs were non-effective, 

Fig. 15.64 A series of CTs, illustrating the progression of cerebral atrophy in a case of Lewy body dementia, taken at 85, 87, 89, 91 and 93 
years of age of the patient (courtesy Hiroyasu Akatsu, Toyohashi and Maya Mimuro, Aichi)
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dementia was progressive and she only spoke some short 
greeting words. She died after urogenital infection and 
renal insufficiency after convulsive periods.

At autopsy, the brain weighed 1,000 g and showed fron-
totemporal atrophy. On frontal sections, discolouration of 
the substantia nigra and the locus coeruleus was apparent. 
Microscopically, cell loss was severe in these structures as 
well as in the dorsal motor nucleus of the vagus. In these 
three locations, abundant LBs were present (Fig. 15.66a, b). 
LBs were also found in the cerebral cortex, predominantly 
in frontal (especially in the cingulate gyrus), insular, tem-
poral and parietal areas as well as in the hippocampal forma-
tion and parahippocampal gyrus (Fig. 15.65). In the medial 
temporal cortex, there was prominent spongiosis with astro-
cytic gliosis (Fig. 15.66c, d). No remarkable changes were 
found in the cerebellum. The distribution of NFTs and 
SPs were according to Braak stage V and CERAD B, 
respectively.

This case was kindly provided by Hiroyasu Akatsu, 
Yoshio Hashizume and Akira Hori (all of the Research 
Institute for Longevity Medicine, Fukushimura Hospital) 
and Maya Mimuro (Aichi Medical University, Japan).
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Fig. 15.65 (a) Frontal section of the cerebral hemisphere of a case of 
Lewy body dementia, showing immunostaining for tau (AT8) in the 
hippocampal-parahippocampal area; (b and c) in the AT8-stained area 
shown in (a), there were neurofibrillary tangles (b; Gallyas staining) 
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and Akira Hori, Toyohashi)
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Fig. 15.66 (a and b) In this case of Lewy body dementia, in the 
substantia nigra there was prominent neuronal loss and gliosis 
(a; HE-stain) and a-synuclein-positive inclusions in the remaining 
neurons (b). (c and d) Spongy state and glial proliferation of the 

medial temporal cortex (c) and a-synuclein-positive inclusions in not 
only neurons but also in the neocortical neuropil (d; courtesy Yoshio 
Hashizume and Akira Hori, Toyohashi)
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abducens nerve 5, 256
abducens nerve lesions 257
abducens nucleus

interneurons 256
lesions abducens nucleus 257
motoneurons 22, 25, 256
neurons with cerebellar projections 256

abnormal breathing patterns
apneustic breathing 585
ataxic breathing 585
bilateral damage to medullary respiratory groups 585
Cheyne-Stokes respiration 585

abnormalities of complex visual perception
dorsal pathway lesions

bilateral: Bálint syndrome 357, 777, 778
unilateral: akinetopsia 357, 777

paroxysmal visual phenomena 360
ventral pathway lesions

bilateral: cerebral achromatopsia 358–360
bilateral: prosopagnosia 358, 758, 777, 779
left side: pure alexia 358, 773, 774, 777

accessory nerve
external ramus 5, 293
internal ramus 5, 293

accessory nerve lesions 293
accessory optic system 337
accessory optic tract 337
accommodation reflex 343
accumbens nucleus. See basal ganglia
acoustic neurinoma 309–311
acoustic radiation 315, 316
adrenergic cell groups 216
affective-vegetative systems 134
akinetic mutism 235, 240
akinetopsia 357, 777
Alzheimer disease

atypical presentations
frontal variant 790
visual or posterior variant 788–790

Braak staging 686–689
CERAD criteria 684, 689
cholinergic hypothesis 684
classic pathology 684–689, 790
Clinical Dementia Rating (CDR) 684
isolation of hippocampus 689
MRI studies

amygdalar volume loss 686
hippocampal volume loss 686
medial temporal lobe atrophy 686

neuropathological assessment 689, 790
NIA-RI Consensus report 684, 689

ambiguus nucleus 22, 25, 293
amnesia

anterograde amnesia 672
brain regions damaged in amnesia

diencephalic amnesia 673
hippocampus 673, 678, 680
Korsakoff syndrome 673, 676
medial temporal region 673, 674, 678
midline diencephalic region 673
thalamus 675, 682
Wernicke encephalopathy 676, 677
Wernicke-Korsakoff syndrome 673

pathways involved
fornix 675
inferior thalamic peduncle 675
longitudinal striae of Lancisi 675
mammillothalamic tract  

of Vicq d’Azyr 675
uncinate fascicle (temporal stem) 674

retrograde amnesia
amygdala

amygdaloid sclerosis 669
basolateral group 49, 645
corticomedial group 49, 645
extended amygdala 49, 644, 647
fibre connections

amygdalotegmental projection 647
basal forebrain connections 649
brain stem connections 647
cortical connections 649
hippocampal connections 649
hypothalamic connections 647
intrinsic connections 647
lateral olfactory tract 647
stria terminalis 49, 647
striatal connections 649
thalamic connections 648
ventral amygdalofugal pathway 49, 647

functional aspects
defence behaviour 651
flight behaviour 651
lesions of the amygdale. See amygdala, lesions  

of the amygdala
memory 652
motivation 652
visual recognition 652

gross anatomy 645
involvement in

Alzheimer disease 652, 686
dementia with Lewy bodies 652
frontotemporal lobe dementia 652
Parkinson disease 652
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lesions of the amygdala
bilateral degeneration of the amygdala  

(Urbach-Wiethe disease) 653, 656
herpes simplex encephalitis 656
Klüver-Bucy syndrome 652–654

subdivision
pallial part 645
subpallial part 645

aneurysms
aneurysm of anterior communicating artery 74
aneurysm of posterior communicating artery 75
basilar tip aneurysm 80
congenital saccular aneurysms 71

anterior cerebral artery (ACA)
ACA-distributed strokes 77
gross anatomy 62, 63
pericallosal artery 63
segments (A1-A5) 63

anterior choroidal artery 62, 83
anterior choroidal artery occlusion 83
anterior circulation 77
anterior communicating artery 70, 82
anterior commissure 46, 741, 743
anterior cranial fossa 4
anterior inferior cerebellar artery (AICA) 64, 88
anterior perforated substance 4, 70
anterior spinal artery 65, 96
anterograde degeneration

anterograde transneuronal degeneration 109, 111
Wallerian degeneration 109

anterograde tracing 112
anterolateral central arteries. See perforating arteries
anteromedial central arteries. See perforating arteries
anterolateral cordotomy 173, 182
anterolateral system

anterograde degeneration studies 173
brain stem projections 178–180
cortical targets 181
lesions of the anterolateral system

anterolateral cordotomy 173, 182
central pain 183, 185
central post-stroke pain 183, 188
pain asymbolia 183
spinal cord injuries 183, 185
syringomyelia 183, 184

spinohypothalamic projection 181
spinolimbic projection 181
spinomesencephalic projection 180
spinothalamic tract 176–180
thalamic targets 177, 178–180

aphasias
amnestic (anomic) aphasia 764
aphemia 763
Broca aphasia 761, 762
classic, clinicopathological approach 761
conduction aphasia 761, 763
global aphasia 762
syntactic approach to Broca aphasia 765
transcortical aphasia 761, 763
Wernicke aphasia 761, 763
Wernicke-Geschwind model 762
Wernicke-Lichtheim model 761

apraxias
buccofacial apraxia 775
ideational (conceptual) apraxia 775
ideokinetic (ideomotor) apraxia 775, 776

limb-kinetic apraxia 775, 777
primary progressive apraxia 776

aqueductus cerebri 3
arcuate fascicle

course 43, 739, 766, 772
direct pathway 772
DTI studies 772
Geschwind’s territory 772
indirect pathway 772
lesions of arcuate fascicle 772

argyrophilic grain disease 676
arterial boundary zones 68
arterial supply

basal ganglia 82
brain stem 90–92
capsula interna 82
cerebellum 88, 89
cerebral cortex

leptomeningeal branches 68
perforating branches 68
variability 68

development 62
gross anatomy

internal carotid artery 62
vertebral artery 62

spinal cord 96
thalamus 84
vascular imaging 65
vascular territories

basal ganglia 82
brain stem 90–92
capsula interna 82
cerebellum 88, 89
cerebral cortex 68–72
spinal cord 96
thalamus 84

artery of Adamkiewicz. See great radicular artery
ascending activating system

cholinergic component 222, 223
histaminergic component 223
noradrenergic component 222
serotonergic component 222

ascending reticular activating system (ARAS) 211
ascending systems

anterolateral system 19, 25
ascending gustatory system 283–285
dorsal column-medial lemniscus system 19
lateral lemniscus 25
trigeminothalamic tract 192

ataxias
acquired ataxias

alcohol cerebellar degeneration 482
paraneoplastic cerebellar degeneration 482

hereditary spinocerebellar ataxias
autosomal dominant cerebellar ataxias 478
Friedreich ataxia 478
spinocerebellar ataxia type 3 478, 480

non-hereditary degenerative ataxias
multiple system atrophy, cerebellar subtype 480

vascular lesions
ataxic hemiparesis 484
caudal paramedian midbrain 483
isolated infarction pons 484

auditory cortex
auditory belt 318, 320
auditory core 317, 320
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auditory parabelt 318
auditory koniocortex 317
auditory parakoniocortex 318
Heschl’s gyrus 316
planum temporale 316
primary auditory cortex (A1) 316
tonotopic organization 318–320

auditory disorders
amusia 319, 320
auditory agnosia 319–322
auditory hallucinations 321, 324
cortical deafness 319, 322
disconnection syndromes 320
disorders of musical perception 320
pure word deafness 319, 320
subcortical deafness 319

auditory evoked responses (AERs) 309, 314
auditory periphery 308
auditory system

acoustic radiation 315, 316
auditory cortex. See auditory cortex
auditory-evoked startle reflex 313
brachium of colliculus inferior 26, 314
cochlear nerve 308
cochlear nuclei

dorsal cochlear nucleus 23, 312
ventral cochlear nucleus 23, 312

colliculus inferior. See auditory system, inferior colliculus
corpus geniculatum mediale. See auditory system, medial 

geniculate body
dorsal acoustic stria 312
inferior colliculus 26, 314
intermediate acoustic stria 312
lateral lemniscus 25, 313
medial geniculate body (MGB) 26, 32, 315
superior olivary complex 25, 313
thalamocortical projections 315, 318
trapezoid body 25, 312
‘what/where’ organization

‘what’ (ventral) pathway 318
‘where’ (dorsal) pathway 318

auditory thalamus
acoustic radiation 315, 316
medial geniculate body (MGB) 315
thalamocortical projections 315, 318

autism spectrum disorders 653
autonomic failure

multiple system atrophy (MSA) 577
primary autonomic failure

autonomic failure associated with Parkinson disease 577
autonomic failure associated with MSA  

(Shy-Drager syndrome) 577
pure autonomic failure 576, 577

autonomic nervous system
autonomic failure. See autonomic failure
autonomic innervation of the eye 567
autonomic innervation viscera. See viscera
central autonomic network. See central autonomic network
central visceromotor system 578
craniosacral division 567
disconnection of suprasegmental autonomic centres

conus lesion 577, 578
multiple sclerosis 577
traumatic cord injuries 577

parasympathetic division. See parasympathetic division  
autonomic nervous system

preganglionic neuron 566
postganglionic neuron 566
sympathetic division. See sympathetic division autonomic  

nervous system
autonomic preganglionic motoneuronal cell groups
axonal transport techniques

fluorescent molecules 112
horseradish peroxidase (HRP) 112
viruses 112

B
Bálint syndrome 357, 777, 778
basal forebrain

basal nucleus of Meynert 53, 644
extended amygdala. See amygdala
magnocellular basal forebrain system

basal nucleus of Meynert (Ch4) 53, 644
horizontal limb of diagonal band of Broca (Ch3) 644
medial septum (Ch1) 644
vertical limb of diagonal band of Broca (Ch2) 644

olfactory tubercle 50, 638
septum

medial septal nucleus 643, 644
nuclei of the diagonal band of Broca 643, 644
septum pellucidum 643

substantia innominata of Reil 50
ventral striatopallidal system

interface islands of Sanidez 641, 643
nucleus accumbens (fundus striati) 643
ventral pallidum 643
ventral striatum 643

basal ganglia
accumbens nucleus 50, 495, 499
caudate nucleus 50, 495, 499
compartmentalization 50, 499
cortico-striato-pallido-thalamocortical circuits  

(re-entrant loops)
direct pathway 54, 506
hyperdirect pathway 506
indirect pathway 54, 506

dorsal pallidum 50, 495
dorsal striatum 50, 495
globus pallidus

lateral or external part 50, 501
medial or internal part 50, 501

pedunculopontine tegmental nucleus 515
putamen 50, 405, 499
substantia nigra 26, 504
subthalamic nucleus 35, 515
ventral pallidum 50, 495
ventral striatum 50, 495
ventral tegmental area of Tsai 26, 504
zona incerta 515

basal nucleus of Meynert
fibre connections 222, 223
involvement in Alzheimer disease 220
involvement in Parkinson disease 220
organization 218–220

basilar artery 64
basilar thrombosis 80
blood pressure

aortic arch afferents 580
arterial baroreflex 580
baroreceptors 580
cardiac receptors 581
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carotid sinus afferents 580
caudal ventrolateral medulla oblongata vasomotor  

neurons (CVLM) 581
chemoreceptors 581
denervation of carotid baro-and chemoreceptors 581, 582
rostral ventrolateral medulla oblongata vasomotor neurons 

(RVLM) 581
blood supply. See arterial supply
brachial plexus 140, 378
brachial plexus lesions

lower brachial plexus lesions (Dejerine-Klumpke paralysis)  
150, 379, 381

neuralgic amyotrophy 151
Pancoast tumour 150
plexopathies 149, 151
thoracic outlet syndrome 150
upper brachial plexus lesions (Duchenne-Erb paralysis)  

150, 379, 381
brain

basal view 4
dorsal view 3
imaging 6
lateral view 2
macroscopy 1
medial view 3

brain stem
alar part 21
basal part 21
central tegmental tract 26
colliculus inferior 26
colliculus superior 26
congenital cranial dysinnervation disorders (CCDDs) 252–254
cranial nerves. See cranial nerves
cranial nerve nuclei. See cranial nerve nuclei
development

mesomeres 21, 250
rhombomeres 21, 251
rhombomeropathies 251

fasciculus longitudinalis medialis. See brain stem, medial 
longitudinal fascicle

inferior olive 25
lamina quadrigemina 25
medial lemniscus 25
medial longitudinal fascicle 25
medulla oblongata 4, 21, 25
mesencephalon 21, 26
mesomeres 21
metencephalon 21
myelencephalon. See brain stem, medulla oblongata
oliva 4
pons 4, 25
pontine nuclei 26
pyramis 4, 25
rhombencephalon 21
rhombomeres 21
solitary tract 25
tectum mesencephali 25
tegmentum 25

brain stem arteries
anterior (paramedian) group

anterolateral group 90
anteromedial group 90

lateral (short circumferential) group 90
posterior (long circumferential) group 90
to medulla 90
to midbrain 90

to pons 90
vascular territories 90–92

brain stem auditory-evoked potentials/responses  
(BAEPs/BAERs) 309, 314

brain stem core 212
brain stem descending pathways. See descending pathways  

to spinal cord
brain stem stroke syndromes

lateral medullary syndrome of Wallenberg 92, 94, 95, 193, 197
locked-in-syndrome 93, 235, 242
medial medullary syndrome of Dejerine 92, 168, 169
pontine syndromes 94
top-of-the-basilar syndrome 94, 238

brain stem reflexes
blink reflex 275–277
corneal reflex 277
interruption of blink reflex 277, 278

breathing
abnormal breathing patterns. See abnormal breathing patterns
Bötzinger complex 583
Cajal’s model for neural control of breathing 583
caudal ventral respiratory group (CVRG) 583
disorders of chemical control of breathing. See disorders of 

chemical control of breathing
Hering-Breuer inflation reflex 584
muscles of respiration 583
phrenic nerve 583
pre-Bötzinger complex 584
respiratory motoneurons 583
rostral ventral respiratory group (RVRG) 583

bundle of Muratoff 737
bundles of Probst 741

C
calcarine artery 64
callosal ideomotor apraxia 744
callosal syndrome after resection of a large arteriovenous 

malformation 744
Capgras syndrome 780
capsula interna

anterior limb (cornu anterius) 44
genu 44
posterior limb (cornu posterius) 44
retrolenticular part 44
sublenticular part 44

capsular hemiplegia 416
cauda equina 17, 148
cauda equina syndrome 148, 150
caudate nucleus. See basal ganglia
central autonomic network

A5 area 579
extended amygdala 580
hypothalamus 579
insula 580
medullary raphe 579
nucleus of the solitary tract 579
parabrachial nucleus 579
rostral ventrolateral medulla 579

central cervical nucleus 157, 457
central control of movement

descending supraspinal pathways. See descending pathways  
to spinal cord

higher-order motor control. See higher-order motor control
human cortical motor areas. See human cortical motor areas
lesions cortical motor centres. See human cortical motor areas
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lesions higher-order motor centres. See higher-order  
motor control

central pain 183, 185
central post-stroke pain 183, 188
central sulcus 2
central tegmental tract 26, 461, 463
cephalic reference lines and planes

‘Deutsche Horizontale’ (Frankfurter line) 6
Forel’s axis 6
horizontal reference planes

bicommissural plane 6
chiasmatico-commissural plane 7
commissural-obex plane 7
intercommissural plane 6
neuro-ocular plane 7

Meynert’s axis 6
orbitomeatal plane 6

cerebellar arteries
anterior inferior cerebellar artery (AICA) 64, 88
posterior inferior cerebellar artery (PICA) 64, 88
superior cerebellar artery (SCA) 64, 88

cerebellar cognitive affective syndrome
cerebellar mutism 486
dysmetria of thought 485

cerebellar dysfunction
anterior lobe syndrome 475
effects of cerebellar lesions in carnivores 474
effects of cerebellar lesions in monkeys 474, 475
flocculonodular syndrome 475
selective cooling of cerebellar nuclei 475
signs of cerebellar disease

abasia 476
astasia 476
ataxia 476
dysdiadochokinesis 475
dysmetria 475, 476
Holmes or rubral tremor 476, 477
hypotonia 474
kinetic or terminal tremor 476
postural tremor 476

transection of superior cerebellar peduncle 474
cerebellar infarction 90
cerebellar malformations

Dandy-Walker malformation 452, 453
midline or vermis malformation 452
pontocerebellar hypoplasias 454

cerebellar output
brachium conjunctivum 469
cerebellothalamocortical projections

cortical targets 471
origin 470–472
thalamic targets 470

open vs. closed loops 472
uncinate tract (Russell’s hook bundle) 472

cerebellopontine angle tumour 320
cerebellum

ataxias. See ataxias
central (deep) cerebellar nuclei

basal interstitial nucleus 456
dentate nucleus 28, 456
emboliform nucleus 28, 456
fastigial nucleus 28, 456
globose nucleus 28, 456
interposed nucleus 28, 456

cerebellar dysfunction. See cerebellar dysfunction
cerebellar peduncles

inferior cerebellar peduncle (corpus restiforme)  
25, 29, 456

juxtarestiform body 456
middle cerebellar peduncle (brachium pontis) 26, 29, 456
superior cerebellar peduncle (brachium conjunctivum)  

26, 29, 457
compartmentalization

acetylcholinesterase histochemistry 456
B-zone 28, 445
compartments in white matter 455
flocculonodular lobe 29, 455
intermediate zone (C-zones) 29, 455
lateral (D) zone 29, 455
longitudinal zones of Purkinje cells 455
medial (A) zone 28, 455

development
cerebellar malformations. See cerebellar malformations
histogenesis 27, 450
lower rhombic lip 450
tuberculum cerebelli 450
upper rhombic lip 450

gross anatomy
anterior lobe 28, 455
fissura prima 28, 455
flocculonodular lobe 28, 454
flocculus 28, 454
hemispheres 4, 28, 454
nodulus 28, 454
posterior lobe 28, 454
tonsil 2, 28, 455
vermis 28, 454

major fibre connections
anterior spinocerebellar tract of Gowers 25, 29, 458
brachium conjunctivum 26, 29, 457, 469, 470
brachium pontis 26, 29, 456
corpus restiforme 25, 29, 456
cuneocerebellar tract 25, 29, 457
frontopontine tract of Arnold 29, 457
hypothalamocerebellar projection 468
nucleocerebellar fibres 468
olivocerebellar fibres 25, 29, 469
parietotemporo-occipitopontine tract 29, 447
pontocerebellar fibres 26, 29, 465
posterior spinocerebellar tract of Flechsig 25, 457
primary vestibulocerebellar fibres 29, 459
rostral spinocerebellar tract 458
secondary vestibulocerebellar fibres 29, 459
trigeminocerebellar fibres 458
uncinate tract (Russell’s hook bundle) 472

neuron types 27, 449, 450
precerebellar nuclei

accessory inferior olivary nuclei 30, 460
inferior olivary nucleus 30, 460
pontine nuclei 26, 30, 464
pontine reticular tegmental nucleus of Bechterew  

30, 464
subdivision

pontocerebellum (neocerebellum) 28, 454
spinocerebellum (paleocerebellum) 28, 454
vestibulocerebellum (archicerebellum) 28, 454

tonsillar herniation 14, 455
cerebral achromatopsia 358–360
cerebral cortex

anterior commissure 46, 741, 743
cell types 39
connections of primary sensory cortices 717
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corpus callosum. See corpus callosum
cortical connections

association fibres. See corticocortical connections
commissural fibres. See corpus callosum
corticofugal projections. See cerebral cortex, corticofugal 

projections
long association fibres. See corticocortical connections

cortical layers 39, 712
cortical maps

Brodmann 38, 712–714
pigmentoarchitectonic map of Braak 719
Sarkissov et al. 38, 712–714
von Economo and Koskinas 38, 712–714

corticofugal projections
corticobulbar tract 26, 44
corticospinal tract 26, 44
frontopontine tract of Arnold 26, 29, 43
parietotemporo-occipitopontine tract 26, 29, 43

functional subdivision (Mesulam)
higher-order (heteromodal) association areas 41, 715
idiotypic (primary sensory) fields 40, 715
modality-specific (unimodal) motor cortices 41, 716
primary motor cortex 41, 716
unimodal sensory fields 40, 715

functional types of isocortex (von Economo and  
Koskinas) 712

multimodal maps 712
myelination pattern (Flechsig) 712
neurocognitive networks 713
pigmentoarchitectonics (Braak)

belt (secondary) areas 718
core (primary) areas 718
magnopyramidal territories 718

subdivision
allocortex 35, 47
isocortex (neocortex) 39
mesocortex 36

cerebral venous thrombosis
sagittal sinus thrombosis 98, 102
straight sinus thrombosis 98, 102

cerebrum (macroscopy)
frontal lobe

cingulate gyrus 3
gyrus rectus 4
inferior frontal gyrus 2
middle frontal gyrus 2
motor language area of Broca 2
orbital gyri 4
precentral gyrus 2, 4
superior frontal gyrus 2

insular lobe
gyri breves 2
gyri longi 2
limen insulae 2

occipital lobe
cuneus 3
lingual gyrus 3

parietal lobe
angular gyrus 2
inferior parietal lobule 2
marginal gyrus 2
paracentral lobule 2, 3
postcentral gyrus 2, 4
precuneus 3
superior parietal lobule 2

sulci
calcarine sulcus 3
central sulcus 2
cingulate sulcus 3
collateral sulcus 3
intraparietal sulcus 2
lateral sulcus 2
occipitotemporal sulcus 4
parieto-occipital sulcus 3

temporal lobe
fusiform gyrus 4
inferior temporal gyrus 2, 4
middle temporal gyrus 2
parahippocampal gyrus 3, 4
planum temporale 2
sensory language area of Wernicke 2
superior temporal gyrus 2
transverse gyri of Heschl 2

cervical autonomic ganglia
inferior cervical ganglion 567
middle cervical ganglion 567
stellate ganglion 567
superior cervical ganglion 567

cervical radicular syndromes 146–148
cholinergic cell groups

ascending cholinergic projections 222, 223
basal nucleus of Meynert (Ch4) 218–220
fibre connections 222, 223
horizontal limb nucleus of diagonal band (Ch3) 219
involvement in Alzheimer disease and related disorders 220
involvement in Parkinson disease and related disorders 220
laterodorsal tegmental nucleus (Ch6) 217
medial septum group (Ch1) 219
pedunculopontine tegmental nucleus (Ch5) 217
vertical limb nucleus of diagonal band (Ch2) 219

cingulate cortex
anterior cingulate cortex 725
caudal cingulate motor area 725
cingulum bundle 43, 725, 736, 740
middle cingulate cortex 725
posterior cingulate cortex 725
rostral cingulate motor area 725

cingulate cortex seizures 725
cingulum bundle 43, 725, 736, 740
circle of Willis

aneurysms 71
perforating branches 70, 71
variations 71, 73

circulus arteriosus. See circle of Willis
circumventricular organs

median eminence 612
organon vasculosum laminae terminalis  

(OVLT) 612
pineal gland 612

cisterns of subarachnoid space
cerebellomedullary cistern 10
chiasmatic cistern 10
cistern of lateral fossa 10
cisterna ambiens 10
cisterna magna. See cerebellomedullary cistern
interpeduncular cistern 10
pontine cistern 10
superior or quadrigeminal cistern 10

Clarke’s column 18, 457
classic degeneration techniques
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Marchi technique 109
selective silver impregnation techniques

Fink-Heimer technique 111
Nauta-Gygax technique 110

clinical stroke syndromes
anterior circulation strokes

ACA-distributed strokes 77, 78
ischaemic necrosis in MCA territory 79, 80
MCA stem occlusion 77

posterior circulation strokes
basilar thrombosis 80
basilar tip aneurysm 80
infarcts PCA territory 78

cochlea
basilar membrane 307
cochlear hair cells 307, 308
internal auditory artery 308
organ of Corti 307
scala media (cochlear duct) 307
scala tympani 308
scala vestibuli 308
transduction of sound 308

cochlear nerve
spiral ganglion 308
spiral ganglion cells 308

cochlear nuclei
blood supply 312
dorsal cochlear nucleus 20, 23, 312
primary auditory projections 312
secondary auditory projections 312
ventral cochlear nucleus 23, 312

coma
compressive lesions 234
destructive lesions 234
Glasgow Coma Scale 234
herniation syndromes

falcine herniation 234, 235
tonsillar herniation 234, 235
transtentorial (uncal) herniation 235–237

high pontine/lower midbrain lesions 240
common carotid artery 62
computed tomographic angiography (CTA). See vascular imaging
congenital aganglionosis 571
congenital cranial dysinnervation disorders (CCDDs)

congenital fibrosis of extraocular muscles type 1 252
Duane retraction syndromes 253, 254
horizontal gaze palsy with progressive scoliosis 252
HOXA1 syndrome 252

congenital saccular aneurysms 71
conus medullaris 147
conus medullaris syndrome 149
core-paracore concept 212
corpus callosum

bundles of Probst 741
development 741
developmental disorders corpus callosum 742
DTI studies 744
genu 3, 45, 743
rostrum 3, 45, 743
splenium 3, 45, 743
split-brain studies of Sperry 744
truncus 3, 45, 743
Witelson’s subdivision 744

corpus geniculatum laterale (CGL). See lateral geniculate body
corpus geniculatum mediale (CGM). See auditory system

corpus mammillare. See mammillary body
cortical arteries

anterior cerebral artery (ACA) 68
middle cerebral artery (MCA) 68
posterior cerebral artery (PCA) 68
variability of vascular territories 68

cortical maps
Brodmann 38, 712–714
pigmentoarchitectonic map of Braak 719
Sarkissov et al. 38, 712–714
von Economo and Koskinas 38, 712–714

cortical motor areas
non-primary motor cortex

caudal cingulate motor area 408, 426, 427
dorsolateral premotor cortices (F2 and F7) 408, 426, 427
presupplementary motor area (F6) 426, 427
rostral cingulate motor area 426, 427
supplementary motor area (SMA) proper (F3) 408, 409, 426, 427
ventrolateral premotor cortices (F4 and F5) 408, 426, 427

primary motor cortex (F1) 407, 408, 426, 427
corticobulbar system

aberrant corticofacial projections 404, 405
corticobulbar fibres 401–403
corticofacial projections 401, 402
corticonuclear system 401

corticocortical connections
association fibres

long association fibres 42, 736
neighbourhood association fibres 736
short association (U-) fibres 736

commissural connections
anterior commissure 741, 743
corpus callosum. See corpus callosum
development 741
hippocampal commissure (psalterium) 741, 743

cord 737
cortical superficial white matter 737
corticostriatal fibres

external capsule 737
subcallosal bundle (bundle of Muratoff) 737

deep white matter 737
long association fibre tracts

arcuate fascicle 43, 739
cingulum bundle 43, 740
DTI studies 740
extreme capsule 43, 739
fronto-occipital fascicle 43, 738
inferior longitudinal fascicle 739
middle longitudinal fascicle 43, 739
superior longitudinal fascicle (subcomponents I-III)  

42, 737
uncinate fascicle 43, 738

corticopontocerebellar system
corticopontine fibres

frontopontine tract of Arnold 457, 464–468
parietotemporo-occipitopontine tract 457, 464–468

‘motor’ module 465
‘prefrontal’ module 465
pontocerebellar projections 465

corticospinal tract
aberrant pyramidal tract bundles

pes lemnisci bundles 410
Pick’s bundle 410

anterograde transsynaptic degeneration 380, 383
branching pattern 408, 409
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cervical propriospinal premotoneurons 414
C3-C4 propriospinal system 414
corticomotoneuronal connections 397, 407
course

brain stem 410
capsula interna 406, 407
spinal cord 21, 397, 400, 412

dexterity 407
indirect corticospinal projections 414
lesions of the corticospinal tract

capsular hemiplegia 416
effects of sectioning pyramidal tract in monkeys 419
medial medullary syndrome 417
medullary pyramid lesion 421
pure lesions human pyramidal tract 421
pure motor stroke 416

lumbar propriospinal neurons 515
origin

medial motor areas 408, 409
motor cortex 407, 408
premotor cortex 407, 408
somatosensory cortex 407

site of termination 407–409
TMS studies 412
variations in decussation pyramidal tract 412
variations in funicular trajectory 410

corticostriatal projection system
associative (complex) circuits or loops

dorsolateral prefrontal circuit/loop 509
lateral orbitofrontal circuit/loop 509

DTI data 509
limbic (anterior cingulate) circuit/loop 509
sensorimotor circuits or loops

motor circuit/loop 509
oculomotor circuit/loop 509

cranial nerves
abducens nerve 5
accessory nerve 5
facial nerve 5
glossopharyngeal nerve 5
hypoglossal nerve 5
intermediate nerve of Wrisberg 5
oculomotor nerve 5
olfactory nerve 5
optic nerve 5
trigeminal nerve 5
trochlear nerve 5
vagal nerve 5
vestibulocochlear nerve 5

cranial nerve nuclei
branchiomotor nuclei

ambiguus nucleus 22, 25
facial motor nucleus 22, 25
trigeminal motor nucleus 22, 25

somatomotor nuclei
abducens nucleus 22, 25
hypoglossal nucleus 22, 25
oculomotor nucleus 22, 26
trochlear nucleus 22

somatosensory nuclei
mesencephalic trigeminal nucleus 23, 26
principal trigeminal sensory nucleus 22
spinal trigeminal nucleus 23, 25

vestibulocochlear nuclei
dorsal cochlear nucleus 20, 23
inferior vestibular nucleus. See spinal vestibular  

nucleus of Roller

lateral vestibular nucleus of Deiters 23, 25
medial vestibular nucleus of Schwalbe 23, 25
spinal vestibular nucleus of Roller 23, 25
superior vestibular nucleus of Bechterew 23, 26
ventral cochlear nucleus 23

visceromotor nuclei
dorsal motor nucleus of vagal nerve 22, 25
inferior salivatory nucleus 22
nucleus of Edinger-Westphal 22, 26
superior salivatory nucleus 22

viscerosensory nuclei
nucleus of the solitary tract 22

craniopharyngioma 612
cuneate fascicle. See dorsal column
cuneate nucleus. See dorsal column nuclear complex

D
dementia

Alzheimer disease (AD) 684
CERAD criteria 684, 689
Clinical Dementia Rating (CDR) 684
molecular classification 689
neuroanatomical basis for memory impairment in AD

basal nucleus of Meynert 684
Braak staging system 686–689
cholinergic hypothesis 684
spatial distribution AD stages 685
temporal distribution AD stages 685

NIA-RI Consensus report 684, 689
dementia with Lewy bodies 544, 545, 795–797
denervation of carotid baro- and chemoreceptors 581, 582
dentatorubropallidoluysian atrophy 519, 525–527
dermatomes

face 189, 190, 272, 273
lower limb 138–140
upper limb 138–140

descending auditory system
olivocochlear bundle of Rasmussen 325
peri-olivary nuclei 325

descending pain modulatory system 182
descending pathways to spinal cord

corticospinal tract. See corticospinal tract
Helweg’s triangular tract 399
interstitiospinal tract 20, 397, 399
lateral system of Kuypers 20, 397, 399
lateral vestibulospinal tract 20, 397, 399, 400
medial system of Kuypers 20, 397, 399
medial vestibulospinal tract 20, 397, 399
reticulospinal fibres 20, 397, 399
rubrospinal tract 20, 397, 399, 400
tectospinal tract 20, 398
third system of descending brain stem pathways 399
transection lateral brain stem pathway in monkeys 423
transection medial brain stem pathways in monkeys 422

descending supraspinal pathways. See descending pathways to spinal cord
developmental disorders of corpus callosum 742
diencephalon

development
primary prosencephalon 30
prosomeres 30
secondary prosencephalon 30

dorsal thalamus
anterior nuclei 32
core vs. matrix systems 34
intralaminar nuclei 32, 34
lateral nuclei 32
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medial nuclei 32
midline nuclei 32, 34
posterior nuclei 32
specific vs. non-specific nuclei 34

epithalamus 31
hypothalamus

longitudinal subdivision 36
magnocellular secretory system 36
parvocellular secretory system 36
rostrocaudal subdivision 35
tuberohypophysial tract 36

subdivision 31
subthalamus 35
thalamocortical connections 32, 33
ventral thalamus 35

diffusion spectrum imaging (DSI) 125
diffusion tensor imaging (DTI)

basis 123
diffusion tractography 123
fibre tracking tools 125

direct and indirect basal ganglia pathways
direct pathway (GABAergic/substance P-positive striatal 

projection) 506
disinhibition as basic mechanism 506
hyperdirect pathway (corticosubthalamic projection) 506
indirect pathway (GABAergic/enkephalinergic striatal  

projection) 506
disconnection syndromes

Geschwind’s framework 771
Geschwind’s territory 772
hodotopic framework 771, 772
language network disorders

direct pathway 772
indirect pathway 772

praxis network disorders
buccofacial apraxia 777
ideational (conceptual) apraxia 775
ideokinetic (ideomotor) apraxia 775, 776
limb-kinetic apraxia 775, 777
primary progressive apraxia 776

sensory-limbic disconnection syndromes
pain asymbolia 771

sensory-motor disconnection syndromes
conduction aphasia 771
conduction apraxia 771

sensory-Wernicke’s area disconnection  
syndromes

pure alexia 771
pure word deafness 771
tactile agnosia 771
tactile aphasia 771
visual agnosia 771

visual network disorders
akinetopsia 777
Bálint syndrome 777, 778
Capgras syndrome 780
cerebral achromatopsia 777
dorsal pathway lesions 777
prosopagnosia 758, 777–779
pure alexia 773, 774, 777
ventral pathway lesions 777

discriminative-sensory systems 134
diseases upper motoneuron 380
disorders of chemical control of breathing

central sleep apnoea 588
obstructive sleep aponea 588
sudden infant death syndrome (SIDS) 584, 590

disorders of consciousness
akinetic mutism 235, 240
high pontine/lower midbrain lesions 240
locked-in syndrome 235, 242
top-of-the-basilar syndrome 238

disorders of eye movements
Bálint syndrome 271, 773, 778
horizontal eye movement paralysis 267–269
internuclear ophthalmoplegia (INO) 267–269
paralysis of saccades and pursuit 271
vertical eye movement paralysis

downward saccade paralysis (Parinaud syndrome) 267, 269
progressive supranuclear palsy (PSP) 267
upward saccade paralysis 267

disorders of hyperconnectivity 712
disorders of micturition

drug-induced 594
psychic 594
structural

autonomic reflex bladder 594
brain stem lesions 596
cauda lesion 596
conus lesion 596
demyelinating disorders (urge incontinence) 595
detrusor areflexia 595
detrusor hyperreflexia 595
frontal lesion 594
multiple system atrophy 595
neurogenic bladder dysfunction 595
neurogenic spastic bladder 595
Parkinson disease 595

dorsal column
cuneate fascicle 152, 153
first-order (primary afferent) fibres 152
gracile fascicle 152, 153

dorsal column nuclear complex
cuneate nucleus of Burdach 25, 152
external cuneate nucleus 25, 152, 157
gracile nucleus of Goll 25, 152
internal arcuate fibres 154
lesion of decussating medial lemniscal fibres 155
medial lemniscus 154
X and Z nuclei 152

dorsal (posterior) column – medial lemniscus system
dorsal column projections 152–154
lesions of the dorsal column – medial lemniscus system

astereognosis 166, 171, 731
damage to postcentral cortex 166
dynamic cutaneous sensitivity defects 165
high cuneate tract transection 165
lesions of medial lemniscus 166, 168, 169
lesions of posterior column 165–167
parietal lesions 166, 170, 171, 731, 757–759
proprioceptive defects 165
strokes involving the ventroposterior  

thalamic nucleus 166
tactile apraxia 166, 731
transection of gracile tract 165

thalamic targets 154, 157–161
dorsal motor nucleus of vagal nerve 22, 25, 293
dorsal pallidum. See basal ganglia
dorsal roots

dorsal root entry zone 144
lateral component 144
lesions of dorsal roots (rhizotomies)

cervical roots 144–148
lumbar roots 146, 149, 150
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Lissauer’s tract 144, 176
medial component 142

dorsal striatum. See basal ganglia
dorsolateral funiculus sensory pathways 156
duplex Doppler imaging. See vascular imaging
dyslexia 770
dystonia 539

E
Edinger-Westphal nucleus 22, 26, 256
electroencephalography (EEG) 116
electrophysiological techniques

EEG 116
electrophysiological methods for brain mapping

electrical stimulation 121
intracranial stimulation 121
motor maps 121
spike-triggered averaging of EMG activity 121

evoked potentials 116
MEG 115
transcranial magnetic stimulation (TMS) 117–119

emotional motor system of Holstege 21, 368, 399
encephalitis lethargica 211, 225, 226
enteric nervous system

congenital aganglionosis 571
enteric neurons 571
extramural system 571
ganglioneuronitis (paraneoplastic syndrome) 571, 574
Hirschsprung disease. See congenital aganglionosis
intramural system 571
myenteric plexus of Auerbach 571
submucosal plexus of Meissner 571

entorhinal cortex
cortical afferents 664, 666
cortical efferents 664, 666
cortical layers 661
perforant path 662
subfields 661
verrucae hippocampi 47, 654, 681

enzyme histochemistry
acetylcholinesterase staining 107
cytochrome oxidase staining 107

epicritic system 134
epidural haemorrhage 12
epiphysis cerebri. See pineal gland
evoked potentials

motor-evoked potentials 118
short-latency somatosensory evoked potentials (SEPs) 116

external capsule 737
external carotid artery (ECA) 62
external cuneate nucleus. See dorsal column nuclear complex
extrastriate visual cortices

areas 349, 350, 734
connectivity

dorsal stream 349, 734
dorso-dorsal stream 350, 734
ventral stream 349, 350, 734
ventro-dorsal stream 350, 734

extreme capsule 739
eye movements

brain stem control
interstitial nucleus of Cajal 267
medial vestibular nucleus 267
nucleus prepositus hypoglossi 267

omnipause neurons 266
paramedian pontine reticular formation (PPRF) 267
premotor burst neurons 266
rostral interstitial nucleus of the MLF 267

disorders. See disorders of eye movements
gaze holding 264
nystagmus 266
optokinetic nystagmus 266
optokinetic responses 264
saccades 264
smooth pursuit movements 264
vergence movements 264
vestibulo-ocular reflexes

horizontal vestibulo-ocular reflex 265
vertical vestibulo-ocular reflex 265

vestibulo-optokinetic system 264
voluntary control

dorsolateral prefrontal cortex (DLPC) 271
frontal eye field (FEF) 270
middle superior temporal area (MST) 271
middle temporal area (MT) 271
posterior parietal cortex (PPC) 270
supplementary motor area (SMA) 270

F
facial nerve

branchiomotor component 279
facial motor nerve 5, 279
intermediate nerve of Wrisberg 279
internal genu 25
parasympathetic branches (superior salivatory nucleus)

chorda tympani 280
greater petrosal nerve 280

sphenopalatine ganglion 280
submandibular ganglion 280
taste component 279

facial nerve lesions
congenital facial palsy 281
peripheral lesions

Bell’s palsy 280
hemifacial spasm 280
Ramsay-Hunt syndrome 280

facial (motor) nucleus
corticobulbar projections 279
corticofacial projections 279
subdivision 22, 25, 279

fasciculus longitudinal medialis. See medial longitudinal fascicle
feeding

arcuate nucleus 622
lateral hypothalamic area 622
leptin receptors 622
obese mouse 622
ventromedial nucleus syndrome 609, 622

fibre dissection 108
fornix 3, 48, 663
fourth ventricle

Bochdalek’s bouquet 4
choroid plexus 4
fastigium 4

frontal lobe
Broca’s motor speech area 721
connectivity area 44 723
connectivity area 45 724
connectivity caudal prefrontal cortex 723
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connectivity orbitofrontal cortex 724
connectivity prefrontal cortex

subcortical projections 723
thalamic afferents 723

connectivity rostral prefrontal cortex 723
frontal eye field 721
fronto-subcortical circuits

dorsolateral prefrontal-subcortical circuit 725
lateral orbitofrontal-subcortical circuit 725
medial orbitofrontal-subcortical circuit 725
superior medial frontal-subcortical (anterior cingulate)  

circuit 725
inferofrontal magnopyramidal region 718, 721
medial prefrontal network 725
non-primary motor cortex

dorsolateral premotor cortices (F2 and F7) 722
presupplementary motor area (pre-SMA, F6) 722
supplementary motor area proper (F3) 722
ventrolateral premotor cortices (F4 and F5) 722

orbital prefrontal network 724
prefrontal cortex

dorsolateral prefrontal cortex 722
orbitofrontal cortex 722
ventrolateral prefrontal cortex 722

primary motor cortex (F1) 721
superofrontal magnopyramidal region 718

fronto-occipital fascicle 738
frontotemporal lobar degeneration

clinical presentation 792
neuropathological assessment 790
neuropathological subdivisions 790, 795
subtypes

frontotemporal dementia (FTD) 725, 726
non-fluent progressive aphasia (NFPA) 725
semantic dementia (SD) 725

frontal syndromes
prefrontal disconnection syndrome 725, 726
syndrome of frontal abulia 725
syndrome of frontal disinhibition 725

functional MRI 125

G
gait disorders

hypokinetic-rigid gait disorders 393
normal pressure hydrocephalus 394
spastic gait disorders 393

ganglioneuronitis 571, 574
gate control theory of pain 176
Geschwind’s framework of disconnection syndromes 771
Geschwind’s territory 772
Gerstmann syndrome 756
Gilles de la Tourette syndrome 539
globus pallidus. See basal ganglia
glossopharyngeal nerve

branchiomotor fibres (ambiguus nucleus) 5, 293
otic ganglion 294
parasympathetic fibres (inferior salivatory nucleus) 293
taste component 293
viscerosensory fibres 5, 293

glossopharyngeal nerve lesions
foramen jugulare syndromes 293
glossopharyngeal neuralgia 293

Golgi tendon organ 137, 373
gracile fascicle. See dorsal column

gracile nucleus. See dorsal column nuclear complex
grasping 164, 165, 730
grasping disorders 165, 730, 731
great radicular artery 65, 96
gustatory system

ascending gustatory projections 283–285
gustatory aura 284
gustatory cortex 284
nucleus of the solitary tract 22, 283
oval nucleus 283
parabrachial nucleus 283
peripheral gustatory apparatus 283
primary gustatory afferents 283
thalamic gustatory relay 283

H
hearing loss

acoustic neurinoma 309–311
cerebellopontine angle tumour 310
conductive hearing loss 309
presbycusis 309
sensorineural hearing loss 309
tinnitus 309

hemiballism 519, 524
hemispheric differences

anatomical differences 760
asymmetry 755, 759
cerebral dominance 755
functional differences 760
handedness 755
hand preference 755
hemisphere specialization 755
laterality 755
lateralization of auditory processing 759
lateralization of visuospatial processing 756
left hemisphere syndrome 756
right hemisphere syndrome 756
Sperry’s studies on split-brain patients 756

hereditary motor and sensory neuropathy (HMSN) 145
hereditary retinal dystrophies 335
hereditary sensory and autonomous neuropathies  

(HSANs) 145
herniation syndromes

falcine herniation 14, 234, 235
tonsillar herniation 14, 234, 235
transtentorial (uncal) herniation 14, 235–237

herpes simplex encephalitis 656, 681
Heubner’s recurrent artery. See perforating branches
high pontine/lower midbrain lesions leading to coma 240
higher-order motor control

human cortical motor areas. See human cortical  
motor areas

lesions higher-order motor centres
apraxia 434
bilateral parieto-occipital lesions 433
visuomotor or optic ataxia 434

hippocampal formation
alveus 48
basic circuitry 48, 662
cell types 47
cornu Ammonis

CA1-CA3 fields (hippocampus proper) 47, 659
hilus dentate gyrus (CA4 field) 47, 659
H1-H5 subfields 659
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Sommer’s sector 47, 659, 669
Spielmeyer’s sector 669

cornu Ammonis layers
molecular layer (stratum moleculare) 659
polymorph layer (stratum oriens) 659
pyramidal layer (stratum pyramidale) 659

dentate gyrus
granular layer (stratum granulosum) 661
molecular layer (stratum moleculare) 661
polymorph hilus (CA4 field) 661

development
precommissural part 47, 659
retrocommissural hippocampus 47, 659
supracommissural hippocampus 47, 659

diffuse infiltrative growth along hippocampal projections 668
entorhinal territory

entorhinal cortex 47, 658, 661
transentorhinal (perirhinal) cortex 47, 661
verrucae hippocampi 47, 661

fibre connections
brain stem inputs 663
commissural connections 663
extrinsic connections 662
hypothalamic projection 663
intrinsic connections 662
perforant path 662
precommissural fornix 48, 663
postcommissural fornix 49, 663
septohippocampal projection 663
subcortical afferents 663
subcortical efferents 663
thalamic projections 663
trisynaptic basic circuit 662

formatio hippocampi. See hippocampal formation
hippocampal commissure (psalterium) 45, 663
hippocampus proper 659
indusium griseum 47, 659
psalterium. See hippocampal commissure
striae longitudinales medialis and lateralis of Lancisi 47, 659
subdivision

dentate gyrus 47, 661
entorhinal cortex 47, 661
hippocampus proper (Ammon’s horn) 47, 659
parahippocampal region 658
subicular complex 659

subiculum 47, 634, 659, 663
temporal lobe epilepsy

Ammon’s horn sclerosis 669
amygdaloid sclerosis 669
dispersed granule cells 669
dysembryoplastic neuroepithelial tumours  

(DNET) 670
endfolium sclerosis 669
mossy fibre sprouting 669

transneuronal atrophy mammillary body 666
hodological syndromes 712
Holmes or rubral tremor 476, 477
Horner syndrome 62, 344–346
human cortical motor areas

knob marking hand area 426
lesions cortical motor centres

lesions precentral gyrus 429
lesions premotor cortex 430
lesions supplementary motor area 430

motor cortex somatopy 426–429
motor homunculus 425, 427
non-primary motor cortex

caudal cingulate zone 427
presupplementary motor area 427
rostral cingulate zone 427
supplementary motor area (SMA) 427, 428

premotor cortex
dorsolateral premotor area 426
ventrolateral premotor area 426

primary motor cortex (area 4) 426
human manipulatory skills

bimanual coordination 427
hand dominance 429
in cerebellar patients 421
in hemiparetic patients 421
in Huntington disease 421
writer’s cramp 421

hypoglossal nerve 5, 297
hypoglossal nerve lesions 298
hypoglossal nucleus 22, 25, 297
hypophysis cerebri. See pituitary gland
hypothalamic nuclei

anterior group
paraventricular nucleus 606
preoptic nuclei 606
sexually dimorphic intermediate nucleus 607, 622
subparaventricular zone 607
suprachiasmatic nucleus 606, 607
supraoptic nucleus 606
ventrolateral preoptic nucleus 607

lateral hypothalamic area
perifornical group 226, 609

middle group
arcuate (infundibular) nucleus 608
dorsomedial nucleus 608
lateral tuberal nucleus 608
tuberomammillary nucleus 608
ventromedial nucleus 608

posterior group
mammillary body 606, 609
posterior hypothalamic nucleus 606

hypothalamohypophysial pathways
magnocellular secretory system

oxytocinergic pathway 620
paraventriculohypophysial pathway 36, 603, 620
supraopticohypophysial pathway 36, 603, 620
vasopressinergic pathway 620

parvocellular secretory system
pituitary hormones 621
releasing hormones 621

hypothalamus
anatomical organization

longitudinal subdivision 36, 604
rostrocaudal subdivision 35, 604

arterial supply 604
functional organization

feeding. See feeding
reproduction. See reproduction
sleep. See sleep
thermoregulation. See thermoregulation

gross anatomy
chiasmatic region 608
hypophysial stalk 604
mammillary bodies 604
tuber cinereum 604
tuberal region 610

histaminergic neurons (tuberomammillary nucleus) 226, 227
hypothalamic afferents 614
hypothalamic efferents 615
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hypothalamohypophysial pathways. See hypothalamohypophysial 
pathways

involvement in
Alzheimer disease 603, 607, 608
diabetes insipidus 603, 620
Huntington disease 603
Kallmann syndrome 608
Parkinson disease 603
Prader-Willi syndrome 603, 621
Wolfram syndrome 603, 621

lateral hypothalamus
perifornical group 226

longitudinal subdivision 36, 604
magnocellular secretory system 36, 603, 620
main fibre connections

fornix 616
hypothalamocortical projections 619
mammillary peduncle 617
mammillotegmental tract 617
mammillothalamic tract of Vicq d’Azyr 617, 618
medial forebrain bundle 618
principal mammillary fascicle 617
stria terminalis 618
ventral amygdalofugal pathway 618

mammillary body. See mammillary body
nuclei. See hypothalamic nuclei
orexinergic neurons 226
parvocellular secretory system 36, 603, 621
rostrocaudal subdivision 35, 604
sleep-promoting region

ventrolateral preoptic area (VLPO) 227
tuberohypophysial tract 36
venous drainage 604
ventromedial hypothalamic syndrome 609, 622

I
immunohistochemical techniques 114
inferior colliculus 314
inferior longitudinal fascicle 739
inferior olive

accessory olivary nuclei 25, 460
central tegmental tract 25, 461, 463
hypertrophy inferior olive

oculopalatal tremor 461
palatomyoclonus or palatal tremor 461

inferior olivary nucleus 25, 460
medial tegmental tract 461, 463
olivocerebellar projections 460

inferior salivatory nucleus 22, 293
inner ear 307
insular lobe

insula of Reil 2, 735
insular connectivity 735
role in chemical exteroception 735, 736
role in interoception 735, 736
stimulation of human insula 736

interhemispheric fissure 3
internal carotid artery (ICA)

arterial dissection 62
gross anatomy 62
segments (C1-C4) 62

internuclear ophthalmoplegia (INO) 267–269
interpeduncular fossa 4
intracranial compartments

falx cerebri 10, 13
infratentorial compartment 10, 13

supratentorial compartments 10, 13
tentorium cerebelli 10, 13
tentorial notch 13
tonsillar herniation 14
transtentorial herniation 14
uncal herniation 14

ischaemic stroke
anaemic (pale) infarcts 75
haemorrhagic infarcts 75
lacunar stroke. See lacunar stroke
large-artery atherosclerosis 76
lenticulostriate pathology 76
small-vessel atherosclerosis 76
watershed infarcts 76

isthmus cinguli 3
isocortex. See cerebral cortex

K
Klüver-Barrera technique 108
Klüver-Bucy syndrome 652–654

L
labelled line theory for pain 176
lacunar stroke

ataxic hemiparesis 76
dysarthria-clumsy hand syndrome 76
pure motor hemiparesis 76
pure sensory syndrome 76
sensorimotor syndrome 76

language disorders
agrammatism 765
aphasia. See aphasias
bilingual language processing after a lesion of left thalamus/

temporal region 773
dyslexia 770
dysprosodia 762
motor aprosodia 762
primary progressive aphasia (PPA)

logopenic progressive aphasia (LPA) 768
non-fluent progressive aphasia (NFPA) 768
semantic dementia (SD) 768

pure alexia 772–774
sensory aprosodia 763
Wernicke-Geschwind model 762
Wernicke-Lichtheim model 761

language pathways
arcuate fascicle 766, 770, 771
dorsal pathway 766
DTI studies 766
dual stream model 767
ontogenetic data 766
phylogenetic data 766
ventral pathways 766

language processing
classic, clinicopathological approach 761
neurolinguistic approach 764
prosody 762
subcortical structures 772
syntactic approach to Broca aphasia 765
syntax 765
syntax-semantic interphase 765
Wernicke-Geschwind model 762
Wernicke-Lichtheim model 761

large-artery atherosclerosis 76
large- vs. small-fibre systems 134
lateral cervical nucleus 156
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lateral geniculate body (LGB)
localization 32
enucleation 339, 340
innervation by retinal ganglion cells

koniocellular system 333, 338
midget ganglion cells (P cells) 333, 338
parasol ganglion cells (M cells) 333, 338

magnocellular layers 333, 338
parvocellular layers 333, 338
retinal representation 333, 339
transneuronal degeneration after enucleation 339, 340

lateral lemniscus 25
lateral occipital artery 64
lateral olfactory stria 4
lateral reticular formation. See reticular formation
lateral reticular nucleus 214, 458
lateral sulcus 2
lateral tegmental field. See reticular formation
lateral ventricle 15
left hemisphere syndrome 756
lemniscal vs. non-lemniscal systems 134
lenticulostriate pathology 76
lesions basal ganglia

acquired disorders basal ganglia
familial striatal degeneration (glutaric aciduria  

type 1) 521
Hallervorden-Spatz disease 519
hypokinetic-rigid syndrome in childhood 519
Leigh syndrome 519, 522

caudate lesions 518, 519
developmental malformations basal ganglia 519
globus pallidus lesions 519–521, 524
kernicterus 520
putamen lesions 518
substantia nigra lesions 518
subthalamic lesions

dentatorubropallidoluysian atrophy 519, 525
hemiballism 518, 519, 524

limbic system
Broca’s ‘grand lobe limbique’

fornicate gyrus of Meynert 46, 634
inner ring 46, 634
outer ring 46, 634

circuit of Papez 46, 633
greater limbic system of Nieuwenhuys 46, 635
Heimer’s limbic lobe 46, 634
MacLean’s limbic system 46, 634, 635
Nauta’s limbic midbrain area 46, 634, 635
Rhinencephalon 46, 635

lipofuscin pigment
intraneuronal accumulation 107
pigmentoarchitecture

amygdala 108
cerebral cortex 108
substantia nigra 108

Lissauer’s tract 144, 176
liquor circulation

arachnoid granulations of Pacchioni 15
arachnoid villi 15
cerebellomedullary cistern 15
lateral aperture (foramen of Luschka) 15
median aperture (foramen of Magendie) 15
intraventricular foramen of Monro 15

locked-in syndrome 93, 235, 242
locomotion

afferent control 389
central pattern generators 388

H-reflex 389
human walking 388
interlimb coordination 388
locomotor capacity isolated spinal cord 389
spinal cord injuries

Brown-Séquard syndrome 392, 393
Brown-Séquard-plus syndrome 392, 393
complete transection spinal cord 391

spinal stepping 389
supraspinal control

mesencephalic locomotor region (MLR) 389
pontomedullary locomotor region (PLR) 390
subthalamic motor region (SLR) 389

locus coeruleus
fibre connections

ascending projections 222
descending projections 222

involvement in Alzheimer disease 216
involvement in Parkinson disease 216
organization 216

logopenic progressive aphasia (LPA) 768
long association fibre tracts. See corticocortical connections
long central artery. See perforating branches
lower brachial plexus lesions (Dejerine-Klumpke paralysis)  

150, 379, 381
lumbosacral plexus 143, 379
lumbosacral plexus lesions

lumbar plexopathies 146, 151, 379
lumbosacral plexus neuropathy 151, 379, 382

M
magnetic resonance angiography (MRA). See vascular imaging
magnetic resonance imaging (MRI)

diffusion-weighted imaging (DWI) 122
MRI of axon degeneration 122
T1 vs. T2 relaxation times 122

magnetoencephalography (MEG) 115
mammillary body

damage to mammillary body 673, 674
diencephalic amnesia 673
fibre connections

fornix 616
mammillary peduncle 617
mammillotegmental tract 617
mammillothalamic tract of Vicq d’Azyr 617, 618, 666, 675
principal mammillary fascicle 617

gross anatomy 4, 604
Korsakoff syndrome 673
lateral mammillary nucleus 609
medial mammillary nucleus 609
retrograde degeneration due to lesion of Vicq d’Azyr bundle 617
transneuronal degeneration following fornix infarct 616
transneuronal degeneration following hippocampus infarct 616

Marchi technique 109
medial geniculate body (MGB). See auditory system
medial lemniscus 19, 25
medial longitudinal fascicle

course 25, 254
internuclear fibres 254, 256
internuclear ophthalmoplegia (INO) 267, 269
interstitiospinal tract 20, 307, 399
vestibulo-oculomotor fibres 265–267, 287

medial occipital artery 64
medial olfactory stria 4
medial reticular formation. See reticular  

formation
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medial tegmental field. See reticular formation
median eminence 613
medulla oblongata

decussatio pyramidum 4
median fissure 4
oliva 4
pyramis 4

membranous labyrinth
ampullary crest 285
macula (otolith organ) 285
sacculus 284
semicircular canals 284
unilateral labyrinthectomy 288
utriculus 284

memory
amnesia. See amnesia
declarative memory 672
episodic memory 672
medial temporal lobe memory system 672
procedural memory 672
semantic memory 672

memory disorders
amnesia. See amnesia
bilateral damage restricted to hippocampus (case WH) 674, 680
bilateral lesions medial temporal lobe (case HM) 674, 678
diencephalic amnesia 673, 682
fornix transection 674
Korsakoff syndrome 673
medial temporal amnesia 674
thalamic amnesia 673, 682
unilateral herpes simplex encephalitis amygdala/rostral 

hippocampus 681
Wernicke encephalopathy 676, 677
Wernicke-Korsakoff syndrome 673, 677

meninges
arachnoid 10
dura mater

diaphragma sellae 10
falx cerebelli 10
falx cerebri 10
tentorium cerebelli 10

epidural haemorrhage 12
epidural space 10, 12
of spinal cord 17
pia mater 10
subarachnoid haemorrhage 12
subarachnoid space 10
subdural haemorrhage 12
subdural space 10

meralgia paraesthetica 143
Meyer’s loop 341
micturition

afferent fibres 592
Barrington’s area or nucleus 592
basic micturition control system 593
bladder 591
cortical control 593
disorders of micturition. See disorders of micturition
dorsolateral part pontine tegmental field

Barrington’s area or nucleus 592
L-or lateral region 592
M-or medial region 592
pontine micturition centre 592

micturition reflex 592
periaqueductal grey 593
peripheral nerves

nucleus of Onuf 592

sacral parasympathetic nerves (pelvic nerves) 592
sacral somatic nerves (pudendal nerves) 592
thoracolumbar sympathetic nerves (hypogastric nerves)  

592
PET studies 593
pontine micturition centre 592
SPECT studies 593

middle cerebral artery (MCA)
gross anatomy 64
ischaemic necrosis MCA territory 79
MCA stenosis 78
segments (M1-M4) 64

middle cranial fossa 5
middle ear

acoustic middle ear reflex 306
auditory ossicles 306
fenestra cochleae 306
fenestra vestibuli 306
middle ear muscles 306
tympanic cavity 306
tympanic membrane 306

middle longitudinal fascicle 739
mirror-neuron system

‘broken mirror’ hypothesis 723
fMRI studies 723
mirror neurons in F5 723
mirror neurons in inferior parietal lobule  

(area 7b or PF) 723
TMS studies 723

monoaminergic nuclei
adrenergic cell groups. See adrenergic cell groups
noradrenergic cell groups. See noradrenergic cell groups
serotonergic cell groups. See serotonergic cell groups

motoneuron disease
amyotrophic lateral sclerosis (ALS) 380, 384–387
motoneuron disease (MND) 380, 384

motoneurons
fusimotor (g) motoneurons 370
skeletofusimotor (b) motoneurons 371
skeletomotor (a) motoneurons 370

motor thalamus
Hassler’s terminology

nucleus ventralis caudalis (Vc) 502
nucleus ventralis intermedius (Vim) 502
nucleus ventralis oralis anterior (Voa) 502
nucleus ventralis oralis posterior (Vop) 502

physiological studies
combined cells 503
cutaneous sensory cells 503
kinaesthetic or deep sensory cells 503
voluntary cells 503

surgical procedures 503
tremor cells 503
Walker’s terminology

ventral anterior nucleus (VA) 32, 502
ventral intermediate nucleus (VIM) 502
ventral lateral nucleus (VL) 32, 502
ventral medial nucleus (VM) 502

motor units
activation 372
diseases of motor units

myopathic disease 379
neurogenic disease 379

innervation ratio 371
recruitment 372
‘size’ principle 372

muscle fibre types
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fast twitch, glycolytic (FG) 371
fast twitch, oxidative, glycolytic (FOG) 371
innervation ratio 371
slow twitch, oxidative (SO) 371
type I 371
type IIA 371
type IIB 371

muscle spindles
fusimotor efferents 373
nuclear bag fibres 372
nuclear chain fibres 372
primary endings (type Ia afferents) 373
secondary endings (type II afferents) 373

muscle tone
hypertonia

rigidity 377
spasticity 377

hypotonia 378
muscle unit 371
musical perception

amusia 319, 320
disturbed perception of music 320
musical hallucinations 320
perfect pitch 320

N
Nauta-Gygax technique 110
neglect syndrome 731, 757–759
neuralgic amyotrophy 151
neuropathology of basal ganglia disorders

Huntington disease
atrophy striatum 552
Vonsattel staging 552

neuropathological assessment of hypokinetic disorders  
544–546

Parkinson disease
a-synuclein aggregates 543
Braak staging 542, 544

Parkinson-plus disorders
corticobasal degeneration (CBD) 546, 547, 550, 551
multiple system atrophy (MSA) 546, 547
progressive supranuclear palsy (PSP) 546–551
striatonigral degeneration (SND) 546

postencephalitic parkinsonism 541, 542
synucleinopathies

dementia with Lewy bodies 544, 545
multiple system atrophy 546, 547
Parkinson disease 541–545
Parkinson disease with dementia 544

tauopathies
corticobasal degeneration 546, 547, 550, 551
progressive supranuclear palsy 546–549
frontotemporal dementia with parkinsonism, linked to 

chromosome 17 540
sporadic multisystem tauopathies 540

nigrostriatal system 517
nociception

afferent fibres 176
capsaicin 176
gate control theory 176
labelled line theory 176
nociceptors 136, 137, 176
spinothalamic tract cells 176–178

non-fluent progressive aphasia (NFPA) 768
non-invasive imaging techniques

diffusion tensor imaging (DTI) 123

functional MRI 125
MR imaging 122
positron emission tomography (PET) 125
single-photon-emission computed tomography  

(SPECT) 126
noradrenergic cell groups

dorsal medullary cell system (A2) 216
lateral tegmental cell group
medullary part (A1) 27, 216
pontine part (A5, A7) 27, 216
locus coeruleus 27, 216
mesencephalic dopaminergic cell system  

(A8-A10) 216
midline and periventricular cell system  

(A10, A11) 216
nucleus prepositus hypoglossi 267, 459
nucleus tegmenti pedunculopontinus. See pedunculopontine  

tegmental nucleus
O
obsessive-compulsive disorders 539
occipital lobe

dorsal stream
dorso-dorsal stream to areas V6, V6A and MIP 350, 734
ventro-dorsal stream to area MT and visual areas  

of IPL 350, 734
extrastriate areas 349, 350, 734
primary visual cortex (striate area or area 17) 346–348, 733
ventral stream to area V4 349, 350, 734

oculomotor nerve
extraocular motor component 5, 254
parasympathetic component (Edinger-Westphal nucleus) 5, 256

oculomotor nerve lesions
Benedict syndrome 256
Claude syndrome 256
oculomotor paralysis 257–259, 261
sinus cavernosus syndromes 257, 262, 263
Weber syndrome 256

oculomotor nucleus
central caudal nucleus 254
Edinger-Westphal nucleus 22, 26, 256
internuclear neurons 256
lesions oculomotor nucleus 256, 261
subdivision 22, 26, 254, 256

olfactory bulb/stalk/tract. See olfactory system
olfactory system

accessory olfactory system
accessory olfactory bulb 47, 639
pheromones 639
vomeronasal organ of Jacobson 4, 47, 639

anosmia 638
main olfactory system

anterior olfactory nucleus 637
anterior perforated substance 638
fila olfactoria 47, 636
glomeruli 47, 636
lateral olfactory stria 638
medial olfactory stria 638
olfactory bulb 4, 47, 637
olfactory groove meningioma 638
olfactory stalk 4, 47, 637
olfactory tract 4, 47, 638
olfactory tubercle 638
piriform or primary olfactory cortex 638
periamygdaloid cortex 638
prepiriform cortex 638
rhinencephalon 636

optic chiasm/nerve/radiation/tract. See visual system
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P
pain

cortical targets 181
gate control theory 176
lesions of pain pathways

brain stem 183, 186
insula 184, 188
spinal cord 183, 185
thalamus 184, 186

labelled line theory 176
nociceptive afferent fibres 176
pain matrix

lateral pain system 180, 181
medial pain system 180, 181

spinohypothalamic tract 181
spinolimbic tract 181
spinothalamic tract 176–178
thalamic targets 177–181

pain asymbolia 183
pallidal complex

globus pallidus (pallidum)
lateral or external segment 501
medial or internal segment 501

pallidal compartmentalization 502
pallidofugal fibres. See pallidofugal fibres
ventral pallidum 501

pallidofugal fibres
ansa lenticularis 513
anterograde fibre degeneration following pallidotomy  

513, 514
fasciculus lenticularis (H2 field of Forel) 513
pallidonigral projection 513
pallidothalamic fibres 513
thalamic fascicle (H1 field of Forel) 513
thalamic targets 513

Pancoast tumour 150
paramedian artery occlusion 86
paramedian reticular nucleus 214, 458
paramedian tract 256
parasympathetic control pupil

ciliary ganglion 343
Edinger-Westphal nucleus 343
lesions affecting parasympathetic control

‘afferent pathway lesion’ 344
Argyll-Robertson pupil 344
Holmes-Adie or ‘tonic’ pupil 344
Parinaud syndrome 344

short ciliary nerves 343
parasympathetic division of autonomic  

nervous system
ambiguus nucleus 567
cardiac plexus 575
cranial part 567
dorsal motor nucleus of vagus 567
Edinger-Westphal nucleus 567
inferior salivatory nucleus 567
parasympathetic innervation

bladder 576
eye 567
heart 575
lacrimal gland 567
salivatory glands 567
viscera 575

pelvic nerves 575
preganglionic parasympathetic fibres 567, 575
postganglionic parasympathetic fibres 567
sacral part 567

sacral parasympathetic nerves (pelvic nerves) 592
superior salivatory nucleus 567
vagus nerve 567, 575

parietal lesions
inferior parietal lobule

neglect syndrome 731, 757–759
superior parietal lobule

astereognosis 166, 731
optic (visuomotor) ataxia 731
tactile apraxia 166, 731

parietal lobe
anterior parietal cortex

parietal ventral area (PV) 726
primary somatosensory area (S1 or area 3,1,2) 726
second somatosensory area (S2) 726

grasping 730
grasping disorders 730–732
inferior parietal lobule

angular gyrus (area 39 or PG) 728
supramarginal gyrus (area 40 or PF) 828

intraparietal sulcus
anterior intraparietal area (AIP) 728
area PEip 728
area V6A 728
lateral intraparietal area (LIP) 728
medial intraparietal area (MIP) 728
posterior intraparietal area (PIP) 728
ventral intraparietal area (VIP) 728

parallel parietofrontal circuits 729
parietal reach region 728
precuneus 728
posterior parietal cortex

inferior parietal lobule 728
superior parietal lobule 728

superior parietal lobule
area 5 728
area 7a (PEm) 728
area 7b (PEp) 728

parieto-occipital artery 64
Parkinson disease

akinesia 529
animal models 528
DAT imaging 530
deep brain stimulation 532
drug-induced (MPTP) parkinsonism 529, 532
neurosurgical procedures 532
PET/SPECT studies 530
toxic (cycad seeds) parkinsonism 532
transcranial Doppler imaging (TCDI) 531
tremor at rest 529
vascular parkinsonism 531, 533

Parkinson-plus disorders
corticobasal degeneration (CBD)  

531, 536, 546, 550
multiple system atrophy (MSA) 531, 535, 536
progressive supranuclear palsy (PSP) 531, 536, 546

pathophysiology basal ganglia disorders
ballism 528
chorea

Huntington disease 528, 538
L-DOPA-induced dyskinesias 539

dystonia 539
hemiballism 538
obsessive-compulsive disorders

Gilles de la Tourette syndrome 539
‘obsessive-compulsive circuit’ 539
obsessive-compulsive disorders 539
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Parkinson disease
akinesia 529
animal models 528
DAT imaging 530
deep brain stimulation 532
drug-induced (MPTP) parkinsonism 529, 532
neurosurgical procedures 532
PET/SPECT studies 530
toxic (cycad seeds) parkinsonism 532
transcranial Doppler imaging (TCDI) 531
tremor at rest 529

Parkinson-plus disorders 531, 535, 536
posttraumatic tremor without parkinsonism 532
selective vulnerability basal ganglia 519–522
vascular parkinsonism 531, 533

pedunculopontine tegmental nucleus
fibre connections 222, 223, 516
pars compacta 216, 515
pars dissipata 216, 515

pedunculus cerebri
corticobulbar tract 4, 26
corticospinal tract 4, 26
frontopontine tract of Arnold 4, 26
parietotemporo-occipitopontine tract 4, 26

perforating branches
anterolateral central arteries (from MCA) 71
anteromedial central arteries (from ACA) 70, 82
from anterior choroidal artery 83
from anterior communicating artery 82
from posterior choroidal artery 84
Heubner’s recurrent (long central) artery (from ACA) 70, 82
lenticulostriate arteries (from MCA) 71, 82
posterolateral central arteries (from posterior  

communicating artery) 71, 84
posteromedial central (thalamoperforating) arteries  

(from P1) 71, 84
thalamogeniculate branches (from P2) 84

peripheral (lower) motoneurons
motoneuron disease

amyotrophic lateral sclerosis (ALS) 384–387
motoneuron disease (MND) 380, 384

motoneurons lower extremity muscles 369
motoneurons upper extremity muscles 368, 369
Sherrington’s ‘final common path’ 367
somatic motoneuronal cell groups spinal cord

lateral column 368
medial column 368

peripheral nerves
brachial plexus. See brachial plexus
cervical plexus 140, 378
lesions of peripheral nerves

entrapment of median nerve 143
lesion of peripheral nerve (mononeuropathy) 140–143
lesion of spinal nerve 140
lesions of brachial plexus. See lesions brachial plexus
lesions of individual cervical roots 146–148
lesions of individual lumbar roots 146, 149, 150
lesions of lumbosacral plexus. See lesions lumbosacral  

plexus
meralgia paraesthetica 143
plexopathies 149–151, 379, 382
polyneuropathy 144, 145

lumbosacral plexus. See lumbosacral plexus
neurovascular compression syndromes 143, 378

peripheral pathways. See peripheral nerves
pineal gland 3, 613
pituitary gland

adenohypophysis 36, 610
anterior lobe 36, 610
craniopharyngioma 612
development

adenohypophysial pouch of Rathke 610
adenohypophysial primordium 610
neurohypophysial evagination 610

hypophysial stalk 3, 604
infundibulum 36, 604
neurohypophysis 36, 610
pars distalis 610
pars intermedia 610
pars tuberalis 610
persistent craniopharyngeal canal 611
pharyngeal hypophysis 610
pharyngosellar pituitary 611
posterior lobe 36, 610

plexopathies 149–151, 379
pons Varoli 4, 25
pontine nuclei 26, 464
pontine syndromes

anterior pontine infarction 94
lacunar infarct pons 94, 96
pontine tegmentum strokes 94

positron emission tomography (PET) 125
posterior cerebral artery (PCA)

gross anatomy 64
infarcts PCA territory 78
segments (P1-P4) 64

posterior choroidal arteries 64, 84
posterior circulation 78
posterior communicating artery 62
posterior cranial fossa 5
posterior inferior cerebellar artery (PICA) 64
posterior perforated substance 4, 70
posterior spinal arteries 65, 96
posterolateral central arteries. See perforating branches
posteromedial central arteries. See perforating branches
posture

postural control system
basal ganglia 396
cerebellum 396
vestibular nuclear complex 396

pretectum 337, 343
primary degenerative dementias

clinical profile
primary progressive aphasia 780, 785
progressive amnestic dysfunction 781, 788
progressive comportmental/executive dysfunction 780, 784
progressive visuospatial dysfunction 781, 788

enigma of lobar degeneration 781
neuroanatomical basis 780
neuropathological assessment 790

primary progressive aphasia (PPA)
logopenic progressive aphasia (LPA) 781, 788
non-fluent progressive aphasia (NFPA) 768, 785
semantic dementia (SD) 768, 785

primitive trigeminal artery. See temporary arteries
progressive amnestic dysfunction 781, 788
progressive comportmental/executive dysfunction 780, 784
progressive visuospatial dysfunction 781, 788
propriobulbar pathways 274, 398
propriospinal neurons

cervical propriospinal premotoneurons 414
C3-C4 propriospinal system 414
intermediate propriospinal neurons 397
long propriospinal neurons 397
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lumbar propriospinal neurons 415
short propriospinal neurons 397

prosopagnosia 358, 758, 777, 779
protopathic system 134
pulvinar

ascending fibres from superior colliculus 343
cortical afferents 343
organization 343
retinal projections 343

pupil
constrictor pupillae muscle 343
dilator pupillae muscle 343
lesions affecting parasympathetic control 344
lesions affecting sympathetic control 344, 345
parasympathetic innervation 343
pupil size 343
sympathetic innervation 343

pupillary light reflex
circuitry 343, 344
lesions pupillary light reflex 345
relative afferent pupillary defect (RAPD) 345

pure alexia 358, 773, 774, 777
pure motor stroke 416
putamen. See basal ganglia
pyramidal tract. See corticospinal tract

R
radicular arteries 65, 96
raphe nuclei

caudal group
nucleus raphes magnus 216
nucleus raphes obscurus 216
nucleus raphes pallidus 216
nucleus raphes pontis 216

fibre connections
ascending projections 222
descending projections 222

rostral group
linear nuclei 216
nucleus centralis superior 216
nucleus raphes dorsalis 216
raphe dorsalis involvement in Alzheimer disease 216
raphe dorsalis involvement in Parkinson disease 216

rapid eye movement sleep (REM sleep)
distributed neuronal network 229
ponto-geniculo-occipital (PGO) network 229
REM-sleep behaviour disorders (RBD) 230
sublaterodorsal nucleus 230

reading
occipital reading pathways 770
reading network 770
visual word form 770
visual word form area (VWFA) 770

reading disorders
alexia without agraphia 772
Dejerine’s pure alexia case 358, 772–774
Dyslexia 770

receptors
cutaneous sensory receptors

mechanoreceptors 135
nociceptors 135, 136
thermoreceptors 135

four channel model of cutaneous mechanoreception
fast-adapting type 1 (FAI) afferents 134, 135
fast-adapting type 2 (FAII) afferents 134, 135
slow-adapting type 1 (SAI) afferents 134, 135

slow-adapting type 2 (SAII) afferents 134, 135
encapsulated terminals

Meissner corpuscles 136
Pacinian corpuscles 136
Ruffini corpuscles 136

Golgi tendon organs 137
muscle spindles 137
unencapsulated terminals

free-nerve endings 135
Merkel discs/cells 135
Merkel touch spot 136

viscera 137
red nucleus

magocellular part 26
parvocellular part 26
rubrospinal tract 20, 26, 397, 399, 400

receptor autoradiography 114
referred pain 569, 571
reflex pathways spinal cord

deafferentation
chronic sensory neuropathies 376
manual control in a deafferented man 376
surgical deafferentation 376

flexor reflex afferent (FRA) system of Lundberg 376
reciprocal Ia inhibition 375
Renshaw cells 375
Ia-afferent fibres 374, 375
Ia inhibitory interneurons 375
Ib-afferent fibres 374, 375
Ib inhibitory interneurons 376
II-afferent fibres 374, 375

reproduction
Pallister-Hall syndrome 624
periaqueductal grey (PAG) 623
reproductive behaviour 623
retroambiguus nucleus 623
sexually dimorphic medial preoptic nucleus 622

reticular formation
adrenergic cell goups 216
brain stem core 212
cholinergic nuclei

laterodorsal tegmental nucleus 26, 217
pedunculopontine tegmental nucleus 26, 217

classic reticular nuclei
lateral zone. See lateral reticular formation
medial zone. See medial reticular formation
median zone. See raphe nuclei

core-paracore concept 212
cytoarchitecture 212
fibre connections

ascending projections 220–222
descending projections 220

lateral reticular formation
area reticularis parvocellularis. See parvocellular reticular 

nucleus
area reticularis superficialis ventrolateralis. See ventrolateral 

superficial area
cholinergic cell groups Ch5 and Ch6 26, 216, 217
lateral parabrachial nucleus 27, 216
lateral pontine tegmentum 27, 215
locus coeruleus 27, 216
medial parabrachial nucleus 27, 215
noradrenergic cell groups A1-A7 27, 215
parvocellular reticular nucleus 26, 215
ventrolateral superficial area 27, 215

lateral tegmental field 212
medial reticular formation
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caudal pontine reticular nucleus 26, 214
cuneiform nucleus 26, 215
deep mesencephalic nucleus 215
gigantocellular nucleus 26, 214
lateral reticular nucleus 214
oral pontine nucleus 26, 214
paramedian reticular nucleus 214
pontine paramedian reticular formation (PPRF) 214
subcuneiform nucleus 26, 215
ventral gigantocellular nucleus 214

ventral reticular nucleus 26, 214
medial tegmental field 212
monoaminergic nuclei. See monoaminergic cell groups
raphe nuclei. See raphe nuclei

retina
fovea centralis 330
hereditary retinal dystrophies 335
koniocellular pathway 333
macula lutea 332
magnocellular pathway 333
ora serrata 332
parvocellular pathway 333
retinal layers 333
retinal thickness 333
retinotopic map 351
visual receptors

cones 333
rods 333

retinal neurons
amacrine neurons 333
bipolar neurons 333
ganglion cells

bistratified 333
midget (P cells) 333
parasol (M cells) 333
horizontal cells 333

retinal visual field defects 333
retinogeniculocortical pathway

geniculocalcarine fibres 339
koniocellular pathway 333, 338
magnocellular pathway 333, 338
Meyer’s loop 341
optic chiasm 332, 336
optic nerve 332, 341
optic radiation 332, 341
optic tract 332, 337
parvocellular pathway 333, 338
retinogeniculate projections 338
retinotopic map 351

retinohypothalamic fibres 337
retrograde cell changes

chromatolysis 111, 112
retrograde transneuronal degeneration 112

rhinencephalon. See olfactory system
right hemisphere syndrome 756
Rolandic sulcus. See central sulcus

S
schizophrenia

MRI studies 657
medial temporal lobe structures 657, 658
shrinkage temporal lobe structures 658

segmental innervation skin. See dermatomes
selective vulnerability basal ganglia

familial striatal degeneration (glutaric aciduria type 1) 521
infantile bilateral striatal necrosis 520

kernicterus 520
methyl-malonic acidemia (MMA) 519
subacute necrotizing encephalopathy (Leigh syndrome) 522

sella turcica 5
semantic dementia (SD) 768, 785
sensorimotor transformation

anterior intraparietal sulcus (AIP) 164, 165, 728
grasping 164, 165, 730
grasping disorders 165, 730–732
optic (visuomotor) ataxia 165
reaching 164

sensory axons 135
sensory channels 134
sensory neuronopathies 144, 145
sensory neuropathies 145
sensory pathways in the dorsolateral funiculus 156
septum pellucidum 3
sexually dimorphic intermediate nucleus 607, 622
single-photon-emission computed tomography (SPECT) 126
sinus cavernosus

fissura orbitalis superior syndrome 262
ocular motor nerves 257
sinus cavernosus syndromes 257, 262
Tolosa-Hunt syndrome 262
trigeminal branches 257

skeletal muscles
muscle unit 371
red or slow muscles 371
white or phasic muscles 371

skull base
anterior cranial fossa 4
carotid groove 5
foramen jugulare 5
foramen magnum 5
foramen ovale 5
foramen rotundum 5
foramen spinosum 5
hypoglossal canal 5
internal acoustic meatus 5
internal acoustic porus 5
lamina cribrosa 4
middle cranial fossa 5
optic canal 5
petrous bone 5
posterior cranial fossa 5
sella turcica 5
superior orbital fissure 5

sleep
cerveau isolé 226
encéphale isolé 226
encephalitis lethargica 225, 226
histaminergic neurons (tuberomammillary nucleus)  

226, 227
lateral hypothalamus

ascending activating system 223, 626
orexinergic neurons in perifornical group 226, 625

polysomnographic recordings 223–225
rapid eye movement sleep (REM sleep) 225
sleep disorders. See sleep disorders
sleep-promoting region in ventrolateral preoptic area  

(VLPO) 227, 626
sleep stages 223
sleep switch 227, 228, 626
waking state 223

sleep switch 227, 228
sleep disorders

daytime sleepiness 229
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encephalitis lethargica 225, 226
idiopathic narcolepsy 230, 231
narcolepsy-cataplexy 230
REM-sleep behaviour disorder (RBD) 230
sleep disorders in Parkinson disease 233, 234
symptomatic narcolepsy 231, 232

small-fibered sensory pathways in ventral quadrant.  
See anterolateral system

small-vessel atherosclerosis 76
somatosensory cortical areas

anterior parietal cortex (areas 3a, 3b, 1 and 2) 159–162
lateral areas (S2, PV, retroinsular and granular insular)  

159, 162
parietal ventral area (PV) 163
posterior parietal cortex (areas 5 and 7) 159, 162
primary somatosensory cortex (S1) 159
second somatosensory cortex (S2) 159
somatosensory maps 160–162

somatosensory cortical projections 159
somatosensory thalamus

ventromedial posterior nucleus (VMpo) 158
ventroposterior inferior nucleus (VPI) 158
ventroposterior lateral nucleus (VPL) 32, 157
ventroposterior medial nucleus (VPM) 32, 157
ventroposterior superior nucleus (VPS) 158

spinal arteries
anterior spinal artery 65, 96
great radicular artery (artery of Adamkiewicz) 65, 96
medullary (radicular) arteries 65, 96
posterior spinal arteries 65, 96

spinal cord
afferent (sensory) fibres 18
anterolateral funiculus 19
ascending pathways

anterolateral system 19
anterior spinocerebellar tract of Gowers 19
dorsal column 19
posterior spinocerebellar tract of Flechsig 19
spinothalamic tract 19
ascensus medullae 17
descending pathways
corticospinal tract 21
interstitiospinal tract 20
reticulospinal fibres 20
rubrospinal tract 20
tectospinal tract 20
vestibulospinal tracts 20

dorsal column. See posterior funiculus
dorsal horn

gelatinous substance of Rolando 18
marginal cells (zone of Waldeyer) 18
nucleus proprius 18
thoracic nucleus (column of Clarke) 18

dorsal roots (radices dorsales) 15
grey matter

dorsal horn (cornu dorsale) 17
intermediate zone 18
lateral horn (cornu laterale) 18
Rexed’s layers 18
ventral horn 18

gross anatomy
anterior median fissure 16
cauda equina 17
cervical enlargement (intumescentia cervicalis) 17
conus medullaris 17
denticulate ligament 17
filum terminale 17

lumbar enlargement (intumescentia lumbalis) 17
meninges 17
posterior median sulcus 16

intermediate zone 18
intermediolateral nucleus 18
lateral horn 18
posterolateral funiculus 19
posterior column

cuneate fascicle of Burdach 18
gracile fascicle of Goll 18

propriospinal fibres (fasciculi proprii) 19
ventral funiculus 19
ventral horn

lateral column of motoneurons 18
medial column of motoneurons 18

ventral roots (radices ventrales) 16
white matter

anterolateral funiculus 19
dorsal column. See posterior funiculus
lateral funiculus 18
posterior funiculus 18
posterolateral funiculus 19
ventral funiculus 19

spinal cord infarction 97
spinal cord injuries 183, 185
spinocervical pathway 156
split-brain studies 756
stimulus-produced analgesia 182
striatocapsular infarct 82
striatofugal system

convergence (funnelling) 510
striatofugal fibres 510
striatonigral fibres 510
striatopallidal projection 510

striatum
accumbens nucleus (fundus striati) 50, 501
caudate nucleus 50, 499
chemoarchitecture 500
compartmental organization

enzyme histochemistry 50, 499
immunohistochemistry 50, 499
matrisomes 499
striatal matrix 499
striosomes 499

cytoarchitecture 499
dopaminergic receptors 517
functional territories

associative territory 501
limbic territory 501
sensorimotor territory 501

lesions. See lesions of basal ganglia
putamen 50, 499
vascularization 499

stroke. See ischaemic stroke
subarachnoid haemorrhage 12
subcallosal fascicle (bundle of Muratoff) 737
subdural haemorrhage 12
substantia innominata of Reil 50
substantia nigra

dorsal tier 404
nigral matrix 404
nigrosomes 405
pars compacta (A9) 26, 405
pars lateralis 26, 405
pars reticulata 26, 405
ventral tier 405

subthalamic nucleus
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deep brain stimulation 515
fibre connections 515
hyperdirect pathway (corticosubthalamic projection) 516
localization 502, 515

sudden infant death syndrome (SIDS)
arcuate nuclei hypoplasia 584
pre-Bötzinger complex hypoplasia 584, 590

superior cerebellar artery (SCA) 64, 88
superior colliculus

ablation 341
efferent projections

ascending projections to pulvinar 343
predorsal bundle 343
tectopontine tract 343
tectospinal tract 343

retinal afferents 343
superior longitudinal fascicle, subcomponent I 737
superior longitudinal fascicle, subcomponent II 737
superior longitudinal fascicle, subcomponent III 737
superior olivary complex

binaural convergence 313
localization of sounds 313
impaired sound localization 314
organization 313
recreation of auditory space 313

superior salivatory nucleus 22, 280
suprachiasmatic nucleus 337
swallowing

dysphagia 295, 296
pattern generators 295
swallowing centre 295

Sylvian fissure. See lateral sulcus
sympathetic control pupil

central sympathetic pathway 343
Horner syndrome 344–346
lateral horn thoracic spinal cord 343
long ciliary nerve 343
superior cervical ganglion 343

sympathetic division of autonomic nervous system
cardiac plexus 567
cervical autonomic ganglia. See cervical autonomic ganglia
intermediolateral cell column 566
paravertebral ganglia 567
preganglionic sympathetic fibres 567
prevertebral ganglia 567
postganglionic sympathetic fibres 567
splanchnic nerves 567
sympathetic innervation

bladder 576
eye 567
heart 575
viscera 575

sympathetic trunk 567
thoracolumbar sympathetic nerves (hypogastric nerves) 592

syringomyelia 183, 184

T
telencephalon

development 36
ganglionic (ventricular) eminences 36
pallium

dorsal pallium (neopallium) 37
lateral pallium 37
medial pallium (archipallium) 37
ventral pallium 37

prosomeres 31

subdivision 36
subpallium 36
telencephalon medium (impar)

lamina terminalis 36
preoptic region 36

temporal lobe
auditory regions

belt regions 732
Heschl’s gyrus 732
parabelt regions 732
planum temporale 732
primary auditory cortex (A1, area 41 or TC) 732
secondary auditory cortex (A2, area 42 or TB) 732

non-auditory regions (area 22 or TA) 732
sensory speech area of Wernicke 732
temporal magnopyramidal region 732
‘what’ or ventral pathway 733
‘where’ or dorsal pathway 733

temporal lobe epilepsy
Ammon’s horn sclerosis 669
amygdaloid sclerosis 669
dispersed granule cells 669
dysembryoplastic neuroepithelial tumours (DNET) 671
endfolium sclerosis 669
mossy fibre sprouting 669

temporary arteries
primitive (temporary) trigeminal artery 62
temporal hypoglossal artery 62
temporary otic artery 62

thalamic arteries
from posterior choroidal artery 84
paramedian artery 84, 86
posterolateral central arteries 84
thalamogeniculate branches 84
thalamoperforating branches (posteromedial central arteries) 84

thalamic infarcts 85
thalamic stroke

anterior (tuberothalamic) territory 85
inferolateral territory 85
paramedian territory 85
posterolateral territory 85

thalamus
anterior group

anterodorsal nucleus (AD) 32
anteromedial nucleus (AM) 32
anteroventral nucleus (AV) 32
laterodorsal nucleus (LD) 32

core vs. matrix system 34, 221
lateral group

ventral anterior nucleus (VA) 32, 502
ventral lateral nucleus (VL) 32, 502
ventral posterior complex 32
ventral posterior inferior nucleus (VPI) 32, 158
ventral posterior lateral nucleus (VPL) 32, 157
ventral posterior medial nucleus (VPM) 32, 157
ventral posterior superior nucleus (VPS) 32, 158

motor nuclei. See motor thalamus
‘non-specific’ thalamic nuclei 34, 221
posterior group

lateral geniculate body (LGB) 32, 333, 338
lateral posterior nucleus (LP) 32
medial geniculate body (MGB) 32, 315

somatosensory nuclei. See somatosensory thalamus
thermoregulation

medial preoptic region 625
paroxysmal hypothermia 625

third ventricle
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infundibular recess 3
optic recess 3
pineal recess 3

thoracic outlet syndrome 150
tissue-staining techniques

cytoarchitecture 107
enzyme histochemistry 107
immunohistochemistry 114
morphology of neurons

Golgi technique 108
intracellular staining techniques 108

myelin-staining techniques
Klüver-Barrera technique 108
Marchi technique 109
Weigert-Pal technique 108

tonsillar herniation 14
top-of-the-basilar syndrome 94, 238
tract-tracing techniques

classic degeneration techniques 109
fibre dissection 108
modern tract-tracing techniques 112

transcranial Doppler imaging (TCD). See vascular imaging
transcranial magnetic stimulation (TMS)

D-wave 117
I-wave 117
repetitive TMS 118
triple stimulation technique 118

transection of axons
anterograde changes 109
retrograde changes 109, 112
transneuronal changes 109, 111, 112
transsynaptic changes 109, 111, 112

transneuronal labelling
tetanus toxin fragments 112
viruses

herpes simplex virus type 1 (HSV1) 112
herpes virus suis (pseudorabies) 112

wheat germ agglutinin 112
transtentorial herniation 14
trigeminal nerve

blink reflex. See brain stem reflexes
corneal reflex. See brain stem reflexes
dermatomes 272, 273
mandibular nerve (V3) 5, 272
maxillary nerve (V2) 5, 272
ophthalmic nerve (V1) 5, 272
portio major 272
portio minor 272
semilunar ganglion of Gasser 272

trigeminal nerve lesions 195
trigeminal neuralgia 193–195, 274
trigeminal motor nucleus

corticobulbar fibres 274
lateral propriobulbar system 274
medial propriobulbar system 274
premotor system of masticatory neurons 274
subdivision 22, 25,. 274

trigeminal somatosensory system
cortical targets 193
lesions of trigeminal somatosensory system

compression of trigeminal ganglion 195
compression of trigeminal nerve root 195
trigeminal neuralgia 193–195, 274
Wallenberg syndrome 193, 197

thalamic targets 192, 193
trigeminal afferents

dermatomes 189, 190

receptors 189
spinal trigeminal tract 190
trigeminal ganglion (ganglion semilunare of Gasser) 189

trigeminal nerve
mandibular nerve (V3) 5, 190
maxillary nerve (V2) 5, 190
motor root (portio minor) 190
ophthalmic nerve (V1) 5, 190
sensory root (portio major) 190

trigeminal sensory nuclear complex
mesencephalic trigeminal nucleus 190, 272
principal sensory trigeminal nucleus 192, 272
spinal trigeminal nucleus caudalis 192, 272
spinal trigeminal nucleus interpolaris 192, 272
spinal trigeminal nucleus oralis 192, 272

trigeminothalamic projections
dorsal trigeminothalamic tract 192
lateral trigeminothalamic tract 192
trigeminal lemniscus 192

trochlear nerve 5, 256
trochlear nerve lesions 256
trochlear nucleus 22, 256
tuber cinereum 4, 604

U
Urbach-Wiethe disease 653, 656
uncal herniation 14
uncinate fascicle 43, 738
uncus 4
upper brachial plexus lesions (Duchenne-Erb paralysis) 150, 379, 381

V
vagal nerve

branchiomotor component (ambiguus nucleus) 5, 22 25, 293
parasympathetic component (dorsal motor nucleus of vagus)  

5, 22, 25, 293
viscerosensory fibres 5, 293

vagal nerve lesions 294
vascular imaging

computed tomographic angiography (CTA) 66
computed tomographic perfusion measurement 66, 67
duplex Doppler imaging 65
magnetic resonance angiography (MRA) 66
transcranial Doppler imaging (TCD) 66

venous drainage
brain stem 101
cerebellum 101
cerebral venous thrombosis

sagittal sinus thrombosis 98, 102
straight sinus thrombosis 98, 102

cerebrum
‘anchor’ veins 98
basal vein of Rosenthal 99
cavernous sinus 10, 98
confluens sinuum (torcular Herophili) 10
great cerebral vein of Galen 99
inferior anastomotic vein of Labbé 99
inferior petrosal sinus 10
inferior sagittal sinus 98
internal cerebral veins 101
middle cerebral (superficial Sylvian) vein 99
sigmoid sinus 98
sphenoparietal sinus 10
straight sinus (sinus rectus) 98
superior anastomotic vein of Trolard 99
superior petrosal sinus 10
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superior sagittal sinus 98
transverse sinus 98

development 98
spinal cord 101
vein of Galen malformation 98, 101

venous sinuses. See venous drainage
ventral pallidum. See basal ganglia
ventral striatum. See basal ganglia
ventral tegmental area of Tsai (A10) 26, 405
ventral thalamus

subthalamic nucleus 35
thalamic reticular nucleus 35
ventral lateral geniculate (pregeniculate) nucleus 35
zona incerta 35

ventricular system
aqueductus cerebri 3
central canal of spinal cord 15
fourth ventricle 3
intraventricular foramen of Monro 15
lateral ventricle 15
third ventricle 3

ventromedial hypothalamic syndrome 609, 622
verrucae hippocampi 47
vertebrobasilar system

basilar artery 64
vertebral artery 64
vertebrobasilar stroke syndromes 78

vestibular cortical areas 288
vestibular connections

primary vestibular afferent fibres 287
vestibulocollic reflexes 288
vestibulo-ocular reflexes 265, 289
vestibulo-oculomotor pathways 287
vestibulospinal reflexes 288
vestibulothalamic projections 288

vestibular thalamic areas 285
vestibular nerve 5, 287
vestibular nuclei

lateral vestibular nucleus of Deiters 22, 23, 287
medial vestibular nucleus of Schwalbe 23, 25, 287
spinal (inferior) vestibular nucleus of Roller 23, 25, 287
superior vestibular nucleus of Bechterew 23, 26, 287

vestibular system damage
central vestibular disorders

cerebellar infarction/haemorrhage 289
ischaemia AICA territory 289
lateral medullary infarction (Wallenberg syndrome) 289
lesion posterolateral thalamus 289
multiple sclerosis 289
posterior fossa tumours 289
vertebrobasilar transient ischaemic attacks 289

peripheral vestibular disorders
acute vestibular neuritis 288, 290
benign positional paroxysmal vertigo 290, 291
Ménière disease 290
Ramsay-Hunt syndrome 290
vertigo 289

vestibulocochlear nerve 5, 284
viscera

afferent visceral fibres 569
ascending viscerosensory projections 578, 579
autonomic innervation of viscera

cardiac plexus 575
inferior hypogastric plexus 575
superior hypogastric plexus 575
vagal preganglionic fibres to heart 575

enteric nervous system. See enteric nervous system
referred pain 569, 571

viscerosomatic convergence 569
visual association cortices. See extrastriate cortices
visual cortex

magnocellular pathway 348
ocular dominance columns 348
orientation columns 348
parvocellular pathway

blob system 348
interblob system 348

primary visual cortex 346–348
striate cortex 346
visual stria of Gennari 346

visual field defects
central blindness 349
horizontal or altitudinal hemianopia  

353, 355
lesions geniculocalcarine tract

contralateral lower quadrantanopia 353
contralateral upper quadrantanopia 353

lesions optic chiasm
bitemporal hemianopia 352
lower bitemporal quadrantanopia 352
upper bitemporal quadrantanopia 352

lesions optic nerve
complete blindness 352
scotoma 352

lesions optic tract
contralateral homonymous hemianopia 353

macular sparing 353
postchiasmatal lesions

homonymous defect 352
visual system

extrastriate visual cortices. See extrastriate  
visual cortices

lateral geniculate body. See lateral geniculate body
optic chiasm

blood supply 336
isolated absence of optic chiasm 338
organization 4, 332, 336

optic nerve 4, 332, 336
optic radiation

Meyer’s loop 341
organization 332, 341

optic tract 4, 332, 337
retina. See retina
retinogeniculocortical pathway. See retinogeniculocortical  

pathway
visual cortex. See visual cortex
visual field defects. See visual field defects

W
wakefulness 223
walking. See locomotion
Wallenberg syndrome 92, 94, 95, 193, 197
watershed infarcts 76, 79
Weigert-Pal technique 108
white matter disorders

Binswanger disease 746, 749
CADASIL 746, 754
metachromatic leukodystrophy 747
periventricular leukomalacia (PVL) 745, 746
vascular dementia 746

writing 772

Z
zona incerta 35, 415
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